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Abstract

Satisfactory investigations of the equine foot appear to be limited by the histo-
morphological complexity of internal hoof structures. Foot lameness is considered
to be one of the most debilitating pathological diseases in the horse. In most
species, foot lameness is traditionally linked to hoof deformity, and a set of
molecular events have been defined in relation to the disease. The differential
capsular growth rate is essential in order to understand the aetiology of hoof
distortions. It is now well established that keratinocyte progenitor cells grow from
the papillae and not from the lamellae. The importance of hoof material synthesis,
and therefore the underlying cell proliferation from the papillae, in the pathology
of laminitis has been underlined in different species. Despite this knowledge, it
remains unclear how cell proliferation itself is involved in this pathology. So far,
there is controversy regarding the incidence of foot lameness in horses, as it is
unclear whether it is foot lameness that triggers hoof distortions or vice-versa. In
addition, very little scientific evidence exists to prove either point; this requires a
deeper understanding of the physical biology and biomechanics of the hoof given
that the horse stands on its hooves. It is remarkable that very little physics has
been introduced to enhance our understanding of the disease. In order to develop a
better understanding of foot lameness, we aim to provide a model of foot
lameness encompassing anatomy, cell biology and physics to help reveal new
evidence for evaluating the incidence of pathological changes within internal
structures of the animal’s foot. It is anticipated that the results found will aid in

bridging this gap in knowledge.
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Fifty-four equine hooves were collected and categorized based upon their
morphology, and tissue sections were harvested from the periople, coronary and
proximal part of lamellae. Markers of progenecity (p63), cell proliferation
(PCNA, Ki-67) and differentiation (K14, K10) were used to assess the hoof
growth rate in coronary regions using immunohistochemistry (PCNA, Ki-67, p63)
and immunofluorescence (p63 and K14). For assessing the involvement of
physical forces in hoof growth, the Micro CT-scans of individual foot were
analysed to highlight differences in the ultrastructure of the feet, for example

differences in dorsal curvature between different foot samples.

The results presented in this study confirm previous findings, add evidence that a
high percentage of Ki-67 and p63 positive cells are found in the proximal part of
the papillae, and seem to contribute to hoof deformities. This evidence might be
attributed to physical growth forces present in the proximal part of the hoof
whereby the change in cell size might contribute to force generation, tissue

remodelling (i.e. cornification) and hoof deformities.

As hoof distortion can result from uncontrolled epidermal basal cell proliferation
from the epidermal papillae. A model of cultured keratinocytes under different
stresses such as stretch, hydrostatic pressure and/or low oxygen conditions. This
revealed that these stresses together with low oxygen conditions stimulate cell
differentiation, and upregulate keratin levels. Consequently, this leading to
changes in their morphology and cell surface area. Together these results suggests
that cell culture, growth, passage and physical or biological treatments have
improved our knowledge of natural cell stimulation and aid our understanding of
how equine progenitor keratinocytes (EPKSs) would hypothetically respond to

external stimuli other than biological ones.
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The results presented regarding physical forces showed that there is a strong
correlation between the dorsal hoof curvature and the level of Ki-67 and p63
abundance at the dermal papillae. In addition, K14 and TUNEL apoptotic cells
localized along the dermal papillae in the coronary hoof region were also found in
‘dished’ hooves. Specifically, when the hoof curvature is positive (i.e. for the
‘dished’ hoof) there is an increase in the mitotic index shown by Ki-67 and p63
expression in the quarter regions compared to the dorsal one. Negative hoof
curvatures (i.e. having a claw-like shape), however, did not shown any correlation
with Ki-67 and p63 expression in any tissue type, except for K14 expression
levels in the dorsal and quarter regions. These outcomes demonstrated that the
two proteins (p63 and Ki-67) participate in hoof growth, and very probably to the
differential growth of the hoof capsule as observed in chronic laminitis. This is
probably through a contribution of sustained level of epidermal basal cell
proliferation. In conclusion, the morphometric data of the change in cell size and
the localisation of proliferation cells on the proximal part of papillae provide
evidence on the way of hoof morphogenesis. These were confirmed with
behaviour of cultured keratinocytes under different stresses. Additionally, the
difference in the proliferation rates between the dorsal, quarter regions of the hoof
wall are connected to hoof curvatures. The data gives new insights into the
physical biology of the normal versus pathologically affected equine feet, and
bovine and ovine feet in the future, providing new information for potential
treatment(s). Consequently, this research aims to bridge gaps across scientific
fields to ameliorate our understanding of the equine foot. However, further studies
need to be carried out in order to understand the pathways of cellular response at

the coronary region.
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1 Introduction

1.1 Foot lameness

1.1.1 Foot lameness in ungulate (farm animals)

Foot lameness is a physical impairment of a limb that has a negative effect on the
freedom of movement of the animal (Archer et al., 2010, Whitton, 2016). It is
accompanied by clinical signs linked to a disturbance of locomotion that is related
to hoof pathologies that can be caused by infection, environmental and/or genetic
causes (O'Callaghan, 2002, Weishaupt, 2008). Foot lameness can also manifest in
pain and foot lesions that, in turn, lead to an abnormal gait (Green et al., 2002,
Bicalho and Oikonomou, 2013) with undesirable consequences on performance
(Mdlling et al., 2006) and welfare (Broster et al., 2009). This disruption in gait
originates from involuntary and voluntary exertions to diminish the level of
discomfort and/or pain that are the result of damage or injury of ligaments,
muscles, nerves or integument (O'Callaghan, 2002, Whitton, 2016), or could be
due to asymmetric and/or uneven feet promoting the development of foot

lameness (Wiggers et al., 2015).

Virtually all ungulate animals can be affected by foot lameness (Murray et al.
1996, Winter, 2008, Ross and Dyson, 2010, Christodoulopoulos, 2009). However,
our knowledge concerning the aetiology of the condition is often related to the
economic implications of the animal in our society (Archer et al., 2010, Bicalho
and Oikonomou, 2013). For this reason, a brief introduction has highlighted the
foot lameness in cattle and sheep as an example to the economical and societal
importance of foot lameness. Foot lameness is classified into acute and chronic

types depending on the severity of lesions and the time requirement for healing, if
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healing is possible (Vermunt, 1992). Several different types of lesions can cause
foot lameness. For example, the majority of foot lameness in cattle is triggered by
any one of four different diseases of the foot which are, by order of clinical
importance: sole haemorrhage/sole ulceration; white line disease; digital
dermatitis; and interdigital necrobacillosis (Hedges et al., 2001, Chesterton et al.,
2008, Archer et al., 2010). Amory et al. (2008) determined that together, sole
ulcer/sole ulceration and white line diseases account for 58% of lesions, and
digital dermatitis, and interdigital necrobacillosis for 8% of lesions. These lesions
often concern the rear feet (Lethbridge, 2009) and present the most important
financial and welfare problems faced by the dairy industry (O'Callaghan, 2002),
as they are responsible for a drop in reproductive efficacy, a decrease in milk
production, and increased culling rates (Murray et al. 1996, Bicalho and
Oikonomou, 2013). Some authors such as Clarkson et al. (1996) estimated that the
UK prevalence of foot lameness ranged from 38-55 cases for every 100 cows per
year. These relatively high figures were also found by others, including Hedges et
al. (2001) with an incidence rate of 68% and Lethbridge (2009) with an incidence
rate of 35%. Attention has also been drawn to the significance of foot lameness in
sheep and goats from both welfare and economic standings as most of these foot
lameness cases involve similar lesions as those caused by footrot (Clifton and
Green, 2016), interdigital dermatitis and contagious ovine digital dermatitis
(Winter, 2008). These lesions, for example footrot and interdigital dermatitis
represent most common causes of foot lameness in sheep in the UK, causing
about 80% of foot lameness (Kaler and Green, 2008). Economically, in the United
Kingdom, Nieuwhof and Bishop (2005) estimated that the financial cost of foot

lameness in the sheep industry is about £24m annually. British dairy goats have
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extra complications, which include causing hoof separation, increase in growth
rate of claws, sole abscess and footrot (Hill et al., 1997) as well as cracks and
erosions on the bulbs of the heel that expand beside the internal hoof wall
(Christodoulopoulos, 2009). Although male goats are more affected (85%) than
females (67.3%), the hind limbs seem to be the focus of foot lameness in goats

(62.4% of foot lameness cases) as is observed in cattle (Nonga et al., 2009).

Similarly, in horses, foot lameness is a significant and predominant medical
disorder which accounts for about to $1 billion in losses annually for the equine
industry in the United States of America (Seitzinger et al., 2000, Moorman et al.,
2013). In the UK, the maintenance of each horse is estimated to cost about £2660
annually and much of this in the treatment of foot lameness (Uprichard et al.,
2014). Foot lameness in the horse is the most prevalent and frequent medical
issue, affecting about 11% of the general equine population in the UK (Cross,
2011), and this percent increased significantly in 2012 to 18.6% (Ireland et al.,
2012) due to for instance ,foot balance, shoeing and triming. Some subpopulations
however, seem to be more affected than others as for example it is estimated that
nearly 33% of dressage horses in the UK suffer from foot lameness (Murray et al.,
2010). The clinical diagnosis of foot lameness in the equine population is
subdivided into scores ranging from 0 to 5 depending on the degree of the

condition (Table 1-1), with 5 being the worst outcome (Wagner, 2010).

Lame horses adapt their gait to compensate for the pain originating from damaged
tissues or foot lesions (Uhlir et al., 1997, Weishaupt et al., 2004, Whitton, 2016).
Accordingly, foot lameness is considered to be one of the most common signs of
kinetic disorder affecting the musculoskeletal system (Whitton, 2016). Thus,

horses attempt to manage foot lameness by numerous mechanisms, all directed at

4
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unloading the affected limb (Alvarez, 2007). The methods of compensatory forces
for loading limbs have been explained by Weishaupt et al. (2004), who
demonstrated that lame horses exhibited a decrease in the overall vertical impulse
per stride, a lessening of the impulse in the lame diagonal posture level, and a
reduction of the loading rate by the rise of the stance period, all of these helping to
diminish the pressure on the foot (Maliye and Marshall, 2016). The most
symmetric compensatory actions are detected in the vertical displacement and
quickening of the head in front limbs foot lameness (Keegan et al., 2001). As
forelimb foot lameness is more common than hind limb foot lameness (Keegan et
al., 2010), it has been suggested that conformations of the distal limbs may have a
substantial impact in the development of front and rear limbs foot lameness
(Wiggers et al., 2015). The relatively high prevalence of forelimb foot lameness
(Keegan et al., 2010) which reaches to more than 75% of equine foot lameness
being found in a forelimb particularly in Thoroughbred horses and 40% in
Standardbred racehorses (Malikides et al., 2007). This may be explained by that
fact that the centre of gravity of the horse is closer to the front limbs than the rear
limbs, as the loading ratio is spread approximately 60% forelimbs: 40% hind
limbs (Ross and Dyson, 2010). Uhlir et al. (1997) showed that horses with severe
foot lameness in the front limb display an untrue foot lameness in the contralateral
rear limb, whereas horses with a real rear limb foot lameness exhibit an incorrect
foot lameness in the ipsilateral front limb. This indicates that the site of the lame
limb may be assumed from the spreading of two foot lameness on a diagonal axis
(Figure 1-1). In addition, Landman et al. (2004) defined the severity of foot

lameness grades between 0 and 5 as described in Table 1-1.
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i Sagittal compensatory
: movement

False lameness of the right forelimb
True lameness of the right hindlimb

Diagonal compensatory
movement

_

True stance-phase lameness of the left forelimb
False lameness of the right hindimb

Figure 1-1: Schematic drawing showing transferring limb foot lameness

This illustrates A) lame horse transfer from true rear limb lameness (dashed red line), B) lame
horse movement from true front limb lameness. Figure modified from (Uhlir et al., 1997).

Table 1-1: Foot lameness scoring

This is adapted from the American Association of Equine Practitioners (Landman et al., 2004)

Score Description of lameness severity Additional explanation
0 Foot lameness is not tangible at any
conditions B
. Clinical signs of foot lameness are Not consistently apparent during circling
difficult to observe and weight carrying
Consistently apparent at some
It is difficult to observe lame horses . . .
2 conditions, for example weight carrying,
during a walk or trot in a straight line
circling inclines
3 Observing lame horses during a trot Consistently observable
and under all circumstances
. Clinical signs of foot lameness are Marked nodding, hitching or shortened
obvious stride
There is minimal weight bearing in
5 Inability to walk or move

motion or during rest
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Although the aetiology of equine foot lameness is still an active research area,
recent efforts have also tried to determine whether the hoof shape is a disposing
factor for foot lameness-causing lesions. The investigation of variations between
foot lameness and non-foot lameness affected horses by Dyson et al. (2011b),
demonstrated that the angle between the capsular wall and the ground is larger in
the lame horse with an enlarged heel, curved or misshapen coronary band (Figure
1-2) diverging growth lines can occur, and that the tubular horns differ from non-
lame horses. It was suggested that hereditary influences and trimming are factors
contributing to the asymmetrical shape of the hoof (French and Pollitt, 20044,

Kummer et al., 2006).

Coronary region

Figure 1-2: Schematic drawing illustrating an arched or misshapen coronary band

This figure shows a concave line occurs clearly on the coronary band (shown in yellow). Figure
adapted from (Dyson et al., 2011b).

In chronic foot lameness, the hoof capsule of the lame foot can be more distorted
than in the non-lame one (Holroyd et al., 2013a), as a result of altered loading
forces applied to the hoof, hence affecting the shape of the hoof and the internal
structures of the foot (Ryan, 2013, Drumond et al., 2016). These variations in the
shape of the capsule are triggered by biological sources causing autolysis of the

collagen fibres connecting the epithelium to the bone (Ross and Dyson, 2010).
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The role of these fibres is to support and suspend the weight of the horse via the
distal phalanx, as well as to maintain the shape of the capsule constant (Mungall
and Pollitt, 1999, Pollitt, 2016). Another cause that could lead to hoof distortion is
the ability of the foot to produce keratinous material proximally (Daradka and
Pollitt, 2004). A subtle change in the structural and functional components of the
hoof wall which is produced by an alteration of the microvascular system in the
corium could change the amount of keratinous tissue (Milling and Greenough,
2006). A number of chronic foot lameness states can be related to sheared heels
causing palmar foot pain and hoof deviation (Whitton, 2016). Sheared heels are
considered as one of the main causes of foot lameness in the equine species,
which results from an abnormal stride and persistent uneven weight bearing
(O'Grady and Castelijns, 2011). This leads to higher soft tissue strains that

predispose the hoof capsule to deformation (O'Grady, 2012).

To date, very little information exists on how distortion of the hoof capsule affects
the biomechanical performance of the foot and how such an effect translates into
the correlation between conformation and foot lameness. Most studies have
focused on the diagnostic method and treatment of specific foot lameness
conditions. Conversely, few of them are based on a prospective analysis for
evaluating the risk factors which could lead to foot lameness problems. Ross and
Dyson (2010) found that the foot conformation can relate to the score of foot
lameness through walking or foot stride measurements, and it has also been
suggested that the conformation of the equine foot can be a predisposing factor for
foot lameness (Holroyd et al., 2013a), although evidences that proves this is
limited (Parks, 2003, Holroyd et al., 2013a). The hoof conformation seems to be a

two way process whereby the hoof shape is a key factor in foot lameness (Holroyd
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et al., 2013b, Whitton, 2016) and foot deformation can arise as a consequence of
foot lameness (Holroyd et al., 2013a). However, and as mentioned above, there
has been little evidence showing that malformation is one of the predisposing
factors for foot soreness and foot lameness. Dyson et al. (2011a) drew attention to
the fact that, despite the differences in the shape of the distal phalanx between
horses is mainly associated with changes in the direction of the dorsal hoof wall
(Figure 1-3). For example, constant shoeing has an impact on the way in which
the hoof grows and can, over time; result in a different foot conformation/capsular
shape, which can have an effect on foot lameness (Van Heel et al., 2006, Baxter,

2011).

A

“
.....
.
.

Coronary extensor
Distance: 2-15mm

Hoof thickness

14-22mm \. '......f

Sole depth
11-15mm

Dorsal hoof angle
48-54°

Figure 1-3: Schematic showing (A) normal radiological spaces in comparison with abnormal
ones (B+C)

A) Shows the normal ratios between the parietal surface of the distal phalanx and the inner surface
of the hoof wall in the front feet of horses. In radiographic images (B+C), black arrows show
where the clear divergence occurs on the dorsal surface (red line) of the distal phalanx, these are
consequently affected on the angle of solar margin and is also markedly increased and changing
the hoof capsule. Figure adapted from (Sherlock and Parks, 2013).
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According to Johnston and Back (2006) the conformation of the hoof wall has a
direct relationship with the loading of the lower limb, protecting its optimal
balance. Therefore, the geometrical tendency of the foot components determines
the capacity of internal structures to sustain a loading balance through the weight-
bearing phase of the stride cycle (Thomason, 1998, Thomason et al., 2002). In
fact, it seems that the symmetrical orientation of the hoof segments determines the
loading of internal structures throughout the weight bearing of the stride cycle
(Sherlock and Parks, 2013). Thus, the hoof conformation of a particular foot is
associated with the unbalanced cyclical loading, and sustaining an adequate
balance of stresses can prevent internal tissue damage of the foot’s constituents to

reduce the occurrence of foot lameness (Johnston and Back, 2006).

So far, there has been very little published research help to improve our scientific
knowledge regarding hoof distortion. This knowledge could be important in
understanding the connection between mechanical imperfections and tissue
responses or vice versa, leading ultimately to improved early diagnosis and

treatments of foot lameness.

1.2 Hoof anatomy

Understanding the basic anatomy of the horse hoof is essential in order to further
investigate the structures involved. The distal extremities of the domestic mammal
are encased inside a keratinised capsule (Bragulla et al., 2007), which composes
the hoof capsule of ungulates and the claw of carnivores (Konig et al., 2007). This
insensitive horny structure encloses the distal part of the second phalanx, the

distal phalanx and the navicular bone, in addition to connective tissues including,

10



Ramzi Al-Agele 2018 Chapter 1: Introduction

for example, the distal interphalangeal joint, medial and lateral hoof cartilage,
with the terminal end of the deep digital flexor tendon and navicular bursa
(Bragulla et al., 2007, Budras and Sack, 2012, Stewart, 2013, Pollitt, 2010). These
structures are connected to each other in order to provide a coherent and resilient

structure within the foot (Davies et al., 2007) (Figure 1-4).

Superficial digital
flexor tendon

Extensor digital
tendon

Deep digital

- cushion
Perioplic Dermis
Epidermis flexor tendon

Dermis 7 i
Coronary. . : % -
Epidermis i Digital

cushion

}Vasculature

Dermis of the
bulbs of the heels

epidermis of the
Terminal papillae Epidermis Dermis of Dermis of Epidermis bulbs of the heels

of the sole the sole the frog of the frog

White line

Figure 1-4: Schematic drawing of a sagittal section of equine hoof

Schematic diagram illustrates the entire structure of the horse hoof. Figure adapted from (Budras
et al., 2003).

1.2.1 Foot vasculature

The vasculature of the hoof is described for both the arterial and venous supply

(Sections 1.2.1.1 and 1.2.1.2 respectively).

1.2.11 Arterial supply

The vascular blood supply of the hoof originates from the common palmar digital

artery and the dorsometatarsal artery, these main branches giving rise to medial

11
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and lateral palmar/planter digital arteries (Figure 1-5) (Pollitt, 2010, Baxter,
2011). In the hind limb, the small planter common digital arteries contribute to
form the digital arteries. At the level of second phalanx, there are branches

nourishing to the heel bulbs and coronary region (Bragulla et al., 2007).

Dorsal artery of the 2" P

4

coronary
circumflex artery

Sub lamellar
circumflex artery

Branches of the
digital cushion

Hoof capsule ) Circumflex artery

Terminal arch /

artery

Sole margin artery

Navicular bone

Figure 1-5: Diagram of micro CT image illustration vascularisation of equine foot

CT scan images showing the three dimensional reconstruction of arterial supply of equine foot. A)
Shows arteries distributed throughout the dorsal surface of the distal phalanx and anastomoses
located proximally with vessels of the coronet and distally forming the circumflex artery. B)
Represents the arteries distributed in the sole margin. CT image of hoof study reconstructed by Dr
Craig Sturrock and the information obtained from Budras et al. (2003).

12
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The vascular arteries of the dermis are divided into three independent arterial
blood supplies: the dorsal coronary corium; the palmar/planter portion of the
coronary corium and laminar corium; and the dorsal laminar corium and solar
corium, as the blood flow is reversely directed from the distal part to the proximal
part within the dermal lamina (Baxter, 2011). The terminal branches of the blood
supply enter the distal phalanx from the medial and lateral aspects and then form
several anastomoses within the bone to make the terminal arch. At this arch, there
are 8 to 10 blood vessels emerging distally to nourish the sole margin (Bragulla et
al., 2007). This is a highly important organization of blood vessels in equine feet
as the terminal arch and its branches are protected by the bony canal that can be
altered in chronic laminitis, leading to ischemia and a decrease in the growth rate

of the corium (Floyd and Mansmann, 2007).

The capillary network of the equine digit is complex due to the fact that the dorsal
and palmar parts of the foot have different blood supplies and drainage routes
(Konig et al., 2007). For instance, the blood vessels of the dorsal lamella pass
through the distal phalanx and the blood supply of these portions is directed from
the distal to the proximal way, while the palmar lamella is from the proximal

circumflex to dorsal lamella (Collins et al., 2004).

Thus, haemorrhage from the sublamellar circulation can result in the rotation of
the distal phalanx, as in the founder (Hood et al., 1993, Floyd and Mansmann,
2007, Orsini, 2011). Consequently, the blood vessels of the equine foot are
predisposed to local vasoconstriction and the development of ischemic disease as
the arteries from the plexus have thicker walls with small lumens and are unable
to auto-regulate the volume variations that are involved in contraction of smooth

muscle as well encompassing arteriovenous shunts (Hood et al., 1993).

13
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1.2.1.2 Venous supply

The equine hoof veins are divided into three groups depending on their location:
wall dermis veins which are separated into proximal and distal regions; coronary
dermis veins; and frog and sole dermis veins (Bragulla et al., 2007). The dermal
lamella is drained by: the coronary vein; the independent superficial vein; the
proximal branch of the caudal hoof vein and; the circumflex vein. The toe and
quarters are drained via the circumflex vein (Mishra and Leach, 1983, Konig et
al., 2007). There are three interconnected areas such as venous plexuses without
valves: the dorsal venous plexus on the dermal lamella; the palmar/planter plexus
on the dermal sole and the cartilages of distal phalanx; and the coronary venous
plexus in the coronary cushion. These anastomoses are drained by the medial and

lateral digital veins (Pollitt, 2004a).

An additional feature of the blood circulation of the equine foot is the
anastomoses of arteries and veins, which are, blood vessels forming shunts
(Pollitt, 2004a). Each dermal papilla in the periople, coronary band, frog, sole and
terminal papillae contain a meshwork of anastomosing arteriovenous vessels
located at the base of the papillae (Baxter, 2011). These anastomoses are able to
withdraw approximately 50% of the whole limb blood flow, and thus can be
involved in ischemia due to blood flow diversion (Pollitt and Blake-Caddel,
1991). This could explain the relationship between laminitis and ischemia

(Stewart, 2013).

14
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1.3 Hoof growth and distortion

The development of the claw or hoof appears as the result of a morphological
conglomeration resulting from the growth of the capsular wall at the end of the
digits (Alibardi, 2009, Ethier et al., 2010). The capsular wall is produced
throughout the life of the animal (Daradka and Pollitt, 2004). The frequent
renewal of the hoof wall occurs at the coronary dermis, where germinal epidermal
cells divide to create a population of keratin-producing cells (Pollitt, 1998,
Daradka and Pollitt, 2004). The horny material of the hoof wall is generated by
the differentiation of the epidermal cells that are accountable for the production of
keratin and are, for this reason, called keratinocytes (Pollitt, 1998, Eurell and
Frappier, 2013). Therefore, cornification - or the formation of horn- involves in
the synthesis and exocytosis of intercellular cementing material (keratin), as well
as the apoptosis of keratinocytes once the cement has formed (Tomlinson et al.,

2004).

The hoof capsule is configured by the stratum corneum, which is composed of the
perioplic epidermis, the coronary epidermis, and the lamellar epidermis,
respectively (Bowker, 2003). Bertram and Gosline (1987) demonstrated that the
structure of the hoof wall is made up of tubules organized in rows parallel to the
outer surface of the hoof wall, and that they extend from the proximal dermal
papillae to the distal ground surface (Lancaster et al., 2013). Each papilla is
situated in a hollow structure at the surface of the epithelium (Bragulla, 2003,
Konig et al., 2007). These hollow-centred tubes are composed of fibres that are
organized in a vertical helix shape (Bragulla, 2003), curving around the tubules’

axes, and exhibiting an irregular spiral trend between the different layers
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composing the stratum (Bragulla and Hirschberg, 2003). In between the hollow-
centred tubes, the hoof wall is produced by the proximal basal epidermal cells,
which are located between the dermal papillae (Daradka and Pollitt, 2004) (Figure
1-6). These cells have a broad, flattened shape, with the longest axis being
perpendicular to the orientated tubules (Banks, 1993). The dermo-epidermal
junction, (the connection between the distal phalanx and the hoof capsule), varies

considerably within and across species (Bragulla and Hirschberg, 2003).

Spinous layer

/‘Corneum layer

t

\ ’ Dermal Papmmbu/lar horns

Intertubular horns

Figure 1-6: Schematic drawing showing the dermal papillae and their layers

Figure adapted from the current study illustrated the layers generating the stratum medium of hoof
wall in particularly changes in the shape and size of keratinocytes in coronary region (red/blue
represent the blood vasculature).

Such variations in the dimension and shape of the papillae and lamellae seem to
play a key role in the mechanical support of the hoof capsule (Bragulla, 2003)
(Figure 1-7). The dermal layer under the hoof wall forms longitudinal folds,
which form the primary and secondary dermal lamellae that are perpendicular to

the capsule (Bragulla, 2003, Eurell and Frappier, 2013).
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Figure 1-7: Sagittal section of equine foot showing coronary dermal papillae

Diagram illustrates the coronary band (red rectangle), and their roles in hoof growth throughout
the formation tubular and intertubular horn via dermal papillae (black arrow). Image obtained from
study.

Hoof capsule growth is related to mitotic activity at the germinal layer of the
epidermal cells of the periople and coronet (Bragulla, 2003). The hoof wall grows
at a rate of about 0.1-1mm per day across species (Vermunt and Greenough, 1995,
Parks, 2003, Harrison et al., 2007), estimated, in horse ranged from 0.19-0.28
mm/day (Glade and Salzman, 1985).

Movement within the hoof is enabled by the sequential binding-unbinding of
specific adhesive units (for example hemi-desmosomes) between the hoof and the
secondary epidermal lamellae (Pollitt and Collins, 2013). The adhesive force
between the dermal and epidermal lamellae is provided naturally by the area
available for adhesion. Aside of adhesion, the overall mechanical properties, for

example the thickness of the hoof capsule, is related to the proportion of
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keratinization, which occurs in layers from the papillae and along the abaxial axis

of the hoof, and develops along the proximo-distal axis (Bragulla, 2003).

The capsular growth rate is essential in understanding the aetiology of hoof
distortion. It is now well established that keratinocyte progenitor cells grow from
the papillae and not from the lamellae (Bragulla, 2003), implying that the capsular
wall has to slide in a continuous fashion on the lamellae in the proximo-distal
direction (Bragulla and Hirschberg, 2003, Bragulla, 2003, Pollitt, 2004a). This
evidence was highlighted by Pollitt (2010) who demonstrated that the main sites
for cell replication are at the level of the coronary band or coronet — in the papillae
and proximal lamellae. The importance of hoof cell synthesis, and therefore cell
proliferation, in the pathology of laminitis has been underlined in different species
(Vermunt and Greenough, 1994, Daradka and Pollitt, 2004), however, it remains
unclear how cell proliferation itself is involved in this pathology. Indeed, in the
equine species, throughout chronic laminitis, there is a decrease in the
proliferation index of epidermal cells from the coronary tissue (Jones et al., 2004,
Carter et al., 20104, Carter et al., 2011). This result may contrast with the greater
proliferation measured of the same cells at the early stages of the disease course,
for example less than 10 days prior to the onset of the disease as described by
Kuwano et al. (2002). It is interesting to note, however, that MacCallum et al.
(2002) found increased cellular proliferation in the hooves of cows which were
becoming lame. These results suggested that an augmented rate of keratinisation
could be a critical part of the defence mechanism against laminitis. Although
growth rate, mechanical morphology and hoof wall are well recognized to be
important in the pathology of laminitis (Bowker, 2003), the connection between

all of these components is missing.
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131 Microstructure of the hoof wall

The hoof capsule consists of two regions: the wall (lamina) and the base of the
surface (facies solearis) (Budras et al., 2003). The wall is formed by the periople,
coronet and wall layers (external, middle and internal layers) while the base
surface is formed by the sole segment and the footpad of ungulates (Budras et al.,
2003, Pollitt, 2004a). The size and distribution of these two segments differ
considerably between animal species (Bragulla et al., 2007). The structural
element of the hoof wall is the horny material which is formed from a a-keratin, a
fibrous, structural protein present in claws, hooves, nails, horns and hair
(Tombolato et al., 2010). This keratinous substance is composed of tubular
structures made from dead keratinocytes (Eurell and Frappier, 2013). The tubules
descend parallel to the distal phalanx, from the proximal to distal ends of the hoof
(Kasapi and Gosline, 1999, Pollitt, 2004a). These tubular horns are produced by
the highly modified layer of epidermal cells attached to the dermal papillae
(Bragulla and Hirschberg, 2003). The density and size of these tubules vary
between the inner and outer regions of hoof wall (Reilly et al., 1998a), as the
tubules are more concentrated in the outer layer compared to the inner layer of the
hoof (Lancaster et al., 2013). Similarly, their shape change from larger and
rounder in the inner part of the wall to ones that are smaller and oval near the
outer surface (Stewart, 2013). In addition, Lancaster et al. (2013) reported that
there are regional differences in the concentration of tubules between the lateral
and medial aspect of the hoof wall. The stratum medium/middle layer is
manifested by a high density of tubular and intertubular horny materials (Pollitt,

2010). This tubular structure enables hoof to transmit ground concussion and load
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bearing forces to the appendicular skeletal system (Bowker, 2003). The inner
surface of the hoof wall contains a lamellar structure ranging from 2-5um in
thickness, and is assembled in such a way that the tubules intersperse between the
lamellae (Tombolato et al., 2010). Accordingly, the capsular wall is organized by
three contributory layers (Figure 1-8) as follows: the stratum externum, also
termed the periople; the stratum medium, also called the coronet; and the stratum
lamellatum, with the alternative name internum (Bragulla and Hirschberg, 2003,

Pollitt, 2004a, Budras and Sack, 2012, Stewart, 2013).

External layer of the ~ A s srrrirerierirriss
hoof capsule (periople) = 7 s

Middle layer of the -
hoof capsule o
(coronary horn)

Internal layer of
the hoof capsule
(lamellae)

LIPS Bulb of the heel

Figure 1-8: Schematic drawing showing dorsolateral view of the equine hoof capsule

Schematic diagram illustrates the layers of hoof wall and the regions of ground surface which
contain the frog, sole, bar and bulb of the heel. Figure adapted from (Bragulla, 2003).

1311 The lamellae
The orientations of epidermal lamellae are arranged from the proximal to the
distal portion of the inner surface of the equine hoof and interface with corium

lamella (Pollitt and Collins, 2013). The lamellae of the hoof wall are composed of

primary, and a subset of secondary keratinized epidermal lamellae (Eurell and

20



Ramzi Al-Agele 2018 Chapter 1: Introduction

Frappier, 2013). These structural lamellae are interdigitated with special
expansions, i.e. the primary and secondary dermal lamellae (Pollitt, 2004a)
(Figure 1-9). There are around 550-600 primary epidermal lamellae in each hoof,
and each lamella has 150-200 secondary epidermal lamellae on its external

surface (Pollitt, 2004a).
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Figure 1-9: Photomicrographs show normal lamellae

A, B) H&E stained images showing structural lamellae and their interconnection between the
primary and secondary dermal lamellae with primary and secondary epidermal lamellae. Image
(A) scale bar represents 200um and image (B) 50um. Images obtained from study and source of
information from (Eurell and Frappier, 2013).

Morphologically, epidermal lamellae may have different dimensions and shapes
around the perimeter of the capsular wall, which appear to be associated with the
conformation of the hoof and the stresses enforced on these laminae (Bowker,
2003). The hoof capsule consists of three layers: the externum, medium, and
internum layers (Parks, 2003), which are formed from modified epidermal tissue
organised in both laminar and tubular architecture (Lancaster et al., 2013). The
dermal lamellae are a highly vascularised connective tissue that comprises

capillaries, venules and arteriovenous anastomoses with a large nerve supply

(Engiles, 2010).
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The variations of pathological changes regarding the hoof wall are the result of a
number of causes leading to the failure of the hoof-lamellar interface and rotation
of the distal phalanx (Pollitt, 2004b, Collins et al., 2010) due to, for example, too
strong loads on the foot (Ramsey et al., 2011). This mechanical cause is thought
to be implicated in the variation of hooves shape with time (Douglas, 1998,
Faramarzi et al., 2011). Inflammation and destruction of the hoof-lamellar
interface, for instance laminitis, is one of the most debilitating pathological
condition affecting the equine foot (Loftus et al., 2009, Pollitt, 2010, Wylie et al.,
2011, Belknap and Geor, 2017), which is thought to be a major reason for
decreasing optimal performance of the athletics horse (Trotter, 2004, Bentley et
al., 2007). The lamellar connection between the distal phalanx and the inner hoof
wall acts by absorbing energy for weight bearing forces (Pollitt, 2004a, Ramsey et

al., 2011) (Figure 1-10).

Body weight force

Laminar
connectio

Ground reaction force

Figure 1-10: Schematic showing application of forces linked to weight bearing

Schematic diagram illustrates the complexity of the hoof shape and its connection proposes that
specifically how it deforms throughout movement depending on the loads that is compressed
through the axil of bones into the hoof, (a) coffin joint, (b) navicular bone, (DDFT) deep digital
flexor tendon. This figure adapted from (Floyd and Mansmann, 2007, Ramsey, 2011).

22



Ramzi Al-Agele 2018 Chapter 1: Introduction

The functional engagement of the lamellae appears as a resilient attachment
between two comparatively inflexible structures: the hoof wall and the distal
phalanx (Redden, 2003). Studies have shown that losing the stability of the
basement membrane of the hoof-lamellar interface leads to the first stage in
lamellar failure, which occurs before the full onset of laminitis (Visser and Pollitt,

2011).

1.3.2 Hoof keratin

Keratinocytes from the hoof wall produce specific proteins, called keratins
(Bertram and Gosline, 1987) that are non-soluble proteins present particularly in
the epithelial tissues. There are two types of keratin, a-helices and B-pleated
sheets keratins which, when assembled, contain either a high level of sulphur
bonds providing their hardness as for instance in hair, feathers, nails and hoof
walls or a low level of sulphur bonds to make soft tissues such as skin, cuticle and
the periople (Bragulla and Homberger, 2009, McK:ittrick et al., 2012). What
triggers the amount of sulphur bounds remains unclear however (Bragulla and
Homberger, 2009).

The mechanical traits of the capsular wall are essentially based on the
keratinocyte cells and their geometric organization (Bertram and Gosline, 1987,
Eurell and Frappier, 2013). Once the keratinocytes have lost their contact with the
basement membrane, they start the differentiation process to produce particular
keratins such as K1 and K10 (Bragulla and Homberger, 2009). Cornifying
keratinocytes in cornifying epithelium undergo apoptosis to become the
corneocytes in the upper corneum layer (Bragulla and Homberger, 2009) (Figure

1-11).
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There have been an increasing number of keratin proteins detected in the hoof
epidermal lamella. There are 30 keratin proteins besides vimentin, desmin,
peripherin, internexin, 2 laminin filament proteins and 6 microtubule proteins
(Carter et al., 2010b, Pinto, 2012). In line with this complex organization it was
suggested that the level or type of keratin expressions could be involved in equine
laminitis (Collins et al., 2010, Pinto, 2012). The keratins are placed at interfaces
between tissue segments, and therefore can be exposed to biophysical stresses
(Pekny and Lane, 2007). An experiment consisting of stretching keratinocytes was
examined by Nishimura et al. (2009) who demonstrated that as a response there is
a decrease in the number of growing epidermal cells, which seems to promote the
overexpression of the suprabasal keratins (Goermar et al., 1993). More recently,
and in the same field, Yano et al. (2004) demonstrated that mechanical stretching
can stimulate the proliferation rate of human keratinocytes. This mechanism may
contribute to a change in the expression of keratins (Yano et al., 2004). The first
layer of epidermis that connects with the basement membrane expresses two
predominant keratins K5 (type Il contains basic or neutral with high molecular
weight proteins) and K14 (type | includes acidic with low molecular weight

proteins) (Porter and Lane, 2003, Bragulla and Homberger, 2009).
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Cell types of epidermal keratinocytes

Keratinoblasts:
Basal cells of stratified epithelia
Can produceK5 & K14

Transient amplifying cells: A cluster of basal cells
with limited mitotic activity (4-8 generations)
Generating new transient amplifying cells and keratinocytes

Stem cells: A cluster of basal cells,
dividing mitotically to generate new stem cells
and transient amplifying cells

Keratinizing keratinocytes: epithelial cells in suprabasal layers
Undergoing the tissue specific process of keratinization
Keratinocytes produce K31-40/K81-86 or K25-28/K71-74

l

Cornified keratinocytes: dead keratinized
keratinocytes in the stratum corneum

l

Cornifying keratinocytes: keratinized keratinocytes at the end of keratinization
processes in the stratum granulosum starting the processes of cornification
(programmed cell death)

Figure 1-11: Schematic diagram of the cornifying keratinocytes

Schematic illustration of the basal layer of stratified epithelium consisting of keratinoblasts such as
stem cells and transient amplifying cells in addition to undifferentiated keratinocytes. As these
cells divide, they move upwards, start to differentiate and produce adequate keratin levels in order
to become cornified. Figure adapted from (Bragulla and Homberger, 2009).

Some studies have investigated the pivotal role of keratin proteins in regulating
the response to cell proliferation signals, and stated their capability to change the
mitotic activity of epidermal cells (Figure 1-12). This can be controlled through a
complex pattern of phosphorylation and molecular assemblies (Magin et al., 2007,
Gu and Coulombe, 2007). Bragulla and Homberger (2009) reported a correlation
between the expression of K14 and the mitotic activity and the level of
pluripotency of epidermal basal layer. K14 (acidic) keratin and K5 (basic),
keratins are produced together in the basal cells of stratified epithelium only in
proliferating cells but not in differentiating cells (Byrne et al., 1994). Therefore,
K14 is considered to be an essential component of stratified epithelium (Porter et
al., 2000, Bragulla and Homberger, 2009).
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Figure 1-12: Schematic illustrates the regulatory functions of keratins

Ilustration representing the mechanism by which keratin filaments are involved in the integrity of
epidermal cells. Figure adapted from (Magin et al., 2007).

1.4 Interactions between the hoof capsule and the distal phalanx

The external morphology of the hoof capsule is indirectly associated with the
function and shape of the internal segments of the hoof (Moleman et al., 2006).
Despite the fact that studies have documented the role of sequels linked to
mechanical stresses on the hoof wall (Hinterhofer et al., 2000, Hinterhofer et al.,
2006, Thomason et al., 2002), very little work concerning the relationship
between the shape of distal phalanx and the changes in hoof capsule (Cruz et al.,
2006, Dyson et al., 2011a), has been published. It has, however, been observed
that, although the hoof capsule appears intact, subclinical changes may occur at
the level of the internal structures of the equine foot (Lancaster, 2011). How these
subclinical changes impact the equine foot over time is unclear but given the hoof
lamellar adhesion, any impact on this adhesion may change the capsular shape
over time (Hampson et al., 2013). In this scenario, alteration of the shape of the

hoof could have serious consequences on the distal phalanx (Dyson et al., 2011a),
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for example altering its shape in response to weight loading (Thomason et al.,

1992, Cruz et al., 2006).

Dyson et al. (2011a) have drew attention to the fact that, despite differences in the
orientation of the distal phalanx between horses, mainly associated with changes
in direction of the dished solar border, the morphology of the distal phalanx is
unaffected by the external features of the hoof capsule. It is worth noting here that
hoof shape can be altered when trimming and shoeing are considered (Van Heel et
al., 2006). The impact of trimming/shoeing on the hoof capsule shape has been
explained by Johnston and Back (2006) where they demonstrated that the
formation of the hoof wall is physically connected to the loading of the lower
limb, thus protecting its optimal balance on the ground (Ramsey et al., 2013).
Therefore, the geometrical tendency of the foot components determines the ability
of the internal structures to respond to loading through the bearing phase of the

stride cycle (Gunnarsson et al., 2017).

1.5 Pathological changes of the hoof suspensory apparatus

The distal phalanx is attached within the hoof capsule through the suspensory
apparatus (Pollitt and Collins, 2016), which connects the entire parietal surface of
the distal phalanx to the lamellar structures of the internal hoof wall (Pollitt, 2010)
(Figure 1-13). Preliminary work on equine lamellar connection was undertaken by
Douglas et al. (1998) who found that this attachment provides the mechanism by
which the weight is transferred between the distal phalanx and the epidermal
laminae of the hoof wall. This connection, or attachment, has a substantial role in
the biomechanics of healthy foot performance, and may lead to foot lameness if

damaged (Johnston and Back, 2006).
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Coronary region

Dermal papillae

Hoof capsule

Figure 1-13: Photographs illustrating the suspensory apparatus of distal phalanx

A, B) equine hoof images were dissected showing the connection between the inner surface of
hoof capsule white colour and the partial surface of distal phalanx representing the suspensory
apparatus of equine foot. Image obtained from study.

Indeed, the failure of the connection between the epidermal laminae and the
underlying basement membrane of the dermal lamellae would weaken the
suspensory apparatus of the distal phalanx (Eades, 2010). Unsurprisingly, changes
in the basement membrane of the suspensory tissue have been suggested to signal
the first step of laminar failure (Visser and Pollitt, 2011). While Kyaw-Tanner and
Pollitt (2004) reported that lesions in the basement membrane appear before any
clinical signs of foot lameness. The dislocation of the distal phalanx, followed by
its rotation, applies pressure, first on the sole at the palmar border of the distal
phalanx and, secondly, on the coronet or upper area of the lamellae by the
extensor process of the distal phalanx (Redden, 2003). These deflections lead to

impaired blood flow into the basal layers of the hoof wall (Hood et al., 1993), and
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can lead to an inhibition of the growth rate of the hoof capsule, affecting its shape
over time and induced osteolysis of bone trabeculae in chronic stages (Engiles et
al., 2015). A number of hoof shapes can arise from this chronic condition,
including sheared heels, crushed heels, club foot, long-dished toe, and high-heel
foot (Redden, 2003, Dyson et al., 2011b) (Figure 1-14). One of these chronic
condition is the lamellar wedge that develops alongside laminitis, and that is an
anatomical displacement of the distal phalanx within the hoof capsule (Carter et
al., 2010b), is a direct consequence of the failure of the suspensory apparatus of
the distal phalanx (Collins et al., 2010). However, the molecular events involved

in the lamellar wedge condition are broadly unknown (Bragulla and Hirschberg,
X Al
J

Figure 1-14: Schematic drawing illustrate hoof capsule in different chronic conditions

2003).

Different chronic conditions of hoof capsule (red line). (A, Al), crushed heels; (B) long-dished
toe; (C), sheared heels; (D), club foot; (E), high-heel foot. This is adapted from (Kaneps and
Turner, 2004, Dyson et al., 2011b).

Inflammation of the lamellae occurs primarily at the lamina corium in the area
between the distal phalanx and the capsular wall, and particularly at the junction

between the dermis and epidermis of the lamellae (Engiles, 2010).
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In due course, and when complete, this destruction pulls the distal phalanx away
from the hoof capsule, because of the pulling action of the deep digital flexor
tendon which is attached on the ventral surface of the distal phalanx (Redden,
2003). The suspensory apparatus is therefore weakened in this case.

1.6 Capsular shape and morphological changes in the laminar
junction

The laminar junction within the hoof wall absorbs, indirectly, the ground reaction
stress that is applied on the equine foot (Gustas et al., 2001, Faramarzi, 2014)
(Figure 1-15). Previous studies have highlighted the connection of hoof shape to
the pattern of laminar morphology (Thomason et al., 2005, Thomason et al.,
2008). The laminar function as a weight bearing tissue and can show various
architectures in relation to the mechanical effort imposed on to them. For
example, increasing the length and bifurcation of secondary epidermal lamellae
contribute to mechanical efforts on the suspensory apparatus of distal phalanx

(Sarratt and Hood, 2005, Davies et al., 2007).
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Figure 1-15: Schematic drawing illustrating the connection between the distal phalanx

Schematic adapted from (Thomason et al., 2005).
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Although, damaged lamellae lead to altered hoof shape, the mechanical loads
applied on the hoof can also change the shape and structure of the hoof wall
(Ramsey et al., 2013). Consequently, a change in the lamellae morphology can be
related to the adaptive function of the hoof under loading (Faramarzi et al., 2009).
In line with this evidence is the fact that it was shown that the primary epidermal
lamellae have the capability of remodelling in response to stress being applied to

the regions of the hoof wall (Bowker, 2003, Faramarzi, 2011).

In the normal hoof, the population and density of the primary epidermal lamellae
are diverse around the hoof perimeter and it is likely that such variation could also
result from an adaptation to normal physical stress (Barreto-Vianna et al., 2013).
Douglas and Thomason (2000) reported that the rapid changes in spacing,
orientation and curvature of the lamellae can result in losing the physical support
across the area of laminar attachment with the entire hoof wall. This demonstrates
that there is a relationship between the mechanical behaviour of hoof capsule and
laminar morphology, which seems to be the equine hoof structurally adapting for
its mechanical function (Thomason et al., 2005). It would appear that this wide
range of modifications is a reflection of the extrinsic shape of the hoof throughout
its development; thereby the inner structures modified their structures and shapes
(Engiles et al., 2015). However, further investigation is essential in order to
understand the effect and extent of frequent strain on biomechanical traits and

laminar morphology (Faramarzi, 2014).
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1.7 Laminitis

Hoof pathologies exist across different species, including bovine and ovine
species, often leading to a loss of productivity with important economic loss for
the dairy/meat industries (Mulling et al., 2006, Schépke et al., 2013). It has been
estimated that around 25% of cattle in the UK, in addition to the rest of the EU,
may be affected by laminitis, with a cost of more than €1 Billion per year
(Mordak and Anthony, 2007). A survey including 113,000 horses stated a
prevalence of 7.1% of laminitis in the UK (Hinckley and Henderson, 1996).
While a prevalence of 20.1% was reported by Katz (2004). Similarly, in the USA
estimated over 15% of horses were afflicted by laminitis throughout their life with

a cost $13M annually (Moore and Jenne, 2010).

In all species, laminitis is traditionally linked to hoof deformity (Vermunt and
Greenough, 1994, Engiles et al., 2015). This pathology has different biological
causes involving systematic, metabolic and/or endocrinopathic disorders
(Karikoski et al., 2011, Karikoski et al., 2015, Johnson, 2017), or physical cause

involving the loading pattern of the feet (Pollitt and Visser, 2010).

Laminitis is a catastrophic and destructive disease of the equine foot with a
multifactorial and complicated pathogenesis (Engiles, 2010, Belknap and Geor,
2017). Patho-anatomical changes in laminitis include the dislocation of the close
attachments between the distal phalanx and the inner surface of hoof wall lamellae
leading to severe pain and sinking of the axial skeleton (founder) (Redden, 2003,
Lima et al., 2016). There is a significant relationship between the grade of foot

lameness and the severity of the pathological changes in the lamellar tissues in
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laminitis (Engiles et al., 2015). The progression of equine laminitis is divided into

three phases; developmental, acute and chronic (Pollitt, 2004b) (Figure 1-16).

Time line for laminitis changes

Developmental phase Acute phase Chronic phase

Hours 0 4 8 24 72 1 Days 10 20 40

Decreasing
in blood flow

swelling of endothelial
cells and limited oedema
Vascular histopathology
Operative pathology

Reactive hyperaemia Erythrocytes congestion Microvascular thrombi
or reperfusion injury and obstruction and sever oedema
Vasospastic ischemia of laminar capillaries
3 Necrosis of stratum
Lameness evident: spinosum layers
Warm feet
Elevated digital pulse  Laminar distortion
Increased/decreased Hyperkeratinisation
vascular histopathology
Ir?ummg an.{i lengthening Atyoply and degeneration Necrosis of primary dermal layer
with reduction and of spinous and basal cells
flattening of epithelial cells  of secondary epidermal
l lamina

Haemorrhage of primary dermal lamina
Mild epithelial hyperplasia

Swelling, vacuolization and nuclear
pyknosis of secondary epidermal lamina

|

Keratin appearance alteration

Figure 1-16: The different developmental stages of laminitis

Figure updated from (Hood et al., 1993).

The first stage is the developmental phase, which occurs within the period of time
between the onset of histopathological variations occurring in the lamina and the
first clinical signs of foot lameness (Moore et al., 2004). This stage lasts between
8-12hrs in the case of black walnut laminitis, and up to about 40hrs in the case of
grain impaction laminitis (Pollitt, 2004b). Microscopically, this first stage is
accompanied by a disorganisation of the basement membrane associated with an
increase in metalloproteinase activity located (Noschka et al., 2009b, Kyaw-

Tanner and Pollitt, 2004, De Laat et al., 2011a).
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Basal cells of the lamellar tissue lose their shape and become more elongated and,
as a result, the secondary epidermal lamellae appear pointed rather than club-
shaped (Floyd and Mansmann, 2007). During in this stage, changes in cellular
adhesion between the lamellae and the hoof wall determines the development into

either acute or chronic laminitis (Carter et al., 2010a).

The second phase (acute) is attributed to the start of any clinical signs such as foot
lameness and foot pain and can end within 72hrs, when the third phase (chronic)
may begin if there is evidence of distal phalanx rotation (Pollitt, 2004b). Although
laminitis can have different causes such as systemic inflammation, sepsis, equine
metabolic syndrome (McGowan, 2010) and mechanical overload, research has
indicated that they all lead to the disconnection between the basal epidermal
lamellar cells and the basement membrane of the lamellar dermis (Eades, 2010,
Heymering, 2010, Lima et al., 2016). Three theories exist explaining each the
hemodynamic process leading to ischemia in acute laminitis (Bailey et al., 2004).
The first one assumes that the digital vasoconstricted vessels, causing oedema, are
associated with the development of microvascular thrombi, resulting in ischemia
and severe pain (Moore et al., 2004). The second assumption emphasizes that
ischemic necrosis with severe pain arises as the blood is redirected from the
dermal connective tissue leading to a drop in oxygen levels in the epidermal tissue
of the lamina (Hood et al., 1993). The third theory suggests that acute laminitis
occurs due to an inappropriate stimulus or reaction of the vascular smooth muscle
of the digit, resulting in a constant contraction. Thus creates varying grades of
digital ischemia (Hood et al., 1993, Hinckley et al., 1996, Eades et al., 2002), and
this vascular dysfunction is associated with endocrinopathic laminitis (Morgan et

al., 2016).
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The histomorphological structures of the interdigitation between the external
surface of the distal phalanx and the lamellae of the interior hoof capsule are
fundamental to keeping the distal phalanx in its position (Pollitt and Collins,
2016). Any failure in this connection produces soreness and distinctive foot
lameness (Pollitt, 2004b, De Laat et al., 2013a). The biomechanical permanence
of the equine digit depends mainly on the integrity of the basement membrane
(Pollitt, 1994, Pollitt and Collins, 2016). Therefore, any degeneration in the
basement membrane and malfunction of its interdigitation to the basal epidermal
cells is sufficient for the initial histopathological actions to occur in acute
laminitis (Pollitt, 1996, Visser and Pollitt, 2011). The basement membranes are
made of type IV collagen while the main non-collagenous protein is laminin
(LeBleu et al., 2007). Therefore, laminin-1 and collagen 1V play significant roles
in the dermo-epidermal attachment (Pollitt, 2004a). Johnson et al. (2000) showed
that circulatory levels of collagen IV increased in cases of naturally occurring
laminitis, and that this is certainly related to the activity of matrix
metalloproteinase (MMP) enzymes (Kyaw-Tanner et al., 2008). Finally, at the cell
level, another feature of acute laminitis is the augmentation in the number of
apoptotic epidermal basal cells identified in the epithelial lamellae (Faleiros et al.,
2004). Another laminitic phase, termed the sub-acute phase, can follow the acute
phase when the displacement of the distal phalanx has not occurred (Moore et al.,
2004). In this case, the animal improves progressively until there is very little or
no clinical or morphological sign of laminitis or dislocation of the distal phalanx

(Parks and O'Grady, 2003).
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The third laminitic phase is known as the chronic phase, which can be considered
after 72hrs with clinical symptoms ranging from permanent, slight foot lameness,
continuous foot pain, and excessive disintegration of lamellar attachments,
recumbence, capsular wall distortion and sloughing of the hooves (Pollitt, 2004b,
Stewart, 2013, Belknap and Geor, 2017). There are three characteristic features
which appear as a consequence of hoof collapse and the displacement of the distal
phalanx which are: the rotation of the dorsal wall; the rotation on the mediolateral
side; and sinking of the distal phalanx (Parks and O'Grady, 2003, Orsini et al.,

2010, Bras, 2011). These features can appear independently or concurrently.

The sinking of the distal phalanx, or fatal founder syndrome (Bras, 2011), this
condition can develop within 2-3 days following the onset of the first clinical
signs of the sub-acute phase. it is also associated with severe pain and a
characteristic gait due to complete separation of the distal phalanx (Parks, 2016).
In this scenario, there is a palpable depression just proximal and around the
circumference of the coronet (Parks and O'Grady, 2003). The severity of the case
depends on to whether the anatomical features of laminitis can be compensated or
not. Indeed, compensation may occur in cases where the distal phalanx does not
show excessive displacement or rotation (Bras, 2011). This type of compensation
can occur naturally, when horses/ponies change their gait, posture, or weight-
bearing ability to remove of the stress applied on the hoof-lamellar interface
(Morrison, 2010). Some features remain visible over time, including diverging the
growth lines from the dorsal to the lateral/medial parts on the dorsal hoof wall,
and a resulting change in contact angle between the hoof and the ground (Stewart,

2013).
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1.7.1 Lamellar wedge

In chronically laminitic horses, the lamellar wedge appears as an abnormal horny
mass, that is formed between the inner hoof wall and the epidermal lamellae, and
is linked to the slight rotation of the distal phalanx (Kuwano et al., 2002, Pollitt,
2004b). This structure develops as a result of the impaired connection between the
dermis and the epidermis (Pollitt and Collins, 2016). The normal biomechanical
performance of the foot is affected by the lamellar wedge and leads to additional
soreness and functional disability of the affected horses foot, particularly
distortion in hoof capsule and distal phalanx (Engiles et al., 2015). In addition to
locomotor dysfunction, abnormal keratinous tissue produced in the lamellae
wedge tends to imitate the nature and magnitude of the hoof-lamellar interface for
recovery of the affected foot (Collins et al., 2010). The separation of the distal
phalanx inside the capsular wall can change the sole shape to become convex
rather than be concave, due to differential growth of the proximal hoof wall
portion (Pollitt, 2004b). The structural and physical appearance of this abnormal
keratinized material is comparable to the white line tissue, and which is proposed
to be an ectopic white line (O'grady, 2011). It was therefore thought that a large
quantity of the ectopic white line could be able ultimately to prohibit the straight

and normal growth of the hoof capsule (Kuwano et al., 2002) (Figure 1-17).

37



Ramzi Al-Agele 2018 Chapter 1: Introduction

Figure 1-17: The anatomical displacement (indicated by *) of the distal phalanx

(A, B) Longitudinal section of two laminitic feet shows lamellae wedge inside the hoof capsule
indicates (*) abnormal tissue, which changed the shape of hoof capsule. Images obtained from
study, but source information includes (Kuwano et al., 2002, Collins et al., 2010).

1.8 Elements of physics in relation to the equine foot

Biomechanical stimulations on various regions of the hoof capsule can result in
the development of conditions in the lower limb of equine feet (Ramsey et al.,
2013). These pathological conditions are dependent on the age of the animal since
the hoof capsule can also adapt its shape to some level of stress preventing hereby
damage or injury of hoof segments (Johnston and Back, 2006). One study by
Franck et al. (2006) evaluated the elastic modulus (the ratio of stress to strain
along the loading direction) of the bovine the claw allowing an estimation of the
firmness and the stiffness of the dorsal, abaxial and bulb horn wall. Results
demonstrated that the elasticity of the bulb horn is greater than the capsular wall
horn and that the dorsal wall is stiffer than the abaxial wall. Salo et al. (2010)
reported that the modelled capsular wall stresses are higher in the middle section

of the hoof wall, and lower around the coronary groove and the distal hoof wall.
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Douglas et al. (1996) found that the elasticity of the equine dorsal superficial wall
was higher in comparison to that the lower values at the dorsal inner wall, while
the quarters having intermediate values. The difference in rigidity between the
dorsal surface and inner walls proves that the equine hoof capsule is relatively
inflexible at the level of the outer surface compared to the inner wall. Similar
results were obtained in the quarters where analogous changes in rigidity through
the capsule wall are measured (Ryan, 2013, Jansova et al., 2015). However, the
decreased wall thickness at the quarters in comparison with the dorsal wall
revealed that, practically, the quarters are less stiff than the dorsal wall (the
stiffness is proportional to a power value of the wall thickness) (Thieme et al.,
2015). Finally, the capsular wall being thinner at the quarters may facilitate the
abrasion of both medial and lateral sides, which happens through weight-bearing

(Douglas et al., 1996, Redden, 2003).

Additionally, Thomason et al. (2005) found that lower mechanical loads were
present at the distal part of the laminar junction were as higher loads were present
at the mid and proximal part levels. Geometrical analysis suggested that the stress
applied to the dorsal lamellar tissue is a function of the contact angle between the
hoof and the ground as well as on the elastic energy storage (Ramsey et al., 2011,
Ramsey et al., 2012, Ramsey et al., 2013).

In general, most biomechanical works are focused on a static capsular wall
without any insight into the impact hoof growth on hoof biomechanics (Thomason
et al., 2002, Ramsey et al., 2013). However, we propose that understanding the
stress components of a growing hoof are more in line with the natural impacts that

can have physical or chemical stimuli on hoof shape.
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1.9 The link between hoof morphology and residual stresses

The hoof capsule acts as a mediator between the animal and its surrounding
environment, as well as a first line of defence against biomechanical, biochemical
and microbiological challenges (Mordak and Anthony, 2007). The hoof capsule of
the equine foot, as with most biological structures, varies in shape between
animals (Bragulla and Hirschberg, 2003). The hoof shape can change during
specific periods where trimming, weight bearing, growth and erosion take place
(Hood et al.,, 2001). These variations are correlated to ecological reasons,
including the firmness, abrasiveness, or humidity of the ground (Faramarzi et al.,
2009, Ramsey et al., 2012). Investigations into the relationship between the distal
parts of the equine foot, the residual stresses applied to the hoof, as well as its
shape, have illustrated a way by which hoof shape can change (Bellenzani et al.,
2012). It has previously been demonstrated that a reduced perfusion of the
capillary beds in the dorsal coronary and lamellar areas can lead to the distortion
of the capsular wall, such as it appears in chronically laminitic horses (Hood et al.,
1993). As the distal phalanx rotates, the dorsal coronary dermis is compressed,
resulting in low oxygen of the coronary tissues, which may be accountable for a
reduced growth rate of the dorsal hoof wall (Moore et al., 2004, Morgan et al.,
2016). An increase in the perfusion of the solar and toe areas may cause chronic
inflammation in these areas (Ritmeester et al., 1998). As a result, the hoof
morphology can change slightly due to the mechanical interactions between foot
components (Thomason et al., 2004). This is possibly resulted from residual
stresses visible through the attitude of the horse’s strides (Johnston and Back,
2006). Accordingly, biomechanical loading can challenge the tissues of the foot

(Ramsey et al., 2013) (Figure 1-18).

40



Ramzi Al-Agele 2018 Chapter 1: Introduction

Figure 1-18: Schematic drawing illustrating the stresses applied on the hoof wall

Schematic diagram show (A) application of forces between the hoof wall and bones (“g” is the
ground reaction on the hoof border, “G” is the ground reaction on the sole, “W” is the weight, “t”
is the laminar tension and “d”, is the digital flexor stresses applied on the distal phalanx; (B) stress
applied on the anterior wall. C) Shows influence of internally directed tensile stress “t” and
constituents of ground reaction force “g”; while (D) resulting movement of the heel during strides.
Figure adapted from (Thomason et al., 1992).

Therefore, consideration of biochemical and biophysical mechanisms present in
the equine foot could provide some prospects for early diagnostic of foot lameness
(Johnston and Back, 2006). The mechanical stress during foot concussion on the
ground is greater in the caudal region than in the cranial region because of the
vertical stress component being distributed unevenly above the whole external
surface of the hoof wall and the sole (Thomason and Peterson, 2008). It seems,
therefore, that the heels and the quarters take an eminent proportion of the stress
in absorbing concussion and upholding bodyweight (Barrey, 1990). This concept
was highlighted in a study by Hood et al. (2001) which pointed to the connection
that exists between the deformability of the ground surface and physical loading

of the equine foot.
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From the literature, it is obvious that studies have been carried out on the
pathology and biomechanics of the equine foot and on the different aspects that
impact its function. Despite these studies, very little research has been devoted to
understanding how the hoof shape is related to hoof growth in relation to its

physical connection on the ground.

1.10 Modelling the set of forces in a growing hoof

If one considers the hoof capsule as a planar surface, there are three forces
present. The adhesion force that connects the lamellae to the capsule, the growth
force that originates from the coronary papillae and; the ground reaction force to

the weight (which is related to the mass of the animal via the gravity constant).

1.10.1 The Growth force

The growth force acts in a direction led by proliferation of the germinal epidermal
cells in the coronary band that line the papillae, creating a downward force by the
generation of new cells and development of the tubular and intertubular hoof horn
(Bragulla, 2003, Pollitt, 2004a, Daradka and Pollitt, 2004, Budras et al., 2012).
Figure 1-19 illustrates the proliferation of the basal epidermal cells lining the
dermal papillae and the progression and division of the daughter cells from this
region. This is correlated with density of dermal papillae per mm?, as with high

papillary density leads to generate more horny material (Harrison et al., 2007).
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Ground reactiol

Figure 1-19: Schematic drawing illustrating the main proliferation sites

Yellow arrows signify the orientation of the growth force from the coronary band; ad, show the
conflicting adhesive force. (a) Periople, (b) coronary papillae, (c) this region highlights the main
proliferation zone, (2" P) second phalanx, (3" P) third phalanx, (n) navicular bone, (d) deep
digital flexor tendon. B) Photomicrograph illustrating the dermal papilla at the periople and the
coronet, pp) perioplic papillae and (cp) coronary papillae stained with H&E. C) lllustrates the
forces direction at the coronary region. Images obtained from study. Scale bar represents 500um.

1.10.2 The Adhesion force

As the horny hoof capsule grows distally from the coronary region, the adhesive
force attaching the hoof wall to the distal phalanx and underlying tissue resists
this growth, producing a force in the opposite direction (Figure 1-20). This is a
factor, which is significant when determining the growth rate of the hoof wall.
The adhesive force represents the structures and molecules between the dermal
and epidermal layer that are necessary to attach the horny capsule to the
underlying tissues, and also allow movement along a stationary surface (Rauch

and Cherkaoui-Rbati, 2014) (Figure 1-20).
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Figure 1-20: Dissection of a hoof capsule.

A) Hoof capsule appears separated at the dermoepidermal interface (de); orientation of the primary
epidermal lamellae (el) is highlighted. The epidermal lamellae (el) appear white in colour after
separation from dermal lamellae (dl); coronary papillae (cp) show the direction of dermal papillae
(dp) inside the coronary groove (cg), blue arrow show where the papillae attached to the hoof
capsule prior to dissection. B) Hoof appears without a capsular wall, (c) coronary region. Images
obtained from study.

It is worth noting that the magnitude of the adhesion force is higher when the
surface area between the lamellae and the hoof capsule is also high (Pollitt, 1998,
Pollitt, 2010). That is to say that the adhesion force acting on the dorsal part has a
higher magnitude than the same adhesion force on the quarter. Simply and
assuming a constant growth force from the coronet, if it was possible to divide the
hoof in several unconnected longitudinal slabs, the most dorsal slab should grow
more slowly than the most medial/lateral ones (Rauch and Cherkaoui-Rbati,
2014). This highlights the presence of residual stress inside the hoof as the later
grows normally. These residual stresses are important to shape the hoof capsule
over a long period of time as the hoof capsule, has a physical material, tries to

minimize the stresses (Ryan, 2013) (Figure 1-21).
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Figure 1-21: Photos showing variations in growth forces in the equine hoof

A) Shows the long curved black arrow on the quarter is longer than the arrow on the dorsal surface
of the hoof capsule; B, C show the change that occurs in the direction of the growth force (gf)
which leads to a change in the orientation of the tubular horn (tu) which appears from the outside

as a growth line (yellow arrow).
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1.10.3 Gravity

The ground reaction force associated with gravity comes as a force that has the
same direction as the adhesion force, for example oppose the growth force — but
whose amplitude varies as a function of the contact angle between the hoof and
the ground (Thomason et al., 1992). As every foot is different, it is difficult to
assess the impact of this force. However, we can already suggest that when the
angle is small the impact of this force should be minimal and the converse is also

true (Rauch and Cherkaoui-Rbati, 2014) (Figure 1-22).

Figure 1-22: Equine hoof photographs show large and small angles

A) Shows a large contact angle (61.7°) of a horse hoof, note (gf) is a growth force; (af) adhesive
force; (grf) ground force or gravity force;. B) Shows a small contact angle (34.3°) with the
projection of forces that are different due to the shape of the hoof as it has concave shape. ‘x’
represents the angle between the dorsal surface and the ground while ‘y’ shows the angle between
the dorsal surface and the ground reaction force.

It is possible, that the algebraic sum of these forces along the growth axis that will
have an impact on the hoof shape (Thomason et al., 2002, Ramsey et al., 2013). In
order to relate the physics to the biology, one needs to measure exactly the
proliferation index from the coronet and relate such proliferation to the different

physical parameters affecting hoof shape.
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1.11 Hypothesis

Recent efforts have tried to determine whether the hoof shape is a disposing factor
to foot lameness-causing lesions. The physical forces borne from the hoof's
contact with the ground may have a significant effect on the hoof growth rate.
This, where other predisposing factors might coexist, could result in the distortion
of the hoof capsule, affecting the biomechanical performance of the foot and
underlining the correlation between hoof conformation and foot lameness.

The overarching hypothesis for this work is that hoof shape will have a significant
effect on hoof growth, altered proliferation rates, and patterns. In addition, a set of
hypotheses were constructed within each experimental chapter in order to define

the individual experiments and work plan.

1.12 Aims

The comprehension of the pathophysiology and progression of hoof distortions is
incomplete, and this limits the efforts to prevent and treat devastating diseases,
such as foot lameness and laminitis, successfully. Scientific investigation is
proceeding at a phenomenal pace, shedding light on the pathophysiologic events
involved in laminitis. Although extensive studies have been carried out on
laminitis and biomechanical variations of the equine hoof, no study has been
reported on the relationship between hoof shape and growth rate and its impact on
foot lameness. It is possible that the interconnection between the hoof capsule and
the growth rate, with regard to the orientation of the distal phalanx, is key. This
study aims to uncover how histological, gross morphological and physical forces

act within and upon the equine hoof to influence hoof shape. These aims will be
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investigated using a number of methods, including immunohistochemistry (cell
proliferation and apoptosis), tissue composition (basement membrane thickness
and composition, and collagen distribution), gross morphological differences in
whole foot, bone/hoof curvature measurements and angles (micro-CT imaging)
and biophysics techniques using culture progenitor keratinocytes to incorporate an
interdisciplinary information regarding hoof growth. In general, the aims of this
thesis were to study the mechanisms involved in the overgrowth rate of the hoof

capsule with a particular concentrate on the impact of hoof lameness/laminitis.

1.13 Objectives

The objectives of this project were:

1- To compare cell proliferation, keratin production and cell apoptosis of the
epidermal papilla cells using immunohistochemical methods. This was
performed by labelling proliferation, stem progenitor and apoptotic cells in
differing hoof types.

2- To measure histological features of hoof tissue, including basement
membrane thickness and collagen levels in differing hoof types, cell size
changes along the length of dermal papillae.

3- To measure hoof contact angles, hoof and bone curvatures using the micro

CT-scan.

4- To assess the behaviour of equine progenitor keratinocytes under different
physical or chemical stresses that might have an effect on their

proliferation capability and hoof growth. This was performed by
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1.131

measuring the cell proliferation/differentiation using immunofluorescence
and Western blot. Additionally, the pluripotency of progenitor
keratinocytes after isolation and purification was assessed, subjected to

differentiated media, and differentiation measured using Alizarin red stain.

Research plan

In order to achieve the objectives above the experiments were divided into 3

experimental chapters. Chapter 3 investigated how the hoof grows from the

coronary region, chapter 4 examined the behaviour of isolated progenitor

keratinocytes lining the dermal papillae, and chapter 5 studied the biophysics of

hoof growth. The three chapters included the following techniques and analysis:

A

The experiments undertaken in chapter 3 to investigate hoof growth
included:

Counting the number of dermal papillae

Measuring the diameter of dermal papillae

Measuring the changes in cell size lining and inter papillary space
Measuring the epithelial and hoof wall thicknesses

Measuring and assessing the basement membrane zone and the amount of
collagen fibres attached to the basement membrane

Measuring the frequency of stem p63 +ve cells against the papillae length
Measuring the frequency of proliferation Ki-67 +ve cells against the
papillae length

Measuring the frequency of TUNEL apoptotic +ve cells against the

papillae length
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B.

10.

11.

The experiments undertaken in chapter 4 investigated the cell behaviour

under different stresses including:

Assessment of the influence of blebbistatin on cytoskeletal element
EPKs

Assessment of pluripotency during cell passages and the
transdifferentiability of EPKs

Assessment of the influence of hydrostatic pressure on EPKs
Assessment of the influence of stretch of EPKSs after incubation for 24hrs
with blebbistatin

Assessment of the influence stretch of EPKSs incubated with blebbistatin
Assessment of the influence stretch of EPKs without blebbistatin
Assessment of the influence of stretch of cultured keratinocytes after 10
days of culture

Assessment of culture keratinocytes under different levels of oxygen
1%, 3% and 5% O,

Assessment of gene expression under 5% O,

Assessment of the impact of insulin on equine hoof culture keratinocytes
Assessment of the P13k/Akt pathway in cultured keratinocytes treated

with Insulin
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C.

10.

The experiments undertaken in chapter 5 investigated the physical biology

of hoof growth including:

Evaluation of staining patterns of +ve cells

Assessment of the percentage of proliferation markers PCNA and Ki-67
+ve cells, and stem cell progenitor keratinocytes p63

Assessment of the variation between the percentage p63 and Ki-67 +ve
cells

Assessment of the expression of epithelial cell marker K14 in equine
hoof papillae

Comparisons between Ki-67 and K14 expression levels and the hoof
curvatures

Comparisons between p63 and K14 expression levels and the hoof
curvatures

Assessment of TUNEL apoptotic +ve cells at the dermal coronary region
Assessment of the correlation between the ratio of Ki-67 or p63 to
TUNEL positive cells

Assessment of the influence of the degree of hoof curvature on
epithelium thickness

Measuring the contact hoof angle, CT scan hoof curvature and distal

phalanx bone curvature
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Chapter 2

General Materials and Methods
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2.1 Materials and methods

2.2 Collection of hoof samples

Equine hooves were collected from Tauton slaughterhouse in Bristol and from the
F. Drury and Sons Ltd Swindon slaughterhouse. Ethical permission was given by
The School of Veterinary Medicine and Science, University of Nottingham ethical
committee. The clinical signs/case histories of the animals were unknown at the
point of collection. In order to further provide a clear assessment between
samples; samples were placed into three groups: those with 1) upright hoof wall
2) concave of the dorsal surface, or 3) convex dorsal surface. Thirty two hooves
were utilized to obtain tissue samples from the dorsal coronet as well as from the
quarter and heel regions — both medial and lateral (tissues were extracted from the
dorsal, quarter medial and lateral for the first thirteen hooves, while the rest from
the five regions that mentioned before). An additional twenty hooves were
collected separately (four hooves every other month) for cell isolation and culture
cell experiments (Table 2-1). All hooves were given a unique identification

number.

Table 2-1: The source of hoof collection

Type of horse N. of horse Left forelimb | Rightforelimb | Left hindlimb | Right hind limb
Pony 14 4 4 3 3
Cross breed horse | 40 12 12 8 8

Total= 54 16 16 11 11

Each sample was photographed (digital camera Canon, Japan) in order to assess
gross anatomical and morphological features from three different aspects: lateral,
medial and frontal views. The photographs were used to illustrate the counter of
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the dorsal wall and to display the angle of quarter areas for further analysis
(Appendix 8.1+2). Further images from two samples were taken following
dissection of the hoof capsule. These images were used to illustrate the internal
surface of the hoof wall and display the interdigitation between dermal papillae
and coronary groove at the coronet as well the connection between the lamellae
and inner hoof wall.

Photographs were taken from the same distance and against the same background
to avoid any opacity or artefacts, which might change the images. Samples were
disarticulated at the fetlock joint and an incision made from the left and the right
sides in order to dissect the medial and lateral digital arteries.

Paraformaldehyde (4% (w/v) PFA; pH7.2-7.3, Fisher Scientific, UK) fixative
solution was injected through the main arteries (medial and lateral palmer digital
arteries). Tissue samples (6-7mm thick) were extracted from area between skin
and hoof capsule and from 2-15mm under this area — the perioplic segment and
the coronary segment (Budras and Sack, 2012, Sherlock and Parks, 2013).
Specimens were collected at the dorsal coronet, medial and lateral quarter, medial
and lateral heel from the foot of each horse. A sharp knife was used to cut through
the Kkeratinized material. Duplicate samples from each area were collected,
enabling fixation in 4% PFA for 24 hours at 4°C in order to allow optimisation of
fixation techniques. Following fixation, samples were placed into phosphate
buffered saline (PBS; Gibco® Life Technologies, UK) until processing (within 7
days). The remainder of the hooves were frozen for CT scanning measurements

and applied physics analysis.
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2.3 Sample processing for histology

Fixed specimens were removed from the PBS and immersed into dH,O for 1hr.
The samples were dehydrated in a series of graded ethanols at room temperature,
unless otherwise stated (50% 2X 2hrs; 70% 2X 2hrs; 90%, 4°C overnight; 95%
2hrs and 100% 2X 1.5hrs), then immersed in xylene for 3hrs, and immersed in
molten paraffin wax overnight. Samples were then orientated and embedded in

fresh paraffin (EG1160 embedding station, Leica, Germany).

2.3.1 Tissue sectioning

Paraffin blocks were trimmed and covered with tissue socked with 10% (v/v)
ammonium solution placed on wet ice, then the blocks were serially sectioned
using a microtome (Leica RM2255 Microsystems, Germany) at 8um and mounted
onto polysine coated microscope slides (Fisher Scientific, UK). A minimum of 30
slides were collected per region at the coronet to ensure that tissue could be

visualised throughout the region of interest.

2.3.2 Haematoxylin and Eosin (H&E) staining

Tissue sections were dewaxed using xylene 2X 5min, and rehydrated with a series
of alcohol solutions, 100%, 90% and 70% for 5min each and immersed in dH,0
for 5min. Sections were dipped in haematoxylin 2-3 times, washed with tap water
for 5min, stained in eosin for 2-3min and then in tap water and dH,O for 5min
each. Sections were dehydrated in graded ethanol 70%, 90% and 100% for 5min
each and cleared in xylene for 5min before coverslips mounting with DPX

(Sigma, Spain).

55



Ramzi Al-Agele 2018 Chapter 2: Material & Methods

2.3.3 PAS stain

Samples were stained using the Periodic Acid Schiff (PAS) technique (according
to slightly altered manufacturers instructions; Periodic Acid Schiff, VD,
Germany). This protocol consists of two primary staining reagents. Periodic acid
acts to oxidise of the 1, 2-glycols into aldehyde groups whilst the second, Schiff’s
reagent, reacts to form a specific red colour which as a consequence of reaction
with  unsubstituted polysaccharides, muco-and glycoproteins, neutral
mucopolysacraides and glycol- and phospholipids). This stain was utilized for
staining the basement membrane in hoof tissues.

Sections were dewaxed by incubation in xylene for 5min, followed by rehydrated
via a series of descending ethanol series (100%; 90%; 70%) for 5min each, then
rinsed in dH,O for 5min. Periodic acid (200ul aqueous solution) was applied to
each slide followed by immersion in running tap water for 3min then rinsed in
dH,O for 5Smin. Sections were incubated with Schiff’s reagent (200ul) for 15min
followed by washed with running tap water for 3min and then rinsed in dH,0O for
5min. Sections were stained with haematoxylin stain for 1min followed by
running tap water for 3min, then sections were dehydrated in an ascending ethanol
series (70%, 90% and 100%) for 5min each and cleared in xylene for 5min, they

were coverslips mounted using DPX (Sigma).
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234 Masson’s trichrome stain

Masson trichrome with light green (Polyscience Inc, UK) staining was used to
assess the presence and proportion of collagen fibres in hoof tissues. Two sets of
sections from throughout the tissue (the area that is close to the basement
membrane and further away from basement membrane) were stained in order to
ensure coverage of the tissue.

Initially the manufacturer’s protocol was followed. The slides were incubated at
60°C until the paraffin melted (ensuring tissue adherence). Sections were
deparaffinised by incubation in xylene for 2min, followed by tissue rehydration
via a series of graded ethanol (100%; 90%; 70%) for 5min each, then rinsed in
dH,O for 5min. Sections were mordant in Bouin’s solution in an incubator at
60°C for lhr then washed in tap water for Smin to eliminate the picric acid.
Specimens were stained with Weigert’s iron haematoxylin working solution for
10min (prepared from mixing Weigert’s iron haematoxylin (A) and Weigert’s iron
haematoxylin (B) at a ratio 1:1) followed by a wash in running tap water for 5min
and then rinsed in dH,0O. Biebrich Scarlet Acid Fuchsin solution (200ul) was
added to each slide for 5min and then rinsed in dH,O. Phosphotungstic acid/
phosphomolybdic acid was utilized at 5% (v/v) for 10min. Light green stain
(200pul) was applied immediately to each slide for 1min followed by rinsing in
dH,O. The differentiation reagent of 1% (v/v) acetic acid was added for 1min. the
slides were rinsed in dH,O, dehydrated in an ascending ethanol 70%, 90% and
100% for 5min each and cleared in xylene for 5min before coverslips mounting
with DPX (Sigma), however the following optimisations were made for the hoof

tissue:
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1) Staining was carried out in a humidity tray to prevent drying of tissue,
protecting reagents from evaporating.

2) Specimens were stained with Weigert’s iron hematoxylin working solution
for 2min instead of 10min.

3) The concentration of Biebrich Scarlet Acid Fuchsin solution was decreased
to 10% (v/v) for 30 seconds instead of 1min.

4) Phosphotungstic acid incubation was reduced from 10min to 5min.

5) The light green stain incubation was increased to 30min instead of 1min.

Sections were taken throughout the tissue and two sections photomicrographed

using systematic random sampling (40X, DM 5000 B, Leica, Germany). Five

photomicrographs were taken from each section. Collagen vs non collagen

percentage coverage was assessed for each photomicrograph (Image Pro Plus,

Version 6.3.1.542, Media Cybernetics, Inc., USA) and the percentage mean +

standard error of the mean (SEM) were recorded and calculated for each

sample using Excel software (Microsoft Windows, Microsoft Corporation

USA).

2.4 Immunohistochemistry

2.4.1 Spatial localisation of PCNA

PCNA staining kit (Invitrogen®, USA) was utilized to label proliferating cells.
The sections were incubated at 60°C until the paraffin melted. Thereafter the

protocol provided by the manufacturer was followed:
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Sections were deparaffinised in xylene for 5min, followed by tissue rehydration
via a series of graded ethanol periods (100%; 90%; 70%) for 5min each, then
rinsed in dH,O for 5min.

Antigen retrieval was performed via a digital electric microwave cooker in 10mM
sodium citrate, pH 6.0 for 1min at a medium high, heat which was then reduced to
medium low for 4min and then left to cool at room temperature for 20min
followed by rinsing in dH,O for 5min.

Specimens were incubated with blocking solution (100pl, Reagent 1) to each slide
for 10min at room temperature, then the solution was blotted off without rinsing
and incubated with primary antibody (100ul Biotinylated mouse anti-PCNA
primary antibody, Dako, UK (Reagent 2)) for 1hr at room temperature, Negative
control slides were treated with 5% (v/v) foetal calf serum (FCS) only. Then all
slides were rinsed in PBS 3X 2min. Streptavidin peroxide (100ul, Reagent 3) was
applied to each specimen for 10min and then rinsed in PBS 3X 2min. DAB
chromagen (100ul, Reagent 4) was added to each slide and incubated for 30min.
Sections were counterstained with Mayer’s haematoxylin by a brief dip in the
stain, blued in tap water then rinsed in H,O for 5min. Sections were dehydrated
using graded ethanols (70% 3min; 90% 3min; 100% 3min), dipped in xylene for

3min, and mounted with coverslips using DPX mounting medium.

2.4.2 Spatial localisation of Ki-67

In order to trial a further method for assessing cell proliferation, specimens were
incubated with an antibody against Ki-67 (ab66155, rabbit polyclonal, reacts with
horse, Abcam, UK) and Leica kit (Leica, Novolink™ Polymer Detection System,

Novocastra, Leica Biosystems, UK) in order to identify cell division in epidermal
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cells of hoof tissues. The sections were incubated at 60°C until paraffin was
melted for 15min (ensuring that tissue was firmly adhered to the slide). Sections
were deparaffinised by immersing in xylene for 5min, followed by tissue
rehydration via a series of graded ethanol (100%; 90%; 70%) for 5min each, and
then rinsed in dH,O for 5min. Antigen retrieval was performed by heating in
sodium citrate buffer solution pH 6.0. Antigen retrieval was optimised and
incubated in the buffer for 5min medium/low heat and refreshed buffered and
incubated for 5min medium/high heat, then reduced to and later cooled at room
temperature for 20min and washed with dH,O for 5min. Following antigen
retrieval, the specimens were incubated with peroxidase block for 30min at room
temperature, followed by washing in PBS 2X 5min. Protein block (Leica) were
added to all sections and incubated for 30min. Sections were then incubated with
primary antibody, Ki-67 (Abcam, UK) diluted in 5% (v/v) FCS (Sigma) and
covered with parafilm for 1lhr at room temperature; Negative control slides
received FCS only. After primary antibody incubation, slides were washed in PBS
(2X 5min).

Three drops of post primary solution (Leica) were applied and incubated for
30min followed by washed with PBS for 5min then after three drops of polymer
(Leica) were added and incubated for 30min then washed with PBS for 5min.
Sections were stained with DAB chromagen solution for 2X 5min, followed by a
wash in H,O for 5min. Sections were counterstained with Mayer’s haematoxylin
for 10sec to contrast the blue colour of negative nuclei, blued in tap water, then
rinsed in H,O for 5min. Sections were dehydrated with ethanol (70% 5min; 90%
5min; 100% 5min) finally dipped in xylene for 3min and mounted with glass

coverslips using DPX mounting medium.
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2.4.3 Spatial localisation of p63

The antibody p63 (Anti p63 antibody, rabbit polyclonal [N2C1] Gene Tex, USA)
was utilised to visualise stem cells within the horse hoof tissue (Carter et al.,
2011). Immunohistochemical staining was performed on the tissue collected,
processed and sectioned as described above (Sections 2.2 and 2.2.1) using p63
antibody (Gene Tex). Sections were incubated first in the oven at 60°C for 15min,
then immediately dewaxed in xylene for 5min, rehydrated via a series of graded
ethanol periods (100% 5min; 90% 5min; 70% 5min) then rinsed in dH,O for
5min.

Antigen retrieval was performed by heating microwave in 10mM sodium citrate
buffer solution pH6.0 was applied for 5min medium high, then reduced to
medium low for 5min and later cooled at room temperature for 20min followed by
rinsed in H,O for 5min. Specimens were incubated with peroxidase block (Leica),
two drops/each slide for 30min at room temperature, followed by washing in PBS
2X 5min. Protein block (Leica) were added to all sections and incubated for
30min. Sections were then incubated with primary antibody p63 (Gene Tex)
diluted 1:500 in 5% (v/v) FCS and covered with parafilm for 1hr at room
temperature; Negative control slides received FCS only. Following primary
antibody incubation, slides were washed with PBS 2X 5min.

Three drops of post primary solution (Leica) were applied and incubated for
30min followed by washed with PBS for 5min then after three drops of polymer
(Leica) were added and incubated for 30min then washed with PBS for Smin.
Sections were stained with DAB chromagen solution for 2X 5min, followed by a
wash in H,O for 5min. Sections were counterstained with Mayer’s haematoxylin

for 10sec, blued in tap water then rinsed in H,O for 5min.
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Sections were dehydrated with ethanol graded (70% 3min; 90% 3min; 100%
3min) finally dipped in xylene for 3min and mounted with glass coverslips using
the DPX mounting medium. Sections were taken throughout the tissue and two
sections photomicrographed using systematic random sampling (20X. DM 5000
B, Leica, Germany). Five systematic random photomicrographs were taken from
each tissue section. This immunostaining enabled visualisation of proliferating
(stained brown) vs non-proliferating cells (stained purple). Every cell was
counted and identified as either proliferating or non-proliferating using Fiji J
software (Wikimedia Foundation Inc., USA) that identified the brown colour
positive cells first, then identify blue negative cells around and further away from
the dermal papillae.

Results were recorded for every photomicrograph and the meanzSEM was
calculated for each sample using Excel software and graphs constructed using

GraphPad software (Prism).

2.5 Statistical analysis

2.5.1 H&E

Sections were taken throughout the tissue and three sections photomicrographed
in their entirety (5X, Leica). Five photomicrographs were taken of each section.
This stain enabled the space between the basement membrane and the end of
stained tissue at the coronary tissue to be manually measured and also the number
and length of dermal papillae from dorsal quarters and heels hoof regions.
Measurements were calculated using calibrated a Fiji J software. Thirty
measurements were performed on each image (Figure 2-1), measuring the space

between basement membrane and cell keratinization (the area where the nucleus
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are just start disappeared), dermal papillae length, and the space between the
basement membrane and the end of middle layer (coronary region) of hoof wall at
dorsal, quarter medial and lateral and heel medial and lateral regions.

These measurements were recorded as mean+SEM and calculated for each sample

using Excel software and GraphPad software (Prism).
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Figure 2-1: Schematic illustrating the epithelial thickness calculation

Schematic diagram illustrates how the photomicrograph images were processed through Fiji
software and then were used to measure the thickness of coronary region of equine hoof. A)
Shows the results of the distance measured between the basement membrane and the area where
the cells start keratinization which was labelled in the yellow line. B) Displays the measurements
between basement membrane and the end of middle layer (coronary region) of hoof wall marked

as well in yellow line. This measurement was repeated 30 times along the whole thickness of
epidermal coronary region. Scale bar represents 1mm.

2.5.2 Measuring hoof wall thickness and comparison with H&E data

Thirty two Equine hooves samples were studied via a helical computed
tomography (CT scan) from the pastern joint to the ground surface of the hoof

capsule (Keane et al., 2017). Prior to scanning, the hooves were thawed at room
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temperature for 48hrs, then the examination was performed with a scanner
(Universal Medical Systems, Sutton Bonington Campus, Bioscience building,
Phoenix vl tome | xm 240, GE Sensing and Inspection Technologies, GmbH,
Germany) at 125kV and 320mA with a 120um slice thickness (resolution) on
power 40 using focus standard in the transverse orientation. The segmented
geometry was imported into a mesh generation software package.

The acquired CT images were then imported into a Fiji J software (Wikimedia
Foundation Inc., USA) that was able to analyse 2D stack of images and enabled
3D reconstruction. The measurements of hoof wall thickness (middle layer) from
the images emerged from the micro CT scan were achieved by Miss Sophie
Taylor (MRes, The University of Nottingham) and the photomicrographs
measured by the author of this thesis.

Measurement of the dorsal wall thickness was carried out using two-dimensional
images in the YZ plane. Thereafter, CT scan images were imported using Fiji
ImageJ software, corrected for the orientation of the slices by rotation or flipping

the slices. Thereafter a rectangular field of view shape was selected Figure 2-2B.
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Figure 2-2: The process for hoof wall thickness calculation by CT scan

Example of dorsal hoof wall thickness measurement using Fiji software. A) Shows Fiji software
and a CT scan equine hoof image. B) Determination the area of interest, which is marked with a
yellow square line. C) lllustrates how vertical lines were set along the whole image. D) Represents
the macro line used to draw the vertical lines, whereas yellow arrows display a perpendicular line
draw on each point along the edge of the hoof capsule, representing the thickness of hoof wall
which appeared in the red square.

The solar border was positioned on the bottom left angle and the coronary region
in the top right angle. Nine equidistant vertical straight lines were drawn using a
grid overlay macro. Thereafter, perpendicular lines were plotted from external
wall surface and grid line to the dero-epidermal junction. Measurements were
carried out using the same software Fiji image J and then imported to Microsoft
Excel sheet, which was used to calculate the average of ten measurements,
calculated. The same method was used to measure wall thickness at the quarter

regions.
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The wall thickness data were compared with data calculated from measuring the
epithelial thickness at the coronary region for the same hooves that were used for

measuring the hoof wall thickness using CT scan images (Figure 2-3A).

Figure 2-3: Schematic showing the link between hoof wall and coronary thickness

Ilustration of how CT scan images were compared with photomicrograph images from the data
that was calculated at the coronary region and hoof wall region. A) CT scan hoof image (a)
represents the location of coronary region on the CT image, whereas (al) displays the same region
using a photomicrograph image; (b) CT scan hoof wall thickness encircled with yellow line and
marked with black arrows, whilst (b1) shows epithelial thickness at the coronary region marked
with black arrows. B) lllustrates a photomicrograph image for the coronary region. Scale bar
represents 1mm.

The purpose of this comparison was to demonstrate the correlation between the
thickness of active epithelial cells (keratinocytes) at the coronary region and the
hoof wall thickness. This was carried out because the epithelial cells at the

coronary region are the cells that form the stratum medium or the hoof wall.

Histological data shown in this thesis were compared against both of these

measurements. The method was carried out using Fiji image J software
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(Wikimedia Foundation Inc., USA), (Figure 2-3) illustrates the different step
involved in the calculation of hoof wall thickness (stratum medium). Both the CT
scanning measurements and the histological photographic measurements were

assessed within this thesis.

2.5.3 Change in cell size

Sections for different horses hoof showing the entire dermal papillae were
selected throughout the tissue and three sections photomicrographed in their
entirety (20X, Leica). Twenty photomicrographs were taken for the entire papillae
and then stitched using the Leica microscope software. Seven images were
selected from seven regions along papillae. Thirty measurements for each image
were carried out using Image Pro software (Image Pro Plus).

The H&E stain enabled the boundaries of cell surface area and nuclei to be
measured alongside the lengths of dermal papillae from each tissue section.
Measurements were performed by drawing around the surface area of entire
keratinocyte and its nuclei, and the two dimensions of cell and nuclei in their long
and short axis (Figure 2-4).

Measurements were carried out on the space between two papillae (middle region)
and on the cells that were attached to the basement membranes of dermal papillae.
These measurements were recorded as mean+=SEM and calculated for each sample

using Excel software and GraphPad software (Prism).
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Figure 2-4: Determination of cell size calculation along the dermal papillae

Photomicrograph images were processed through Image Pro software and used to measure the
changes in cell size. A) Image Pro software was used to measure the cell size for keratinocytes
(nucleus surface area, long and short axis nucleus, cell surface area, long and short axis cell) at the
(a) proximal part of dermal papillae close to the basement membrane. C, D) Show a similar
process was also used, but at (b) middle and (c) distal region of dermal papillae. D) Represents the
stitched images for the entire two papillae. le= length results shown in Excel (black arrow). pa=
dermal papillae. Scale bars represent 20pum.
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2.6 PAS

Sections were taken throughout the tissue and three sections photomicrographed
(5X, Leica). Five photomicrographs were taken from each section. Five basement
membrane thicknesses were manually measured on photomicrographs using
calibrated Fiji J software. Basement membrane thickness meanSEM were
recorded and calculated for each sample using Excel software and GraphPad

software (Prism).

2.7 Counting cells of proliferation PCNA, Ki-67 & stem p63

Sections were taken throughout the tissue and three sections photomicrographed
in their entirety (20X, Leica). Five photomicrographs were taken for each section.
This stain enabled visualisation of proliferating (stained brown) vs non-
proliferating cells (stained purple). Every cell was manually counted and
identified as either proliferating or non-proliferating and recorded for every
sample. The meantSEM was determined using Excel software and GraphPad

software (Prism).
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2.8 Immunofluorescence for coronary hoof sections

2.8.1 Keratin 14 and p63 using paraformaldehyde fixed tissue

Paraffin embedded tissue sections from the coronary region, (8um) were used to
identify expression and tissue localization of keratin K14 and anti-p63 antibody
utilizing an immunofluorescence technique as described by Robertson et al.
(2008).

Optimisations were carried out to ensure appropriate antigen retrieval. Slides were
incubated in the oven at 60°C for 30min and then transferred immediately for
dewaxing twice in xylene for 3min (including 10sec agitation at each solution
change), thereafter rehydrated using 100%, 90%, 70% ethanol, dH,O and PBS
with 10sec agitation followed by a 5min incubation for each step. Antigen
retrieval was heated by electric microwave in 10mM sodium citrate buffer
solution pH 6; applied for 18min at medium low and later cooled at room
temperature for 20min followed by rinsed in dH,O for 5min. All of the following
incubations are at room temperature.

Sections were pre-treated with 5% (v/v) FCS (Sigma) for 30min to reduce non-
specific binding of the antibody. Thereafter, the samples were incubated first with
primary rabbit polyclonal antibody to p63 (GeneTex) at a dilution of 1:500 for
1hr, then washed in PBS 3X 5min. This was followed by an incubation with a
secondary antibody Alexa Fluor 594 goat anti-rabbit 1gG (Molecular Probes, Inc.
USA) for 30min used at a dilution of 1:1000 then washed in PBS3X 5min.
Secondly, sections were further incubated for 1hr in primary mouse monoclonal
anti-cytokeratin 14 antibody ([LL002] Abcam, UK; 1:50), then washed in PBS 3X

5min and followed by Alexa Fluor 488 rabbit anti-mouse IgG (Molecular Probes,
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Inc. USA) used at a dilution of 1:1000 then washed in PBS for 3X5min (negative
control slides were received only on both incubation with Alexa Fluor secondary
antibody). Afterwards, specimens were counterstained with DAPI (Fluroshield
with DAPI, Sigma, USA). Microscope coverslips were then mounted on each
slide and samples were preserved short term at 4°C. Images were acquired with a
digital camera on a fluorescence microscope (20X Mag. DM 5000 B, Leica,

Germany).

2.8.2 Epidermal basal of keratin marker 14

Paraffin embedded tissue sections (8um) of coronary region, were used to identify
spatial localization of keratin K14. Slides were incubated in the oven at 60°C for
30min and then transferred immediately for dewaxing in xylene twice for 3min
each, following that tissue was rehydrated using 100%, 90%, 70% ethanol, dH,O
and. Antigen retrieval was performed via electric microwave, in 10mM sodium
citrate buffer solution pH 6; applied for 18min medium low and later cooled at
room temperature for 20min followed by rinsed in dH,O for 5min. All following
incubations are at room temperature. Sections were pre-treated with 5% (v/v) FCS
(Sigma) for 30min to reduce non-specific antibody binding. Thereafter, sections
were incubated first with primary mouse monoclonal anti keratin 14 antibody
(Abcam) at a dilution of 1:50, for 1hr, then washed in PBS 3X 5min and followed
by Alexa Fluor 488 rabbit anti-mouse 1gG secondary antibody (Molecular Probes)
used at a dilution of 1:500 then washed in PBS 3X 5min. Negative control slides
were received only Alexa Fluor secondary antibody. Methyl green was used as a
counterstain for nuclei. It was prepared by dissolving 0.5% (w/v) Methyl green

(MP Biomedicals, LLC, France) in 0.1M sodium acetate (Corning, USA) and
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adjusted to pH 4.0 with acetic acid. This stain was applied for 1min at room
temperature, and then washed for 3X 3min in dH,O. Thereafter, specimens were
counterstained with DAPI in mounting media (Fluroshield with DAPI, Sigma,
USA). Microscope coverslips were then mounted on each slide and the samples
were preserved at 4°C until imaging. Images were acquired with a digital camera
on a fluorescence microscope (20X, Leica). Keratin expression was measured in a
semi-automative manner using Image-Pro and the percentage mean+SEM were

recorded and calculated for each sample using Excel software.

2.9 Apoptosis

Cellular proliferation and apoptosis are frequently associated with each other
when regulating the mitotic cell activity through the regulatory factors and
stimulating apoptosis (Alenzi, 2004), therefore apoptotic rates have an important
influence on growth rates. The TUNEL test has been validated for use in
epidermal tissue of equine hoof lamellae (Faleiros et al., 2004), therefore this
technique was used in the hoof samples. The protocol provided by the
manufacturer was followed for apoptosis assessment using peroxidase staining of
paraffin-embedded tissue.

DNA fragmentation was determined using a commercial kit (Apoptag Peroxidase
kits, ApopTag™, USA). Tissue sections were deparaffinised using xylene 3X
5min, and rehydrated with a series of alcohol solutions, 100% 2X 5min, 95% for
5min and 70% for 3min and washed in PBS for 5min. Specimens were pre-treated
with 10mM sodium citrate buffer pH 6 for 3-5 cycles of 3min each in a

microwave oven (refilled with fresh buffer between cycles), then washed in dH,0
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for 5min, and then treated with 20pg/ml (Proteinase-K) for 15min at room
temperature, then washed in dH,O for 2X 2min.

Endogenous peroxidase was quenched by applying 3.0% hydrogen peroxide
(H,O,) for 5min at room temperature and rinsed in PBS for 2X 5min.
Equilibration buffer was directly applied to the specimen (75ul for each slide) for
at least 10sec at room temperature, then excess liquid was tapped off. Thereafter,
100p! working strength TdT enzyme (Terminal Deoxynucleotidyl Transferase)
was added to each slide and incubated in a humidified chamber at 37°C for 1hr.
The section of negative control, tissue was not incubated with TdT. Specimens
were placed in a coplin jar containing freshly made stop wash buffer, agitated for
15sec, and then incubated for 10min at room temperature, followed by washing in
PBS for 3X 1min.

After warming the aliquot of anti-digoxigenin at room temperature, 65ul was
applied to each specimen surface area and incubated in a humidified chamber for
30min at room temperature, then washed in PBS for 4X 2min at room
temperature. DAB-peroxidase substrate solution (3,3-Diaminobenzidine, Sigma-
Aldrich, UK) was applied for 10min at room temperature. Slides were washed
three times in dH,O for 1min each, and incubated for 5min in dH,O. Methyl
green was used to counterstain nuclei (0.5% (w/v) Methyl green (MP
Biomedicals) in 0.1M sodium acetate (Corning) pH 4.0. This stain was applied for
10min at room temperature, then washed 3X in dH,O in a coplin jar, by dipping
the slide 10 times each in the first and second washes, and for 30sec without
agitation in the third wash, followed by washing the specimen in 3 changes of
100% N-Butanol (1-Butanol, Sigma-Aldrich, Germany) in a coplin jar dipping the

slide 10 times each in the first and second washes, and by 30sec without agitation
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in the third wash. Slides were dehydrated using xylene for 3X 2min, then mounted
under a glass coverslips in DPX mounting media (Sigma). Slides could then be

stored indefinitely at room temperature.

2.10 Isolation of epidermal cells from equine hoof at coronary
dermal papillae

Twenty equine hooves were collected in total for cell isolation (four legs were
regularly collected every two months to perform cell isolation and then cell
culture experiments) from the F. Drury and Sons Ltd, Swindon slaughterhouse.
Ethical permission was given by The School of Veterinary Medicine and Science
ethical committee. The clinical signs/case histories of the animals were examined
by official vet surgery in the slaughterhouse to confirm the health of the horse.

Instantly following slaughter, hooves were disarticulated at fetlock joint and
placed in a large box filled with wet ice and transported back to The University of
Nottingham (3hrs). In the laboratory, hooves were cleaned thoroughly with a
brush soaked in bacteriostatic soap (Persil, Unilever, UK). Then, hooves were
washed in 10% bleach (Mexcel Thick Bleach, Scientific Laboratory Supplies,
UK) for 3min. The hair at the coronary regions was clipped and shaved, and the
skin was re-cleaned with bacteriostatic soap and washed in 10% bleach for 1min,
followed by 70% ethanol for 3min. Hooves were then wrapped with cleaned
cotton soaked with 70% ethanol and transferred directly to a clean and disinfected
laminar flow hood class 1 (Bassaire IS Clean air, P4HBs/p, UK). A sterile blade
was used to make three cuts in the dorsal region of coronary hooves at the level of
the coronary band, and then carefully each small piece of hoof wall was elevated

with a hoof clipper to expose the coronary tissue. Each piece of coronary tissue
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was trimmed separately to expose the area of interest that contained the dermal
papillae (Figure 2-5). A number of optimisations were carried out on coronary
hoof tissue until successful isolation of the progenitor keratinocytes from the
coronary dermal papillae was achieved as described in Figure 2-5. The dermal
papillae tissues (soft tissue) were dissected from the hoof wall (hard tissue) which
was discarded. The dermal papillae tissues were then rinsed with PBS with 5%
(v/v) antibiotic/antimycotic (Gibco, UK) in 50ml falcon tubes for 1hr.

Thereafter, each piece of dermal tissue was cut into small pieces 0.25-0.5cm?® and
immediately transferred to a 15ml tube containing 0.25% trypsin-
ethylenediamintetraaceticacid (EDTA) (Gibco, UK) solution and incubated at a
room temperature for 18hrs. Subsequently, the epidermis was mechanically
detached from the underlying dermal tissue using fine thumb forceps were used to
grasp and hold the dermal papillae from its base and this was carried out on a
heated stereomicroscope (Leica M125 connected with Leica MC190 HD,
Germany) provided with heat plate 37°C and laminar flow hood classl (Bassaire
IS Clean air, P4HBs/p, UK). Thereafter, the finger shapes projection dermal
papillae were discarded and the epidermal tissues separated were transferred
directly to a petri dish containing collagenase digest. Then a second enzymatic
with 0.1% (w/v) collagenase type-1 (Sigma) was performed in incubator at 37°C
for 2hrs (see Appendix 8.3). The cell suspension and epidermal tissue were
filtered through a cell strainer (cell strainer 40um nylon) with 50ml tube. A piston
was employed to help the tissue separation and filtered through a cell strainer.
Following cell suspension, the solution was centrifuged at 300g (Heraeus
Megafuge 11R Centrifuge, Germany) for 5min at room temperature. After that the

supernatant was discarded, and the resulting cells were resuspended in 6ml of
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stromal medium (DMEM-F12, 10% (v/v) FCS, 1% (v/v) antibiotic/ antimycotic
solution) and approximately 5x 10° cells/cm? per flask seeded on collagen coated
(tissue culture flasks 25cm?2 screw cap with filter, TPP, Switzerland). Cells were
then incubated overnight (37°C, 5% CO2; CO2 Incubator, MCO-18AIC (UV),
Sanyo, Japan). Medium was refreshed the following day and subsequently every

2-3 days.

Figure 2-5: Schematic illustrating the isolation of progenitor keratinocytes

Preparation of the equine hoof and tissue extraction steps in order to isolate progenitor
keratinocytes from the dermal papillae at the coronary region. A) Equine hoof cleaned, shaved and
disinfected. B) Represents the area of coronary region that was extracted (b) the method that used
for extracting the coronary tissue. C) Coronary region was removed. D) Coronary region
trimming (d) represents the area of interest that contains the dermal papillae. E) Illustrates how the
dermal papillae (soft tissue) was separated from the hoof wall (hard tissue). F) Soft tissue was then
washed with 5% antibiotic antimitotic in PBS and incubated in falcon tubes for 1hr. G) Tissues
were trimmed into small pieces 0.25-0.5cm? and incubated in 0.25% trypsin-EDTA for 18hrs. H)
Shows the tissues were transferred for a new petri dish for further separation under the
stereomicroscope. 1) llustrates the completely separation of (i) epidermal cells from (i1) the finger
like projection dermal papillae. J) Demonstrates how (j) the epidermal cells was transferred to the
next step and the rest of tissue (j1) dermal papillae was then discarded. K) Shows that the
epidermal cells were incubated with 0.1% collagenase type-1 for 3hrs in an incubator. L) Cell
suspension was filtered using a cell strainer to remove any tissue debris and then seeded the cells
in culture flask. M) Photomicrographs illustrate after first day of culturing cells. Scale bar
represents 200pm.
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All cultured cells were collected on day 7-9 of culture upon reaching 80%
confluence, the adherent cells were trypsinized with 0.25% trypsin-EDTA (Gibco,
UK) post-seeding and cultured onto a tissue culture flask (Nunc Easy flask 75cm
and 175cm, Thermo Scientific, Denmark) in DMEM-F12 to initiate second and
third passages. In order to confirm the purification of keratinocytes, isolated cells
were examined through three passages. These were carried out and repeated every
time for each animal (N=3). This allowed identifying the maximum pluripotency
on each passage. Additionally, cells were have three types of growing; first one
cells were fully grown, second type cells were grown for first passage and
differentiated and the third were directly differentiated after isolated and cultured.
All the experiments were performed at day 8-10 from first type of culturing cells

to ensure they still had maximum pluripotency.

2.11 Immunofluorescence on culture keratinocytes

Optimisations were carried out to ensure appropriate permeability of cell
membrane and to obtain a high efficiency of antigen antibody reaction. The
medium was first removed from the 6-well plate, and then washed with PBS.
Immediately, the culture cells on coverslips were fixed with 4% (w/v) PFA for
10min at room temperature. The PFA was then discarded, and the wells washed
with PBS for 3X 5min. Thereafter saponin solution (0.15 % (w/v) Saponin, MP
Biomedicals, LLC, France) was added and incubated on plate shaker (Gyro-
rocker, Stuart, UK) for lhr. Afterwards, the Saponin was removed and the cells
were incubated with protein blocking 2% (w/v) BSA (Fisher Scientific, USA) for
lhr at room temperature. Thereafter, the cells were incubated first with first

primary antibody, which were used and are listed in Table 2-2:
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Table 2-2: Primary antibodies used in immunofluorescence protocol

Antibody Working Description Cat.No. Company
solution
Ki-67 1/250 Rabbit ab66155 Abcam
polyclonal
CD44 1/200 Rabbit ab157107 Abcam
polyclonal
KRT10 1/300 Rabbit CSB- CUSABIO and CusAb

polyclonal PA012504LA01HU

All antibodies were diluted in 2% (w/v) BSA and incubated for 1hr at room
temperature, and then cells were washed in PBS for 3X 5min. This was followed
by incubation with an Alexa Fluor 594 goat anti-rabbit IgG diluted 1:1000
(Molecular Probes, Inc. USA) for 30min then washed in PBS for 3X 5min.
different wells were incubated for 1hr in second primary antibody, which were

used depending on each experiment and are listed in Table 2-3:

Table 2-3: Second primary antibodies were used in immunofluorescence protocol

Antibody Working Description Cat.No. Company
solution
K14 1/200 Mouse ab7800 Abcam
monoclonal
HIF-1a 1/250 Mouse ab8366 Abcam
monoclonal

These antibodies were also diluted in 2% BSA. Afterwards, cells were washed in
PBS 3X5min and then incubated in Alexa Fluor 488 rabbit anti-mouse 1gG diluted
1:1000 (Molecular Probes, Inc. USA).

In some wells, F-Actin was localised and this was performed by adding 2 drops
of F-Actin (Actin Green™ 488 Ready Probes™, Molecular Probes, USA) for
30min, then washed in PBS for 3X5min (in all experiments with
immunofluorescence protocol, Negative control slides were incubated with only

Alexa Fluor secondary antibody).
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Afterwards, fine thumb forceps were used to carefully remove the coverslips from
each well and cells were then immediately counterstained with one drop of DAPI
(Fluroshield with DAPI, Sigma, USA).

Microscope coverslips were then mounted on each slide and boundary of the
coverslips were sealed with clear nail varnish to prevent it moving and to avoid
the cells dehydrating over time. The samples were wrapped with aluminium foil
preventing light exposure and preserved at 4°C. Images were acquired within two
days to ensure good fluorescence intensity on a fluorescence microscope (40X
Mag. DM 5000 B, Leica, Germany).

The same procedure was carried out on the cells after they were cultured for 3 and
5 days. Triplicate experiments were carried out and ten photomicrographs were
taken from each well. Florescent intensity was measured and assessed for each
photomicrograph using Image Pro software (Figure 2-6), and the percentage

mean=SEM were recorded and calculated for each sample.
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Plate FOV measure Day Oxygen HIF-1a Area Den./Inten.(R) :Dﬁe)n.l (GES g Iar::nslty (R :g‘f/":::‘; ke i (R)
1 fovi 1 1 1% low 1989973 21735 56.61825 2 0020187  0.049945  1122.663 13.0162327 34.15352244
1 fovz 2 1 1% low 8898 2562216  46.88635 2 0030764  0.057187  600.4064 16.72663547 30.14384974
1 o3 3 1 1% low 1035.69 2752022 53.0758 2 0028691  0.057534  626.3869 16.31696337 28.88761369
2 fova 4 1 1% low 1063765 2485456 4132585 2 0024651  0.040983  567.5759 13.17697511 2120898283
2 fos 5 1 1% low 1085346 1998057  39.80195 1 0018916 0037131  812.1059 14.95735086 28.44771795
2 fove 6 1 1% low 1034481  17.6483 4054089 2 0021736 0.053675  794.6945 12.9144726 28.25972311
3 fovr 7 1 1% low 1287119 2313255 5157375 2 0027906  0.070317  909.9088 14.84185651 32.90340286
3 fos 8 1 1% low 1087.06  27.0963  66.16913 2 0034693  0.088184  550.0461 13.4765329 33.00922732
3 fov9 9 1 1% low 1036067 1697235 4321327 1 0018865  0.047587 8615385 12.75912691 33.49921485
3 folo 10 1 1 low 1250042 1455299 4957666 2 0012489 0042726  849.6325 10.04736106 33.3655342

Figure 2-6: Schematic showing measurement fluorescence intensity of EPKs

A) Shows measurements the intensity of cell surface area. B) lllustrates the measurements of
nuclear intensity of cell nuclei. C) Shows the data categorised after averages each measurement.

2.12 Osteogenesis differentiation

Progenitor keratinocytes were isolated and cultured as described in (Chapter 2.10)
and triplicated each time (N=3). The protocol provided by the manufacturer was
followed for osteogenesis differentiation (StemPro® Osteogenesis Differentiation
Kit, Gibco, UK). After 8 days in culture (the first passage (P1)), cells were
washed with PBS and trypsinized using 0.25% trypsin-EDTA (Gibco).

Afterwards, cell viability was determined and total cell density using Trypan blue
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stain (Thermo Scientific, UK) and haemocytometer. Cells were seeded into 12-
well culture plates at density 5x10° cells/cm?. Cells were committed to the
differentiating protocol to generate osteocytes using osteogenesis differentiation
medium and incubated at 37°C and 5% CO, and medium was replaced every 2
days for 19 days. Control culture plates were seeded at the same density and time,
instead of differentiating medium the cells were incubated with medium DMEM-
F-12 media with L-glutamine, 15 mM HEPES, sodium bicarbonate (Sigma-
Aldrichand, UK) and 1% (v/v) antibiotic/antimycotic (Gibco, UK) and 10% (v/v)
FCS, Sigma, UK). After 15 and 19 days of culture, cells were fixed using 4%
(w/v) PFA for 10min at room temperature and then washed carefully with dH,O
for 3X 5min. Cells were then stained with 1% (w/v) alizarin red stain pH 4.2 for
both plates that were incubated with differentiating medium and growth medium
for 10min at room temperature with carefully shaking. Thereafter the stain was
removed and wells were washed for 3X 5min with dH,O. Immediately images
were taken for the cells directly and images were acquired within the same day

using a digital camera on a fluorescence microscope (40X, Leica).
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2.13 The role of insulin in culture keratinocytes

Primary equine keratinocytes were isolated from the coronary region and cultured
for 8 days with medium (Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture
F-12 Ham with L-glutamine, 15 mM HEPES, sodium bicarbonate, and 1% (v/v)
antibiotic/antimycotic and 10% (v/v) FCS, as described in Chapter 2.10.
Keratinocytes were trypsinized and seeded into 12-well culture plates at a density
of 2x10° cells/well containing glass coverslips for 24hr. Cells were then starved
for 24hrs in medium DMEM-F-12 containing 1% (v/v) FCS. Thereafter, cells
were stimulated with bovine insulin (Sigma, USA) at concentrations 0.1pg/ml or
1pg/ml for 30min, 1hr, 2hrs, 8hrs, 24hrs and 48hrs in preparation for
immunostaining. In order to investigate cell proliferation, cells were labelled with
anti-Ki-67 antibody and for keratin protein using K14 as described previously in
Chapter 2.10. In addition to that, investigations were carried out on cell signalling
pathways connected to cell proliferation. Cells were incubated for a short time and
stimulated by insulin at 1pug/ml for 30min, 1hr and 2hrs. Thereafter Western blot
was utilised as described in Chapter 2.18. Control cells remained untreated with

insulin over the experimental times.
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2.14 Mechanical cell stretching

Primary equine keratinocytes were isolated from coronary region and cultured
with medium (Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham
with L-glutamine, 15mM HEPES, sodium bicarbonate (Sigma-Aldrich), and 1%
(v/v) antibiotic/antimycotic (Gibco) and 10% (v/v) FCS (Sigma) as described in
Chapter 2.10. Keratinocytes were seeded at a density of 2x10° cells/well on six-
well flexible silicone rubber BioFlex™ plates coated with collagen type I,
(Flexcell International Corporation, Hillsborough, NC, USA).

Cells were seeded for 24hrs before mechanical stretch was applied for two
phenotypes, the first one was seeded directly after cell isolation and then 24hrs
was left before applying stretch whilst the second was seeded after 8 days from
cell isolation. Mechanical tension at ~65% was applied using 16mm marble
(Figure 2-7). The cultures plates were divided into three groups; (1) incubated
with 20uM Blebbistatin (inhibitor of non-muscle myosin IlI, Abcam, UK) for
24hrs and then removed before mechanical stretch was applied, (2) incubated with
the inhibitor whilst undergoing cell stretching, (3) incubated without Blebbistatin
at all. The cell cultures were incubated in a humidifying incubator at 37°C and 5%
CO,. In addition to applying tension for shorter periods of time 30min, 1hr and
2hrs before cells were prepared for the Western blot. In addition, tension was
applied for longer periods of time for 1, 3 and 5 days in preparation for both
Western blot and immunofluorescence techniques. Immediately, cells were
trypsinized and protein extracted as described in Chapter 2.18 for Western blot or
stained with immunofluorescence as described in Chapter 2.10. Control cells were
seeded on the same plates and in the same incubator without being subjected to

stretch (Figure 2-7).
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Control cells Collagen coated Flexible bottomed
(Silicone rubber )

Base holding marble BioFlex culture plate Cells stretched

Figure 2-7: Schematic showing culturing cells in mechanically active environment

The application of mechanical tension on equine keratinocytes cultured in collagen coated BioFlex
plates. Three zigzag wells show control cells without applying tension stretch while the second
three zigzag wells show applying mechanical tension using a marble with a diameter of 16mm.

This experiment was performed on isolated EPKSs cultured directly on deformable
BioFlex culture plates pre-coated with collagen just after isolation. The aim was
to investigate whether the strain on cells (i.e. proportional to the stretch) had any
impact on the differentiation/proliferation of EPKs. Note that the term ‘stretch’ is
defined as a stress (typically a force per unit of surface area) that is proportional to
the strain applied via an elastic modulus. In the experiments, measuring the exact
‘stretch’ (i.e. the magnitude of the stress) is not possible. However knowing the
typical elastic moduli of cells (100-1000Pa, see Table 2-4), it is possible to
estimate the stress knowing the strain applied. In this context, we shall use the

terms ‘stretch’ and ‘strain’ in an indifferent way.
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Table 2-4: Elastic modulus (Y ) of living cells in culture conditions measured using atomic
force microscopy (AFM).

Cell origin Y (Pa) References
Epithelial pancreatic cancer cells (Panc-1) 100-500  (Walter et al., 2011)
Mouse embryonic carcinoma stem cells neurons (P-19) 200 (Spedden et al., 2012)
Chick dorsal root ganglion neurons 500 (Spedden et al., 2012)
Rat cortical neurons 200 (Spedden et al., 2012)
Mouse fibroblast cells (NIH3T3) 100-1000 (Cai et al., 2013)
Mouse fibroblast cells (Balb/c3T3) 700-900  (Sirghi et al., 2008)
Epithelial oral cancer cells (UM1) 600-2000 (Zhou et al., 2012)

Therefore, to create a method that mimics what happens in vivo, the response of
these cells, which are located on the basement membrane and responsible for hoof
growth, to stretch was measured. A constant strain was maintained throughout the
experimental runs. Prior to strain application, EPKs were seeded and cultured for
2days in the absence of stretch to allow for cell adherence to the pre-coated

collagen area.

2.14.1 Estimation of strain application at the centre of the ‘flexcell’
culture plate

Application of strain was applied using a marble (Figure 2-8). The calculations
were performed by Dr. Cyril Rauch to determine the impact of the relative
homogenous dilation, only cells labelled on the red part of the flexcell were

analysed. To determine the relative dilation one starts by determining the equation
of the marble in 2D, i.e. x* +(y—r)’ =r?, where r is the marble radius. As a

result, any tangent to the circle in the half space y >0 has a slope determined by:
dy/dx=-x/+r*-x*>. And in particilar in ‘m’ the tangent is:

(dy/dx),, =—%,/4/r? —=x,* . The slope in ‘m’ is also equal to the slope of the

straight line joining ‘n’to ‘m’ that is: (yl —e)/(xl +R). In this context, it is
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possible to determine a system of two equations to find the coordinates for

M =(x,,y,) that are:

% +(y,—rf=r? and (y,—e)/(x, +R)=—x//r’—x’. To determine the

2r
surface area in red, noted S, one sees that S = IZﬂxdy where x* +(y—r)* =r?.
Y1

Noting AS /S, the relative dilation one finds:

>

22
> 2(% %y -1
0 Xl Vi

|

C (- =t

—elr)I(X +R/T)==% [1-%

With X, =x/r and y, =y/r. Given r =16mm, e =6.5mmand R=16mm one

x1

—~~
<!

findsAS /S, ~65%.

Figure 2-8: Schematic showing calculation of stretch loading on cultured EPKs
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2.15 Hydrostatic pressure

Primary equine keratinocytes were isolated from the coronary region and cultured
for 8 days with medium (Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture
F-12 Ham with L-glutamine, 15 mM HEPES, sodium bicarbonate, (Sigma-
Aldrich) and 1% (v/v) antibiotic/antimycotic (Gibco) and 10% (v/v) FCS (Sigma)
as described before in Chapter 2.10.

Keratinocytes were seeded into 12-well culture plates at the density of 2x10°
cells/well containing glass coverslips (16mm diameter) for 24hr. Coverslips were
transferred into the cap of a 50ml centrifuge tube (centrifuge tube was cut on its
bottom and autoclaved to be used in this method), and then the tube was turned
upside down and screwed into the cap (Figure 2-9).

The tubes were filled with medium at different levels: control cells filled up to
3ml (Pa=99.081), while the second loading pressure up to 25ml (pa=495.405) and
third up to 50ml (Pa= 990.81) for 1, 3 and 5 days and incubated in a humidified
incubator at 37°C and 5% CO,. Filter caps were then placed on the top of tubes
and sealed with a para-film membrane to prevent contamination.

The loading hydrostatic pressure was calculated using the following equation and
Table 2-5:

p =pgh

p= hydrostatic pressure

p= density of a fluid (density of culture medium = 1010kg m® this was measured
by weighing culture medium at 37°C three times 1, 3 and 5days)

g= gravitational acceleration (9.81ms™)

h= height (m) Pressure (Pa)
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Table 2-5: Table showing the calculation of hydrostatic pressure loading on cultured equine
hoof keratinocytes

Control cells Hydrostatic pressure Hydrostatic pressure
3ml culture medium 25ml culture medium 50ml culture medium
(1cm high) (5cm high) (10cm high)
p=pgh p =pgh p=pgh
=1010kg m**9.81ms*(1cm/100) =1010kg m**9.81ms>*(25cm/100) =1010kg m**9.81ms>*(50cm/100)
Pressure (Pa)= 99.081 kg/m s? Pressure (Pa)= 495.405 kg/m s° Pressure (Pa)= 990.81 kg/m s?

The cells were committed to continuous hydrostatic pressure during the
experimental time. Hydrostatic pressure was performed for both Western blot and
immunofluorescence technique. Immediately, cells were trypsinized and extracted
protein as described in Chapter 2.18 for Western blot and the coverslips were
fixed and process as described in Chapter 2.11 for immunostaining. Additionally
the relation between hydrostatic pressure and oxygen concentration was
calculated in Appendix 8.5, which was assumed the amount of oxygen consumed

per unit of cell surface area.

Filter cap

Pressure (Pa)
=990.81 kg/m s*

B it .

Pressure (Pa)

Tube —— = 495.405 kg/m s

Culture medium

Pressure (Pa)

Coverslips = 99,081 kg/on 3

Control cells

Figure 2-9: Schematic illustrating hydrostatic pressure applied on culturing cells

Diagram illustrates how the hydrostatic pressure was applied and calculated using different
volumes of culture medium represented in three tubes. The first tube shows the control cells at
minimum pressure which is Pa=99.081 kg/m s? while the second and third tubes were loaded
hydrostatic pressure at Pa=495.405 kg/m s?and 990.81 kg/m s? respectively.
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2.16 Culturing EPKSs under low oxygen conditions

Primary equine keratinocytes were isolated from the coronary region and cultured
for 8 days with medium (Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture
F-12 Ham with L-glutamine, 15 mM HEPES, sodium bicarbonate, (Sigma-
Aldrich) and 1% (v/v) antibiotic/antimycotic (Gibco) and 10% (v/v) FCS (Sigma)
as described before in Chapter 2.10.

Keratinocytes were seeded into 12-well culture plates at the density of 2x10°
cells/well containing glass coverslips (16mm diameter) for 24hr. Triplicate
experiments were performed using high oxygen conditions at 21% oxygen and
low oxygen conditions at three different oxygen levels (5%, 3% and 1% O,) for
immunostaining as described before in Chapter 2.10. For further investigation,
cells were cultured at the same time and the same level of oxygen for doing
Western blot investigations as described in Chapter 2.18. In addition, cells were
incubated at high oxygen condition 21% O, and at low oxygen condition 5% O
for 5hrs, 1day, 2days, 4days, and 6days for an investigation into gene expression

analysis (see Chapter 2.17).

2.17 RNA extraction and quantification

2.17.1 RNA extraction

The protocol provided by the manufacturer instructions (RNeasy® Plus Mini Kit,
Qiagen, Germany) was followed for RNA extraction from equine hoof epidermal
papillae cell culture. The culture medium was first removed from the plates, and
the cells were washed with for PBS which was then aspirated. The adherent cells

(Keratinocytes) were then trypsinized and collected using 0.25% trypsin EDTA.
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The cells 5 x 10° cells were and centrifuged at 300g for 5min, then the
supernatant was removed and the cells washed with for PBS and re-centrifuged at
300g for 5min, then the supernatant was completely aspirated.

Immediately, a volume of 350pl lysis buffer RLT Plus was added to pelleted cells,
followed by vortexing for 30sec. The lysed cells were then centrifuged for 3min at
maximum speed. Then after, the supernatant was carefully removed by pipetting,
and was placed in a new microcentrifue tube. A volume of 350ul of 70% ethanol
was added to the lysed cells, and mixed by pipetting (without centrifuge).
Instantly, 700ul of the sample was then transferred including any precipitate to an
RNeasy Mini spin column and placed in a 2ml collection tube, then centrifuged at
8000g for 15sec, followed by discarding the collection tube plus the solution.
350ul RW1 washing buffer was added to the RNase spin column and centrifuged
at 80009 for 15sec, then the flow through was discarded. Afterwards, for further
DNA removal from RNA, the spin column was treated with DNase | (RNase-free
DNase set, Qiagen, Germany). This procedure was carried out to remove DNA
contamination using DNase digestion following RNA.

DNase | stock solution was first prepared using the RNase-free DNase set. The
RNeasy spin column membrane was directly incubated with 80l DNase | at 24°C
for 15min. Subsequently, 350ul RW1 wash buffer was added to the spin column
and centrifuged at 80009 for 15sec, then the flow through was discarded.

The spin column membrane was then washed twice with 500ul buffer RPE, and
centrifuged at 8000g using two different times, 15sec and 2min respectively, and
on both times the flow through was discarded. After that, membrane drying was
performed using an additional centrifugation at full speed for 1min. Finally, 35ul

of RNAse-free water was directly added to the RNeasy spin column to elute RNA
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(this method was carried out twice using the same volume of 35ul RNAse-free
water in order to elute high concentration of RNA).

Following RNA extraction, the final total concentration of purified RNA was
quantified using a NanoDrop8000 spectrophotometer (Thermo Scientific, UK) by
UV absorption. A double blank of Nuclease free water and RNase free water was
used to set the standard. The samples with A260/280 ratio reading 1.8-2.0 were
used in the qPCR. Afterwards, dilution of the RNA with nuclease free water was
calculated to obtain 0.1pg/ul total RNA for make reverse transcription. Then, the

eluted RNA samples were stored at —80°C.

2.17.2 Reverse transcription and first strand synthesis of RNA samples

RNA extractions from cell cultures were reverse-transcribed using SuperScript®
I11 in a single tube. 0.1pg/pl of RNA samples were used in cDNA synthesis of all
genes. Primer mix was prepared from mixing 1ul of 40uM of the primer A (GTT
TCC CAG TCA CGA TCN NNN NNN NNN NNN NN) and 1ul of 10mM dNTP
mix (Life Technologies, UK), and adequate nuclease free water to reach a total
reaction volume of 13ul. The tubes were capped and placed in a thermal cycler
(2720 Thermal Cycler, AB Applied Biosystems, Singapore), then heated to 65°C
for 5min, after that transferred to ice for 1min. 7ul of a SuperScript 11l mix was
added to each tube;
SuperScript 1 mix

1) 4ul Reverse Transcriptase (Invitrogen, USA).

2) 1ul of 0.1M Dithiothreitol (Invitrogen, USA).

3) 1l of RNase Inhibitor (RNase out, 40U/pul, Invitrogen, USA).

4) 1l of Superscript 111 reverse transcriptase (200U/ul, Invitrogen, USA)
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Negative control was received the same conditions but without Superscript IlI.
The mixture of the final volume was then placed on the same thermal cycler and
incubated at 25°C for 5min, followed by 1hr at 50°C and the enzyme was finally
deactivated by incubated at 70°C for 15min. The cDNA was then stored at -20°C

to be use for PCR and real-time quantitative PCR (gPCR).

2.17.3 PCR

Polymerase chain reaction (PCR) was carried out on cDNA using a thermal cycler
(2720 Thermal Cycler, AB Applied Biosystems, Singapore). Primers were used to
amplify only equine-specific target genes and the housekeeping genes (Pinto,
2012, Aguiar et al., 2015). In order to amplify each gene, gene—specific primers
(Table 2-6) were used for PCR amplification and for quantitative RNA using

gPCR.

Table 2-6: Primers used for gPCR amplification of the ten segments equine keratinocytes
gene, whereas GAPDH and B-Actin are housekeeping genes

Gene Forward primer Reverse primer Amplicon
sizes (bp)
GAPDH 5'-CAATGACCCCTTCATTGACC-3' 5'-GAAGATGGTGATGGCCTTTC-3' 133
p-Actin 5'-CGACATCCGTAAGGACCTGT-3' 5'-GTGGACAATGAGGCCAGAAT-3' 192
CD44 5'-CAGCACCCCTGCGGATGACG-3' 5'-TGGTCTTGGGTGGGGCGAGT-3' 114
CD29 5'_CCATTGTTCACGTTGTGGAG-3' 5'-TTGGCAAATTCCCTTCTGTC-3' 157
Keratin14  5-TACGAGACGGAGCTGAACCT-3' 5" TGGCCTCTCAGGCTATTCAT-3' 179
Involucrin -~ 5'-ACATCACAAAGCGGAAAACC-3' 5" GAGCTTCTTCTCCTGTTCCA-3' 97
Integrin a6  5-AGTCTGCACATCTTCTTCCTGA-3'  5-CGCTCCAATCACTATATCTTGC-3' 122
Vimentin 5 ACGTTCGTCAGCAGTATGAAA-3' 5'-GTTAGCAGCCTCAGAGAGGTC-3' 98
HIF-10-1 5'-GACAAAGTTCACCAGAGCCTAA-3' 5'-CATTGACCATATCACTATCCACATC-3' 69
Keratin10 5 -GGTTCAGTGGTGGCTCTTTTA-3' 5'-CCTAAGCTGCTGCTTCCATAG-3' 139
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The volumes and final concentrations of constituents used in the PCR a presented

in Table 2-7.

Table 2-7: Table showing the final concentration of constituents used in PCR reaction

Component Volume Final
concentration
10X PCR Rxn Buffer (-MgClI2) 2.5 ul -
dNTPs mix 0.25ul 25mM
MgCI2 1ul 50mM
Taqg (DNA polymerase) 0.25ul
Forward primer 0.5ul 10uM
Reverse primer 0.5ul 10uM
Template cDNA 1ul (0.1pg) _
Nuclease free water To 25ul _

The tubes were capped and incubated in a thermal cycler (2720 Thermal Cycler,
AB Applied Biosystems, Singapore), then the following program was applied for
PCR amplification:

Initial denaturation 1 cycle at 94°C for 2min followed by 35 cycles of:
denaturation at 94°C for 30sec, annealing at 60°C for 30sec (the annealing
temperature was changed depending on the annealing temperature of each
primer), extension at 72°C for 30sec. Then, the final reaction was held at 72°C for

7min, after that cooled down at 4°C for 5min.

2.17.4 Agarose gel electrophoresis

The PCR amplification products were detected employing 70ug of 1% (w/v)
agarose gel (Sigma) applied in the 70ml TAE buffer (TAE Buffer, Gibco, UK).

The mixture was agitated and warmed microwave cooker at medium temperature
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settings for 2min. The gel was then cooled to 55°C, and 7ul Nancy
(1pg/mINancy-520, Sigma, UK) was added.

Followed cooling, the gel was transferred into a gel-casting tray, and a 10 well gel
comb was placed, and then left for 45min to clot and set. The gel was placed in
the electrophoresis tank. Running buffer (TAE buffer) was added into the tank up
to 3mm over the gel, then after the comb was carefully pulled out.

The samples were then prepared for loading by adding 8.5ul of PCR product and
1.5ul of 6X loading dye (New England BioLabs, UK). A 1 kb bp DNA ladder
(New England BiolLabs, UK) was first loaded in one of the side well, then the
negative control and the samples. The lid was positioned on the gel tank and the
electrical current applied at 90 V for 60min, afterwards, the gel was cautiously
transferred from the tray and scanned under a UV trans—illuminator (Image Quant

300, Germany).

2.17.5 Quantification of target gene mMRNA levels

Quantitative reverse transcription polymerase chain reaction (QRT-PCR) was
carried out on cDNA using the SYBR green PCR kit (QuantiFast SYBR Green
PCR Kit, Qiagen, Germany). Primers were created that were complementary to
the gene of interest in order to amplify a region >200 base pairs (200bps).

This method uses a molecule (SYBR green) which binds to double stranded DNA
to produce a fluorescent signal thus allowing the quantification of gene
expression. A serial dilution of a cDNA sample was created (5ng, 1ng, 0.2ng,
0.04ng, 0.008ng, and 0.0016ng) in order to create a standard curve to calculate the
efficiency of the primers (Appendix 8.4). The final volumes and concentrations of

constituents applied in the gPCR were demonstrated in Table 2-8.
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Table 2-8: The volume and final concentrations used in running gPCR protocol

Component Volume for light cycler 96 well ~ Final concentration
2X QuantiFast SYBR 12.5ul for
Green PCR Master Mix
Forward primer 0.7ul 10pM
Reverse primer 0.7ul 10pM
Template cDNA 2ul (1ng) _
RNase-free water To 25ul _

The amplification real time cycler conditions were initiated by a PCR activation
step at 95°C for 5min, and then denaturation (two-step cycling) 95°C for 10sec.
Followed by, 40 cycles (combined, annealing and extension) at 95°C for 10sec
and at 60°C for 30sec (The same primers were used to amplify equine-specific
target genes and the housekeeping genes).

Thereafter, melting curve was analysed using software of real-time cyclers
(LightCycler®480 Software release 1.5.0, Roach, Germany). The Ct (cycle
threshold) data was transferred to Excel sheet (Ct represents the number of cycles
required for the fluorescent signal to cross the threshold). Following this gene,
expression values were normalised using Pfaffl’s method (Pfaffl, 2001).

ACP
( E ) target (control-sample)
target

Ratio=
ACP
E ) ref (control-sample)
ref

Mathematical equation illustrating how the method was used in calculation gene
expression. In this method, expression of target gene was calculated against a control in
contrast to a reference gene.

Earget = efficiency of target gene

E.r =efficiency of reference gene

ACP44e=CP (crossing points) deviation of the control - sample of the target gene

ACP,+=CP (crossing points) deviation of the control - sample of the reference gene
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2.18 Proteins extraction, quantification, and Western blotting

2.18.1 Proteins extraction

The protocol provided by the manufacturer (NE-PER Nuclear and Cytoplasmic
Extraction Reagents, Thermo Scientific, USA) was followed for nuclear and
cytoplasmic proteins extraction. Cells were gently washed with for PBS buffer
then incubated with 0.25 trypsin-EDTA for 3min, then trypsinized cells were
collected and centrifuged using a microcentrifuge at 500g for 5min. After that,
cells were washed by resuspending the cell pellet in PBS. 20ul packed cell
volume (equivalent to 10x10° cells, which equal to 20mg cell pellet volume) was
isolated and transferred to a 1.5ml microcentrifuge tube and a pellet formed by
centrifugation at 500g for 3min.

Promptly, supernatant was carefully removed and discarded using a pipette to
leave the cell pellet as dry as possible (all centrifugation steps were performed at
4°C and the cell samples and extracts were preserved on ice).

100ul of ice-cold CER | (Cytoplasmic Extraction Reagent | (CER 1), Thermo-
scientific, USA) was added to the cell pellet and vortex the tube vigorously on the
highest setting for 15sec to ensure fully resuspended the cell pellet, then the tube
was chilled on ice for 10min. Then after, 5.5ul of ice-cold CER Il (Cytoplasmic
Extraction Reagent Il (CER II), Thermo-scientific, USA) was added to the tube
and vortex the tube on the highest setting for 15sec. Then the tube chilled on ice
for 1min, vortex the tube was repeated for another 15sec and centrifuged at
maximum speed in a microcentrifuge (16000g) for 5min (the first two reagents
cause disruption to cell membrane and release of cytoplasmic contents). The

supernatant (cytoplasmic extract) was instantly transferred to a clean pre-chilled
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tube and placed on ice until completion of the nuclear protein extraction, in order
to carry out for both protein quantification.

Immediately, the insoluble pellet fraction, which contains nuclei, was resuspended
in 50ul of ice-cold NER (Nuclear Extraction Reagent (NER), Thermo-scientific,
USA) and continues vortexing the tube on the highest setting for 15sec every
10min chilling on ice for a total 40min. The tube was then centrifuged at 160009
for 10min, and then the supernatant (nuclear extract fraction) was immediately
transferred to a clean pre-chilled labelled tube and placed on ice. The supernatant
volume of both cytoplasmic and nuclear extraction was quantified and calculated

their total protein in the next step.

2.18.2 Protein Quantification

The procedure of standard microplate protocol for protein quantification was
followed by the instructions of the manufacturer (Coomassie Plus (Bradford)
Assay Kit, Thermo-Scientific, USA). Preparation of diluted albumin standard
(Thermo Scientific, USA) was first performed by diluting the contents of one
albumin standard ampule into eight 1.5ml micro-centrifuge tubes. Each 1mL
ampule of albumin standard was sufficient to prepare a set of diluted standards.

Coomassie plus reagent solution (Thermo Scientific, USA) was immediately
mixed before use by gently inverting the bottle ten times to mix the solution
without shaking it, and then the amount of reagent needed was removed and
equilibrate it to room temperature before use. 5ul of each standard or blinded
sample were added into the appropriate microplate wells (Thermo Scientific 96-
Well Plates, USA), each diluted standard and sample were triplicated. Then,

150ul of the coomassie plus reagent was added to each well and incubated at
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23°C for 10min at 250 rpm (rotation/minute) in a thermomixer (BioShake iQ -
Quantifoil Instruments GmbH, Germany). Thereafter, each plate was removed
from the thermomixer and the absorbance measured at 595nm wavelength with a
plate reader (FLUOstar OPTIMA, BMG-LABTECH, Germany). Protein
concentration of each sample was determined from the standard curve by plotting
the average absorbance for each albumin standard versus its concentration in
using Microsoft Excel synchronised with OPTIMA software (OPTIMA,

Germany).

2.18.3 Polyacrylamide gel preparation for protein electrophoresis

Polyacrylamide gel electrophoresis protocols were followed using the instructions
of the manufacturer (TGX™ FastCast™ Acrylamide Kit 10%, Bio-Rad, USA).
0.75 mm glass plates (Glass plates, Bio-Rad, USA) were first cleaned with dH,0
and ethanol. Glass plates were vertically assembled, aligned, and held in the
casting stand with spacer plate on top of it, then placed in casting frame, and
tested with dH,O to ensure no leaks during the gel casting process.

Acrylamide kit 10% (w/v) SDS contains four solutions (A-Resolver and B-
Resolver; A-Stacker and B-Stacker). Therefore, to prepare one gel, 2ml of
resolver (A) solution was added to 2ml of resolver (B) solution, then, 2pl
N,N,N",N"-tetramethylethane-1,2-diamine (UltraPure™ TEMED, Thermo Fisher,
USA) and 20ul of freshly made 10% (w/v) ammonium persulphate (Fisher
Scientific, Belgium) were added and mixed.

The final solution was then pipetted thoroughly and carefully, and added into the
cassette (filled to 1cm below bottom of comb teeth) the space left by the comb
was refilled with isopropane to prevent gel drying and left for 30min until fully

polymerised. Once set, stacking gel acrylamide solution was prepared by
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combining 1ml stacker A and 1ml stacker B solutions which was added to 2ul
TEMED and 10ul 10% (w/v) APS and then mixed. Then, the solution was filled
to the top of the short glass plates. Thereafter, the comb was carefully aligned and
inserted into the cassette to prevent air from being trapped beneath the comb teeth.
The gel was then left to polymerise for 30min. After that, the cast gel was either
used directly or covered with a paper towel wetted with dH,O and stored in a
sealed plastic bag at 4°C for less than 2 weeks. Protein samples (20ug) were
prepared by adding 7ul protein sample buffer (10% (v/v) B-mercaptoethanol,
(Sigma, UK), in Laemmli Sample Buffer, BIO-RAD, UK), then made up with
water, afterwards were boiled at 100°C for 7min.
In order to determine the optimum concentration of protein sample, an
optimisation trial was first carried out with different concentrations including 15,
20,25,30,35 and 40pg respectively (Figure 2-10).
15ug 20ug 25ug 30pg 35ug 40pg
225
150

102

K14 e

55kba —,

38
31

24

Figure 2-10: An example on optimisation the concentration of K14 protein loading

Serial keratin protein K concentration was used with different concentrations ranging from 15ug to
40ug. This method enabled the use of the optimum concentration loading protein.

The gel cassette sandwich was then first placed into electrode assembly and
closed clamping frame cams, after that the electrode assembly was positioned into

electrophoresis chamber assembly (Western gel tank). Afterwards, 200-250ml of
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running buffer (Tris-Glycine SDS Running Buffer, Novex, USA) was added to
the mini tank, and loading guide (Bio-Rad's patented sample loading guide) was
then placed over the mini tank between the two gels in the electrode assembly.

The samples were loaded using pipette tips into the spaces of the loading guide to
fill the corresponding wells. The first well was always loaded with 5ul molecular
weight marker ((molecular weight marker 12000-225000Da) Amersham™
ECL™ Rainbow™ Marker, UK) and subsequent wells were loaded with samples.
Following sample loading, the chamber assembly was filled with maximum for
running buffer, and then the led was placed and inserted the electrical leads into
power supply (Power Pac™, Bio-Rad, USA). Power was then applied on the gel

and electrophoresed at constant 200V for 40-50min.

2.18.4 Protein transfer

PVDF membrane (PVDF Transfer Membrane, 0.45um, Thermo Scientific, USA)
was instantaneously activated by incubation in methanol for 15min prior to
transfer and after that washed with transfer buffer (Tris-Glycine Buffer, Bio-Rad,
Germany) for 3min. Blotting papers were wetted in transfer buffer. Once the
electrophoresis was completed, gel cassette was removed from the gel tank and
washed with dH,O. The gel was then removed from cassette sandwich by slightly
splitting the two plates of the gel cassette. Thereafter, gel was equilibrated with
transfer buffer and prepared in a blotting paper.

The sandwich was then transferred to electroblotter for protein transfer (Semi-Dry
Transfer Cell, Bio-Rad, USA). Membrane blotting was carried out at 25V for
50min. The membrane was carefully removed and tested with Ponceau stain

(BDH Chemicals Ltd Poole, England) for 1min using gyro-rocker (Stuart, UK),
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after that the membrane was first washed with dH20O, then in TBST (Tris-buffered

saline, 0.1% (v/v) Tween (Tween 20®, France) 3X 5min.

2.185 Western blot

Once protein transfer had been achieved the membrane was incubated with
blocking solution 5% (w/v) BSA in TBST solution (Tris-buffered saline tween-
20) for 1hr at room temperature using the gyro-rocker. After blocking, the
membrane was directly incubated with primary antibody ((Table 2-9) see also

Appendix 8-6 for specificity of antibody) overnight at 4°C using roller mixer.

Table 2-9: Primary antibodies used for Western blot

Antibody Size Working Cat.No. Company
(kDa) solution
B-actin 42 1/100000 GTX110564 GeneTex
K14 55 1/3000 ab7800 Abcam
K10 60 1/2000 CSB- CUSABIO
PA012504LA01HU
Akt (pan) 60 1/3000 C67E7 Cell Signalling
Technology
Phospho-Akt 60 1/1000 Ser473 Cell Signalling
Technology
CD44 82 1/2000 ab157107 Abcam
B-catenin 92 1/3000 D10A8 Cell Signalling
Technology
HIF-1a 92 1/3000 ab8366 Abcam

The next day, the membrane was washed for 3X 5min in TBST, followed by
incubation in a secondary antibody (Table 2-9) for 1lhr. The secondary antibody
was diluted with 5% (w/v) skimmed dried milk (Marvel, UK) in TBST.

Thereafter, the membrane was washed with for TBST 3X 5min each.

Table 2-10: Secondary antibodies used for Western blot

Antibody Working solution Cat.No. Company
Anti-mouse 1gG, HRP- 1/10000 7076 Cell Signalling

linked Antibody Technology
Anti-rabbit 1gG, HRP- 1/10000 7074S Cell Signalling

linked Antibody Technology
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2.18.6 ECL detection

Luminol-based enhanced chemiluminescent substrate (SuperSignal™ West Femto
Maximum Sensitivity Substrate, Thermo Scientific™, USA) was used to detect
horseradish peroxidase (HRP) on immunoblots.

This procedure was carried out by first preparing working solution from mixing
equal volume of the stable peroxide solution and the luminol/enhancer solution in
new pre-child tube (100pl was used from working solution per cm?® of membrane).
Western blot membrane was covered with working solution for 5min. The blot
membrane was then removed from the working solution and the excess reagent
drained. The blot membrane was then placed in clear plastic film and wrapped and

expose to imaging system as described in Chapter 2.18.7.

2.18.7 Image acquisition with imager

Western blotmembrane was placed on the black chemiluminescence exposure box
and close the imager door. The exposure box was connected with a camera
(Photex Camera, Photek HRPCS-3PSU, Germany) and computer. Photic software
was turned on and the ‘imager acquires’ function was selected. The imager
calculates was then displayed with the exposure time with maximum dynamic
range and minimum pixel saturation. The acquired image was captured and saved
in named file. The acquired images were then imported into a Fiji J software
(Wikimedia Foundation Inc., USA), which then enabled quantification of each
protein band in all samples again using this software. After that, the data were
transferred to Excel spreadsheets and then the ratio of each protein in sample was

calculated in relation to the housekeeping protein 3-Actin.
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2.19 Measuring hoof angle

All the hooves were given an identification number and photographed (using a
digital camera Canon, Japan) from three aspects; the lateral, medial and frontal
view. The photographs were used to illustrate the counter of the dorsal wall and to
display the angle of quarter areas for analysis. Photographs were taken from the
same distance and against the same background to avoid any opacity or artefacts
which might change the images. The images were then imported into a Fiji J
software (Wikimedia Foundation Inc., USA) that is able to measure the dorsal

hoof angle (Figure 2-11).
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Figure 2-11: The process for hoof angle calculation

Schematic diagram illustrates how the images were processed through Fiji software and then were
used to measure the dorsal hoof angle. A) Shows Fiji software. B) Illustration hoof image (orange
arrow indicates the yellow line was drawn for measuring hoof angle. C) Shows the result of hoof
angle.

103



Ramzi Al-Agele 2018 Chapter 2: Material & Methods

2.20 Measuring hoof curvature

The measurements of hoof curvature from the images emerged from the micro CT
scan were performed by Miss Emily Paul (MRes, The University of Nottingham)
and the gross anatomical measurements by the author of this thesis (Keane et al.,
2017). Histological data shown in this thesis were compared against both of these
measurements. The procedure was performed using Fiji J software (Wikimedia
Foundation Inc., USA), Figure 2-12 shows the different step involved in the
calculation of hoof curvature. In addition, the same method was applied in this
study using photos obtained from the lateral side of equine hooves using a
calibration of 1cm. Both the CT scanning measurements and the gross anatomical
photographic measurements were assessed within this thesis.

Physical assessments for the hoof curvature were conducted through using micro
CT scan images. This method was performed by a sequence of about 20 marks
situated on a sagittal axis alongside the outer dorsal edge of the hoof capsule
(Figure 2-12). Using the imaging software Fiji J, each mark was performed a set
of coordinates to locate it on the hoof capsule in 2D. The coordinates were then
imported into Excel and used to determine the curve of the hoof capsule using a
non-linear polynomial regression. Then, the polynomial equation was a
dimensioned using a dimension factor as the total length of the outer dorsal edge
of the hoof capsule. It was then possible to calculate the average curvature of the

hoof capsule using the following derivative formula:

[C, represents each point measured at the dorsal hoof wall surface, [y], [X] are the
averages of y and x variables; §’, §'' are the primary and secondary derivatives of y
variables, [x]? is mean square of x variables]
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To re-dimension the curvature, the dimensioned curvature was multiplied by the

dimensioned factor determined above.
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Figure 2-12: Schematic illustrating the process hoof curvature calculation

Schematic shows how the images were processed through Fiji software and then were used to
measure the dorsal curvature of the hoof. A) Shows Fiji software. B) Illustration CT scan image.
C, D) Represent duplicate image at first, then vertical lines was set along the whole image. B1, C1,
D1) Show a similar method was also used, but with hoof photos. E) Represents the macro line was
used to draw the vertical lines, whereas (F) display the measurements of each point along the edge
of the hoof capsule. G) Shows the imported data to Excel software and the (X, Y) coordinates of
the dorsal part of the hoof capsule were determined using Fiji from which was determined the
curvature using the second derivative of the nonlinear regression of (X, Y) coordinates obtained
using Excel.
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The same method as described above was applied to measure the curvature of
distal phalanx were each image imported to Fiji image J. Then, the image was
cropped down to the extensor process on the right top of distal phalanx to solar
margin on the bottom of distal phalanx. Followed by the grid and overlay macro
were employed, and the points where line intersected bone measured. Both
calculation of hoof and bone curvature were compared with histological data and

assessed in this thesis.

2.21 Statistical analysis

Results are presented as mean+SEM using Excel software and all graphs were
created using GraphPad software (Prism 6). Data obtained from counting PCNA,
p63 and Ki-67 proliferating cells using immunohistochemistry and the data
calculated from measuring the florescent intensity using immunofluorescence
staining were analysed by ANOVA methods using statistical analysis software
(IBM® SPSS® Version 22, USA) and the same software was used for examined
the normality and homogeneity. In the One Way ANOVA test, the effects of
dorsal hoof angle (hoof angle was measured using a Fiji J) and its interaction on
the mean percentage of PCNA, p63 or Ki-67 positive proliferating cells in each
region of the equine foot (dorsal, quarter medial, quarter lateral, heel medial and
heel lateral) were calculated. Hoof curvature (hoof curvature was measured from
acquired CT images using a Fiji J software, and its relation to the percentage of
PCNA, p63 or Ki-67 positive proliferating cells in each region were evaluated
using non-linear regression GraphPad software. For all experiments significant
difference analysis was employed for comparisons, and significance was set at

P<0.05.
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Chapter 3

Histo-morphological structure of
equine hoof growth
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3.1 Introduction

The mammalian distal limb integumentary appendages for instance claws, nails,
and hooves display enormous morphological variation, not specifically between
distantly related mammalian, but as well among intimately related species at the
same family (Hamrick, 2001, van Asperen, 2010), which is consequence of the
adaptive development of the mammalian limb accompanying with the
modification of foraging behaviours (Hamrick, 2001, van Asperen, 2012). The
equine hoof was reported as the most complicated mammalian integumentary
structure that can be considered an intemperate exposition of claw or nail
morphogenesis (Wu et al., 2004). This complexity is specified entirely by the
epithelial tissue of the dermal papillae that is located between soft tissue attaching
weight bearing animal and hard tissue attaching hoof capsule (Thomason et al.,
1992, Bragulla and Hirschberg, 2003). The dermal papillae constitute the middle
hoof layer that is one of the biological materials recognised as being the most
resistant to fractures (Kasapi and Gosline, 1997, Wang, 2016). The developing
equine hoof dermal papillae exhibit some particular individualities which are
relatively different from even-toed cattle or pigs and mostly different from those
in the other homologous in digital end organs for example the nail and claw
(Bragulla, 2003). Above all these animals, both canine and feline claw
(Homberger et al., 2009, Bowden et al., 2009), and the avian claw (Van Hemert et
al., 2012) have poorly developed dermal papillae in comparison to the most
adaptive digital end organs in bovine, and, particular, the equine hoof (Bragulla
and Hirschberg, 2003). This corresponds to the theory of homology in view of
evolutionary history (Hamrick, 2001). The hoof compartments in terms of the
stratum externum, medium and internum, in addition to sole region are similar to
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those in hooves for example pigs or cows, or claw of the feline and canine,
(Dellmann and Eurell, 1998, Eurell and Frappier, 2013), and also to those in the
primate nail (Maiolino et al., 2016). These particular digital end structures can be
outlined to certain structures that is enable to adapt to withstand different
mechanical forces. As a consequent, this leads to generate a cornified layer which
provides mechanical resistance, for instance the distal compartments of the
common mammals (Bragulla and Hirschberg, 2003). As an example, equine
capsular wall has a high rate of keratinization, which produces horn tubules
(Reilly et al., 1998a, Eurell and Frappier, 2013). The function of these tubules,
therefore, has a great influence on the mechanical features of corneous structures
by having long dermal papillae, which increase the surface area of keratin
production (Bragulla, 2003). This supports the idea of the primary function of a
papillary body to enhance the supply of nutrients in the epidermis (Hirschberg et
al., 2001, Bragulla, 2003). The ultimate forms of the hoof wall are mainly defined
by the conformation of the interface between dermal and epidermal tissue, which
is represented in hoof wall by dermal papillae (Hamrick, 2001, Davies et al.,
2007). The presence of a constant amount of collagen fibres in the dermal lawyer
Is essential in protecting the architecture of hoof shape (Kuwano et al., 2005).
These fibres are organised and extended over the reticular lawyer to formative
primary dermal laminae, which attach with the secondary laminae that interface
with the epidermal laminae (Bragulla et al., 2007). Consequently, any defect of
these fibres can cause a detachment between the dermal and epidermal connection
and then separation of the distal phalanx. It is now well recognised from a variety
of studies, that the bulk of the keratinised hoof wall (stratum medium) is

generated by the stratum basale which covers and lining the dermal papillae
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(Bragulla and Hirschberg, 2003, Daradka and Pollitt, 2004, Eurell and Frappier,
2013). The inter tubular horn is generated by interpapillary stratum basale and the
tubular horn is generated by the stratum basal lining the dermal papillae (Leach,
1980, Dellmann and Eurell, 1998, Eurell and Frappier, 2013). This combination of
tubular and intertubular horn growth proximodistally forms the bulk of hoof wall
which is either being worn off or trimmed at the sole surface border (Eurell and

Frappier, 2013, O'Connor et al., 2015).

Studies over the past three decades have provided information on labelling mitotic
cells on the stratum basale of the epidermal coronary region which was stated
previously by Leach (1980), and then by Daradka and Pollitt (2004) who studied
the cell division and hoof growth in ponies via injection of 5-bromo-2’-
deoxyuridine (BRdU). The latter study showed that the highest percentage of
proliferating cells (12.04%+1.59) was observed in the coronary region in
comparison to the lamellae average (0.11%+0.04 to 0.97%=0.29). Similarly, some
researchers used p63 markers to investigate stem cells (Senoo et al., 2007) whilst
also labelling proliferating cells in the coronary hoof region (Carter et al., 2011,
Linardi et al., 2015). However, research on the question has been frequently been
restricted to limited comparisons between cell division and specific diseases for
example laminitis (De Laat et al., 2013b, Carter et al., 2011). As such it is still not
known about how hoof growth or in relation to determining where in the capsular
wall, epidermal cell proliferation happens. In addition, there are no investigations
on the mitotic cell number present along the length of the papillae, this study
aimed to provide more knowledge on the dermal papillae in hoof growth. It is also
not clear what predisposing factors act directly/indirectly on the coronary region

via cell proliferation thus producing new cells that mature and keratinize, adding
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consistently to the length of capsular wall, which might in turn have further
impacts upon the integrity of the equine foot. Because knowledge of the hoof wall
growth rate is a requirement to understanding its structure and function, the
investigation of the coronet, in particular the region-specific dermal papillae, will
deliver new evidence on the basic mechanism by which hoof walls grow and will
also provide principles showing correlation with hoof wall thickness. It is well
known that the hoof grows from the coronet not from the lamellae (Bragulla,
2003, Daradka and Pollitt, 2004, Linardi et al., 2015), consequently, what is not
yet clear is the how the hoof grows and what signals drive the progenitor cells at

the stratum basale to increase/decrease mitotic cell division.

Therefore, this chapter determines the link between the numbers of mitotic cells
per length unit along the papillae to the number of apoptotic cells along the
papillae, as well to looking at the locations of apoptotic and mitotic cells. In
addition, the chapter explores the relationship between the thickness of the
epidermal tissue in general and the thickness of hoof wall. As an example on the
importance for studying the coronary region in particularly dermal papillae, it
appears the most promising method to this demand for understanding the method

by which hoof grows.
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3.2 Hypothesis

The overarching hypothesis for this chapter was that the physical forces acting at
the basal epidermal papillae have an impact on the progenitor keratinocytes via
increased cell proliferation. This was defined and subdivided into mini hypotheses

for the different experiments:

1. An increased number of dermal papillae/mm? will increase the surface
area available for the potential production of equine hoof material.

2. Physical forces borne from changing cell size/cell volume which in turn
apply tension on the dermal papillae will increase proliferation of proximal
basal progenitor keratinocytes.

3. As cell size increases, the physical forces they generate will increase. As
cell size increases, increased proliferation of basal cells will be observed in
the proximal dermal papillae and within the interpapillary space. Cell size
and proliferation rates will differ in relation to the distance from the
proximal part of the basement membrane.

4. A critical transition zone of cell cornification represented by epithelial
thickness at the coronary region will increase the proportion of
proliferative cells at the proximal papillae thus enabling the hoof to grow.

5. The integrity of the basement membrane zone will decrease cell
proliferation by decreasing the basal cell attachment and its nutrition.

6. The amount of collagen fibres at the dermal epidermal junction will
determine the integrity of dermal epidermal attachment.

7. Mitotic cells/apoptotic cells per unit of length along the papillae will
increase cell division by controlling the counter balancing of the
development of hoof growth at the proximal part of papillae.
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3.3 Aims and objectives

The overall objective was to determine what key factors would hypothetically
develop during hoof growth allowing basal keratinocytes to adapt their function.
In order to achieve these objectives, concentrating on the coronary dermal papillae

of the equine foot, the following techniques were used:

Histology and staining with different histochemical and immunohistochemical

staining including:

1. H&E for identifying the epithelial region and to count the number of
papillae, measuring cell size and the epithelial thickness.

2. PAS stain for measurement of the basement zone and to evaluate the
integrity of the basement membrane.

3. Masson’s stain for measuring the amount of collagen fibers at the dermo-
epidermal junction.

4. Immunostaining techniques to measure the proportion of proliferating cells

using Ki-67 and p63 antibodies and apoptosis using TUNEL assay.
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3.4 Results
34.1 Analysis hoof shape

Analysis of the external hoof shape showed a wide range of conformational
features in the shape of capsular wall and the outline of the front surface (dorsal
wall Figure 3-1 also full results are shown in Chapter 5 with full analysis). The
hoof capsule had a distinctly concave shape to the dorsal wall. The case histories
of the animals were unknown; consequently, all of those hooves taken from
horses had suspected foot lameness and underwent analysis to detect the
biological and physical effects on the hoof capsule. In the majority of the results,
the techniques have been optimised for the appropriate tissues and work was
carried on the samples.

As there were no any information on the case history of collected samples. The
results revealed that the hoof conformation might be developed as a cause and a
consequence associated with hoof growth, and therefore capsular wall shape
variation contrasting from the optimal conformation as either very low or too
upright which consequently leads to foot lameness. The full data obtained from
the analysis of hoof shape, which involved measuring hoof angle, and hoof
curvature and comparing to the distal phalanxmeasurements are presented

together with the data analysing the coronary hoof tissue in Chapter 5.

Figure 3-1: Equine foot show a distinct curvature in the dorsal hoof wall
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3.4.2 Haematoxylin and Eosin (H&E) staining

A number of optimisations were carried out until the hoof tissue showed clear
histological features using H&E. Examination of tissue samples stained with H&E
revealed the occurrence of the periople (stratum externum) a white band mass of
tissue which was located between the junction of the capsular wall and skin. The
cells of this layer attached to underline stratum medium (Figure 3-2pe+pel), and
it was appeared clearly diminished and disappeared from the underling hoof wall.
Therefore, and since this layer has no functional role in hoof growth it will not be
considered in this study. The next layer was coronary tissue (stratum medium)
(Figure 3-2co+col), this stratum formed the bulk of the hoof wall and consisted of
tubules arranged parallel and vertically oriented and originated from dermo-
epidermal junction at the coronary region (Figure 3-2tu+tul). Finally, some parts
of proximal lamellae (stratum internum) were observed in most sectioned tissues
(Figure 3-2la+lal).

In this study, stratum medium is important, as it constitutes the main hoof wall
and the cell population of this part of stratum medium controls hoof growth. This
study revealed that normal interdigitation between dermal and epidermal tissues
were clearly observed in area attached the epidermal tissue to underling dermal
tissue (Figure 3-2i). Additionally, at the coronary region numerous perioplic and
coronary dermis were invaginated and papillated under the epidermis in a precise
orderly way, which seemed to have a finger like projection extended and
protruded deeply in epidermal tissue (termed dermal papillae) and were visible in

longitudinal tissue sections (Figure 3-2pa+pal).
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Figure 3-2: H&E stained coronary hoof tissue

Diagram illustrates hoof sagittal section and photomicrographs stitched together to show different
areas throughout sections represented in; A) Shows coronary region which is appeared clearly in
stitched photomicrographs, while (B) represents the hoof sagittal section marked with red line
showing the site of coronary region, whereas (*) the asterisk mark illustrates the area which is
situated between (pe, pel) periople (stratum externum) and (co, col) the coronary region (stratum
medium), while (la, lal) represents the proximal part of lamellae (stratum internum), in addition (i)
signifies the interdigitation between dermal and epidermal tissue, the black arrows referred to the
thickness of epithelium, furthermore (pa, pal) shows the long finger shape dermal papillae,
likened to finger like projections in keratinous materials and (tu, tul) represents the tubular horn
that originated from papillae. Scale bar represents 1mm.

The numbers of dermal papillae were counted on each stitched image for 15
equine feet at quarter and heel regions, while 7 feet for the dorsal, as it was unable
to obtained the same stitched images at the dorsal region only 7 section images
were counted and uncounted the one that was not the same in Figure 3-3B. This
results revealed that there were no significant difference between the numbers of

papillae in each hoof region (dorsal; n=7, 19.93+0.86/(mm?)), (quarter; n=15,

22.15+0.69/(mm?)) and (heel; n=15, 20.38+1.11/(mm?)) (Figure 3-3).
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Figure 3-3: Graph and photomicrograph stitched showing the number of papillae

Dermal papillae in each cross section of stitched images were counted per surface area (mm?)
showing in graph (A) no significant difference were found between different hoof regions (dorsal
quarter and heel), and this data was obtained from counting the stitched images appeared clearly in
image (B) which showed black square represents sites of accounting papillae (pa) were counted in
each stitches for different horse feet. Statistical comparisons between groups were analysed using
One Way ANOVA with Post Hoc testing SPSS. Scale bar represents 500um. N= 15 for quarter
and heel and 7 for dorsal.

Analysis for measuring entire length of dermal papillae revealed that the average
length of each papilla was 3.96£1.49 mm; two of these papillae are shown in
sagittal section in Figure 3-4. The core of each papilla revealed that it contained
connective tissue and blood vessels; in addition, there were clear divergences
between the acidophilic stained nuclei of the keratinocytes and the basophilic
connective tissue staining. The diameter of central core of each papilla was

similar to that of the distance between the core and the surrounding dermal tissue
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and in the most distal region of dermal papilla it became gradually constricted
until the end of papilla (Figure 3-4c2). As the dermal tissue become further away
from the coronary border, the amount of vasculature also diminished (Figure 3-4,
yellow arrows).

In longitudinal sections of the proximal portions of the dermal papillae, many of
the basal cells populations were more apparently columnar in shape and, in some
areas; these cells seemed to have a pseudostratified columnar organization. They
were characterized by a basophilic nucleus and a pale eosinophilic cytoplasm, and
their longitudinal axis was oriented perpendicularly to the interdigitating junction
between dermis and epidermis (Figure 3-4a2). In addition, some of these cells
were obscured by the occurrence of a black pigment related to melanocytes
(Figure 3-4a2 white asterisk marks).

Cells within two third of papillae manifested with a rounded shape of both their
nucleus and general cell morphology. Most of the keratinocytes in the proximal
two thirds of dermal papillae stained intensely with H&E (3-4b2+c2). The distal
two thirds of the dermal papillae showed an increased eosinophilia and their
nuclei were paralleled with the orientation of dermal papilla which later formed
the tubular horns extended with vertical orientation of papillae. This manifestation
of cell increase was related to the cells being fully cells keratinized and in some

areas, it was noted that no nuclei were present (Figure 3-4c2).
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Figure 3-4: Photomicrograph stitched images and graph show dermal papillae diameter

Dermal papillae stitched images were used to measure diameter of papillae. A) Represents stitched
images of dermal papillae showing three portions, (a) the first part represents (pr) the proximal
region of papilla shows yellow arrows a wide diameter of the papilla in high magnification (al)
and columnar shape nuclei (a2) (white arrows), whereas (*) white asterisk marks refers to melanin
pigment and furthermore (v) indicates the blood vessels. While, (b) the second part of papilla (mi)
represents the middle region shows the diameter was become narrowed in (b1) yellow arrows and
the keratinocytes in (b2) (white arrows) was parallel with orientation of dermal papilla, and then
finally (c) the third part illustrates the diameter appeared clearly constricted at the distal end of
papilla (di) which is showed in (c1) yellow arrows, additionally the keratinocytes was become
more rounded in (c2) (white arrows). B) Shows a nonlinear regression was plotted on the papillae
diameter against papillae length. Image (A) scale bar represents 200pum and images (al), (b1) and
(c1) 100um, and (a2), (b2) and (c2) 50um.
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Furthermore, analysis using the H&E stain exhibited the dermal and epidermal
tissues in contrasting colours in pink and purple respectively, and highlighted the
basement membrane border in a purple colour. The results indicated that the
coronary and periople corium appeared to be formulated from a mesh dense
matrix of connective tissue encompassing arteries, veins, capillaries, and nerves
(Figure 3-5A). In contrast, the epidermal layers, constituted from stratified
squamous keratinised epithelium were continuous with skin from the leg and
seemed divided clearly into the three expected layers: The thin deepest layer of
basal cells (stratum basal) was arranged along the basement membrane. It
appeared as a double layer of cuboidal to columnar cells characterized by a large
oval to elongated oval basophilic nucleus, generally each cell had 2-3 nucleoli,
and their cytoplasm had a pale eosinophilic staining, and their long axis of the
nucleus were oriented at an acute angle to the basement membrane (Figure 3-5al).
After that the staining affinity in this layer revealed a gradation effect from a pale
eosinophilic cytoplasm staining at the stratum basale to gradually medium to dark
eosinophilic staining at the end of the next layer, (Figure 3-5b1+cl). This
alteration observed as very close variation, which appeared in the beginning of
second layer. The second layer (stratum spinosium) (Figure 3.5bl+cl) was
comprised of numbers of polyhedral cells tightly adhered to each, and their large
oval nucleus encompassing 2-3 nuclei (Figure 3-5b1). Further distally, as the cells
become more flattened toward the external layer (stratum corneum), the nucleus
became smaller comparative to cell size and the staining affinity of the cytoplasm
become more intensely eosinophilic. More distally and at the level where
intersection was apparent between the end of stratum spinosium and the beginning

of stratum corneum, cells were observed as partially stained and incomplete

120



Ramzi Al-Agele 2018 Chapter 3: Results

cytoplasm staining intensity was observed (Figure 3-5d1). The outermost layer
(stratum corneum) was comprised from dead keratinocytes, which have lost their
nuclei, while the granulosum and lucidum layers were not present (Figure 3-5A).
The results revealed (Figure 3-5el), that the cytoplasm of completely keratinized
cells did not exhibit any staining with H&E stains. The keratin layer was oriented
consistently at an angle from the surface of dermal papillae towards the ground

which constituents the intertubular horn (Figure 3-5A+a-e).

—_ 20 pm i
5: H&E stained photomicrographs illustrate intertubular epidermal layers

Figure 3-

H&E stained tissue photomicrographs show the three layers of intertubular epidermal tissue
appeared in A) first layer (stratum basale) (F), second layer (stratum spinosium) (S), and third
layer (stratum corneum) (T), while( a, al) shows the basal and supra basal layers appear contained
two types of cell shape, cuboidal (white asterisk marks) and the black asterisk marks shows
columnar cells set on the basement membrane with longitudinal axis at right angles to the derma-
epidermal junction while in (b, b1) the second layer (S) formed from polyhedral cells move as it is
appeared in (c, c1) to convert to the Kkeratinised cells (d, d1) in third layers (T) with a fully
keratinized appeared clearly in (e, el). Image (A), scale bar represents Imm and images (al) (b1)
(cl) (d1) and (el) 20um.
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In some other fields, at the ends of papillae appeared to have a greater diameter
leading to the cells overlying one another, which disorganized the layers of

epidermal cells (Figure 3-6).

Figure 3-6: Photomicrographs represent appearance different papillae

H&E stained tissue photomicrographs illustrate in some fields, dermal papillae (black arrows)
appeared in A) thicker at the ends of papillae leading to the cells overlying one another, while in
B) the dermal papilla (black arrow) appears to contain it’s clear layers. Scale bar represents
100pum.

34.2.1 Changes in cell size of tubular and intertubular horn

The results of H&E stained sections of coronary hoof region revealed that during
keratinocytes differentiation, cells forming tubular and intertubular horn are
subjected to an orderly sequence of morphostructural changes. In order to ass such
changes, further analysis was carried out to calculate the cell volume for each
group of cells at a distance from the basement membrane. The results and analysis
for each cell population started from cells visibly positioned between dermal
papillae that forms later the tubular horn. Basal cells were observed as a
population of basal progenitor keratinocyte cells (Figure 3-7al). The cytoplasm of
these cells was stained clearly with purple stain, and as the cells move distally,

their cytoplasm becomes pink-red coloured (Figure 3-7bl). Finally, cells show a
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transition displaying no particular colour and that can be referred as horn
formation (Figure 3-7cl). The cell surface area (Figure 3-7) and the data
presented in Table 3-1 demonstrate that the cell surface area of basal layer was
83.01+1.343um?’ at a distance 17.4+1.26um and reach its maximum value around
the transition area to 981.1+5.3um? at a distance 1859+151pm, then dropped
down to 498.2+16pm?’ at a distance 2142+152um. The results revealed that the
transition appeared as a critical part probably linked to cornification. It can be
hypothesized that the change in cell size measured may counterbalance the gravity
and the adhesion together and that the transition correspond to the balance of
stresses whereby cells cannot grow further and have to die at that point. The
results indicated that there was a significant nonlinear regression between cell
surface areas against papillae length (Figure 3-7B). Similar correlation was found
between the nucleus surface area against papillae length and the same found with

the ratio of whole nucleus (Figure 3-7C+D).
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Table 3-1: Characteristics of data analysis for cell volumes at a distance from basement
membrane (n=3).

Epidermal layers Cell surface area Distance in
in pm2 pum
Stratum basal 83.01+1.343 17.4+1.26
suprabasal 224+7.87 69.43+10
331.3+10.35 154.7+12
378.6+9.25 223.2+10
436.3+4.93 339+15
477.1+£12.1 400.8+8
627.1+19.84 744.8+33
Stratum spinosium 732.9+9.67 1056+24
831.8+8.88 1315+57
912.4+10.97 1604+130
966.7+16.26 1851+146
981.1+5.3 1859+151
Transition area between stratum 965+11.84 1923£154
spinosium andstratum corneum 913.3+16.59 2014+155
865.2+20.79 2069+151
498.2+15.88 21424152
459.9+9.17 2202+154
441.8+11.68 2255+144
398.7+19.12 2316+129
332.6+20.65 2362+123
Stratumcorneum 288.2+14.38 2409+136
262.3+5 2483+131
239.5+1.93 2546+124
227.9+6.55 2606121
231.7+£1.17 3194+139
287.1+1 4398+371
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Figure 3-7: The cell size changes in the interpapillary epidermal cells

A) Represents stitched images of dermal papillae showing three portions, (a) the first part
represents (al) the proximal interpapillary region where the dashed yellow line represents the BM
and the white line encircle basal cells next to the BM. (b) the second part of interpapillary region
where (bl) the cell surface area increases. The yellow line represents a collapsed nucleolus,
whereas the green line surrounds the whole of nucleus also pointed with a black arrow. Finally, (c)
the third part illustrates the distal end of interpapillary region which shows (c1) how the cell
surface area has changed pointed with white line encircle. B) A nonlinear regression shows a
significant correlation when plotted between the cell surface area against papillae length. C)
Similar correlation was found between the nucleus surface area against papillae length and the
same found, (D) with the ratio of whole nucleus (* indicates P<0.05 vs papillae length). Image (A)
scale bar represents 500um and images (al), (b1) and (c1) 20pum.
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Further analysis was performed measuring the cell surface area of cells lining and
alignment the dermal papillae. The population of basal and supra basal cells
constituting the tubular horn at the proximal portion of dermal papillae were
similar to those adjacent cells forming the intertubular horn (Figure 3-8al). Most
of these cells had their long axis positioned at a right angle to the basement
membrane. However, distally the orientation of these cells was visibly changed
becoming orientated along the papillae (Figure 3-8b1). The results showed that
the alterations in the long axis of nucleus and the cell orientation from
perpendicular on BM to along the papillae was a function of the distance from the
basal layer to suprabasal layer of the coronary epidermis. Analysis for cell surface
area or short to long axis did not show many differences between different
papillary regions (Figure 3-8). However, the cell surface area and surface area of
nuclei decreased further away from the maximum proximal portion 56+2um?
toward the minimum at distal portion 29+1pm? (Figure 3-8). This drop was
visible at the level of the transition area between the stratum spinosium and
stratum corneum (Figure 3-8b1). Results indicated the tubular structure appeared
distinct from interpapillary (intertubular horn). The results indicated that there
was a significant correlation regression between cell surface area against papillae
length (Figure 3-8B), while was not shown the same correlation with nucleus

surface area against papillae length (Figure 3-8C).
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Figure 3-8: The cell size changes lining dermal papillae

A) Represents stitched images of dermal papillae showing three portions, (a) the first part
represents (al) the proximal papillary region where the dashed yellow line represents the BM and
the white line encircle basal cells next to the BM. (b) the second part of papillary region where
(b1) the cell surface area decreases. Finally, (c) the third part illustrates the distal end of papillary
region which shows (c1) how the cell surface area has changed pointed with white line encircle. B)
No correlation was found when plotted the cell surface area against papillae length, whereas (C)
show a correlation regression between the nucleus surface area against papillae length (* indicates
P<0.05 vs papillae length). Image (A) scale bar represents 500um and images (al), (b1) and (cl)

20pm.
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3.4.2.2 Epithelial thickness of coronary region

Another investigation was carried out comparing the epithelial thickness of the
coronary region at different regions (dorsal, quarters and heels regions). The
results obtained from the analysis of epithelial thickness between the basement
membrane and the junction between stratum spinosium and stratum corneum were
presented as meantSEM (Figure 3-9A-D). The results revealed there was a
significant difference between hoof regions at the heels region (p<0.05; n=16,
1.34+0.14mm) in comparison with both the dorsal region (n=16, 0.97+0.05mm)
and quarters region (n=16, 0.81+0.05mm). The average epidermal thickness at the
heel was increased by 41% in the heels region in comparison to the dorsal region
and 65% in comparison to the quarter region. A similar observation was indicated
(Figure 3-9A-C+E), as the epidermal thickness for the stratum corneum was
marked between the junction of stratum spinosium and stratum corneum to the
external surface of hoof wall. This analysis also indicated a significant difference
between hoof regions at the heels region (p<0.05; n=16, 0.9+0.13mm) in
comparison with dorsal (n=16, 0.54+0.06mm) and quarters regions (n=16,
0.7£0.06mm). The average stratum corneum thickness was increased by 67% in
the heels region in comparison to the dorsal region and by 28% in comparison to
the quarter region.

However, the results from calculating the ratios of thickness of both stratum basal
and spinosium to the space between the basement membrane and the external wall
surface (Figure 3-9 both red and black arrows) was not shown significant

differences between hoof regions (3-9F).
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Figure 3-9: Epithelial coronary thickness

Photomicrograph stitched images and graphs showing epithelial thickness measured in mm,
epidermal tissue thickness were compared at three different hoof regions; A) dorsal, B) quarters,
and C) heels, whereas black arrows represent the stratum basale and corneum, while red arrows
show the stratum corneum. Statistical comparison between epidermal layers showing a significant
difference in graph (D) and (E) for stratum basale and spinosum, and corneum respectively at
heels region, while in graph (F) shows a significant difference for the ratio of epithelial thickness
at dorsal region in comparison to quarters region. Scale bar represents Imm. (* indicates P<0.05,
heel vs dorsal and quarter regions). Statistical comparisons between groups were analysed using
One Way ANOVA SPSS. N= 16 per group.

Another investigation was carried out comparing the epithelial thickness of the
coronary region at different regions (dorsal and quarters regions) and capsular
wall thickness at dorsal and quarters regions (Figure 3-10A+B). The ratio of the
epidermal layer thickness was measured using Fiji J software whilst the thickness

of the hoof wall was measured using CT scan images for the same hoof.

The results of the correlational analysis were presented in Figure 3-10C+D, it can
be seen that in the dorsal region, there was no correlation between epithelial and
hoof wall thickness. However, there was a strong correlation between the ratio of

epithelial thickness and the hoof wall thickness at the quarter regions (Figure 3-
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10D). From the linear regression analyses in Figure 3-10D, it is apparent that
there was a clear regression in the ratio of epithelial thickness against the hoof
wall thickness, as when the epithelial thickness was small the hoof wall was
smaller, and when the epithelial thickness ratio was high, the hoof wall was
thicker. This proposes that thinner hoof wall had thinner epithelial thickness than
thicker hoof wall. In addition to this correlation, their relative ratios were
calculated and analysed (Figure 3-10E) and this showed no correlation between
epithelial thickness and hoof wall thickness relative ratios.

Further analysis was carried out on hoof wall thickness between two different
regions (dorsal and quarters regions). There was a significant difference between
the hoof wall thickness at the quarters region (p<0.05; n=19, 13.9+0.4mm) in
comparison with dorsal (n=19, 9.7+0.3mm). The average hoof wall thickness was

increased by 43% in quarter regions in comparison to dorsal regions.
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Figure 3-10: Schematic diagram showing wall and coronary tissue thickness

A) CT scan hoof image (a) represents the location of coronary region on the CT image, whereas
(al) displays the same region using a photomicrograph image; (b) CT scan hoof wall thickness
encircled with white line and marked with red arrows, whilst (b1) shows epithelial thickness at the
coronary region marked with black arrows. B) lllustrates a photomicrograph for the coronary
region. Linear regression was plotted between epithelial coronary thickness and hoof wall
thickness showing no correlation at dorsal region (C), while at quarters represents in graph (D)
shows a significant regression coefficient between wall and epithelial thickness, furthermore no
significant difference were plotted between the ratio of both thickness (E), whereas comparison
between wall thickness showing a significant difference at quarters region. Scale bar represents
Imm. (* indicates P<0.05 vs dorsal region). Statistical analysis was carried out using T-test. N= 13

per group.

131



Ramzi Al-Agele 2018 Chapter 3: Results

3.4.3 PAS

Following extensive optimisation, PAS stained sections obviously exhibited the
basement membrane (BM) at the dermo-epidermal interface of the equine feet.
The PAS stained sections distinctly demarcated glycoprotein constituents of the
BM, which appeared as a fine pink line (Figure 3-11 A+B). The BM was
intimately surrounded by the epidermal tissue and epidermal papillae and the
basal germinal epidermal cells were directly in contact with the BM. However, in
some areas there were epidermal variations encompassing a variable degree of
pyknosis, vacuoles, and disintegration in germinal basal cells and some separation
was observed between the basal cells and BM, as well as in the cross section of

some dermal papillae where clear separations occurred (Figure 3-11A+B).

Figure 3-11: Photomicrograph of PAS stained hoof tissue.

Black arrows on the images (A+B) indicate the basement membrane (BM) showing there were
spaces between the BM and basal germinal cells which could potentially result from tissue
sectioning in these areas. In addition, changes in the shape of basal cells transforming from a
normal cuboidal (N) shape into a hydrocele (H) shape a distended shape (S). B) Shows the
separation around the cross section of dermal papillae which can be observed. Image (A) scale bar
represents 20um and image (B) 50um.

The PAS stain displayed the BM as an isolated dark pink to purple line, whereas it
was twisted into multiple longitudinal folds at the dermal papillae and was mostly

seen along the epidermal edge (Figure 3-12A+B). The thicknesses of BMs in each
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sample were measured in order to evaluate the integrity of the basal epidermal

cells (Figure 3-13).

Figure 3-12: PAS stained photomicrograph of dermal papillae

A) Shows dermal papillae (p), as yellow box representing in high magnification (B) Showing
twisting of the BM into multiple longitudinal folds at the tapered tip of dermal papillae (black
arrow). Image (A) scale bar represents 100um and image (B) 50um.

The results indicate that there was no significant difference in the thickness of
basement membrane between dorsal (n=11, 2.32+0.12um) and quarters regions

(n=11, 2.29+0.18um) (Figure 3-13A&B).

0 T
Dorsal Quarters

Thickening of basement membrane

Hoof region

Figure 3-13: PAS stained photomicrograph and graph showing BM thickness.

PAS stained tissues were identified with the basement membrane showing as a dark pink colour,
rounded the epidermal tissue, which is marked by black arrows (A). The integrity of the specimen
sample and the configuration of epidermal cells were observed. B) Graph showing the comparison
between BM thicknesses at dorsal and quarter regions, there was no significant difference between
these two regions. Scale bar represents 10pum. Statistical analysis was carried out using T-test. N=
11 per group.
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344 Masson’s trichrome stain

The initial stages of these experiments concentrated on optimising the Masson’s
Trichrome for the equine hoof tissue. Following optimisation of the Masson’s
trichrome stain, collagen fibres became apparent through their green colouration.
Microscopic investigation revealed how the labelled collagen was distributed in
the tissue, especially underlying the BM and throughout the dermal tissue,
especially as an interdigitation of the epidermal and dermal tissues along the BM.
The collagen filaments appeared to be attached to the BM, in both cross and
longitudinal sections of the coronary tissue (dermal papillae of coronet; Figure 3-
14A+B). The histological consistency of collagen fibres revealed that, the bundles
of collagen fibres seemed to be thicker in deeper tissue than in underlying BM
(Figure 3-14B).

Sstatistical analysis for quantification the amount of collagen fibres inside the
dermal papillae revealed there was no significant difference between the amount
of collagen fibres (Figure 3-14C) at the dorsal (n=12, 45+3.3%) and quarters

regions (=12, 43+3%).

134



Ramzi Al-Agele 2018 Chapter 3: Results

Collagen fibres in (%)
in dermal papillae

T
Dorsal Quarters

Hoof region

Figure 3-14: Masson’s Trichrome stained photomicrographs at dermal papillae

Masson’s Trichrome stained the green collagen fibres apparent in A and B. The collagen fibres
arrangement appeared as parallel lines near the connection between the dermis and epidermis in
dermal papillae (pa). C) Graph shows no statistical differences between the amount of collagen
fibres in dermal papillae at dorsal and quarter regions. Image (A) scale bar represents 200um and
(B) 50um. Statistical analysis was carried out using T-test. N= 12 per group.

In addition, the results of Masson’s stained sections indicated that the collagen
fibres of dermal tissue were arranged in long organised bundles with green and
some of them had red colour, no abnormalities in collagen fibre arrangement were
observed in the samples investigated (Figure 3-15A+B). There was no significant
different between the amount of collagen fibres at dorsal (n=12, 35+3.68%) and
quarters regions (n=12, 33+1.64%). However, there was a strong correlation
between the ratio of collagen fibres in dermal papillae and the ratio of collagen

fibres inside dermal tissue (Figure 3-15D).
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Figure 3-15: Photomicroscope images illustrating the collagen bundles at dermal tissues

A) Collagen fibres were diffused and extended inside the papillae (p) collagen bundles lay close to
the epidermal tissue at varying levels of thickness contained blood vessels represented by the black
arrow, whereas rectangle yellow (B) showing a deeper tissue where collagen appeared in
longitudinal sections, which was more condensed, the asterisks show mixing green and red colour
without observing any abnormalities. C) Graph shows no statistical difference between the amount
of collagen fibres in deeper dermal tissue at dorsal and quarter regions. However, a clear
correlation coefficient was observed (D) between the ratio of both papillae and deeper collagen
fibres. Statistical analysis was carried out using T-test. Image (A) scale bar represents 500um and
(B) 100pum. N= 12 per group.

Overall, the current data measured and assessed collagen fibres which did not
show any abnormalities in collagen fibres either when they were attached inside

dermal papillae or when they were in the deep dermis at the coronary region.
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345 Immunohistochemistry

3451 Assessment p63 +ve cells along the dermal papillae

At the coronary region, investigation on the epidermal stem cell marker at the
stratum medium (dermal papillae; Figure 3-16A) revealed that most of the stem
cells were labelled with p63 immunostaining brown colour (+ve cells). The p63
+ve cells were appeared clearly in the nuclei of stratum basale and supra basal
cells and few figures were observed at the beginning of the stratum spinosium
(Figure 3-16al).

The proximal part of interpapillary region showed that the stratum basale and
suprabasal were responsible for creating the intertubular horn, and had the highest
density of p63 +ve cells (Figure 3-16al). The frequency of +ve cells was clearly
seen in the basal cells and was not shown in supra basal cells located beyond the
level of the stratum spinosium of the intertubular horn. In addition, at the level of
distal end of papilla, p63 +ve cells were exhibited in fewer numbers at the stratum
basale cells (Figure 3-16¢1).

These basal cells were lining the whole length of dermal papilla. Therefore, in
order to determine whether p63 +ve cells varied along the dermal papillae,
microscopic images were stitched together electronically and p63 +ve and -ve
cells counts were undertaken along the length of the papillae. The result, indicated
there was a significant correlation between the percentage of p63 +ve cells
(p<0.05; n=7) and the length of dermal papillae (Figure 3-16B). When the
distance from the proximal part of the dermal papillae increased, a decrease in the

percentage of p63 +ve cells was counted (Figure 3-16al-cl).
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The current results revealed that p63 +ve cells were in their highest density at the
base of the dermal papilla and decreased in number progressively towards the tip
of the papilla (Figure 3-16A). In addition to the percentage of p63 positive cells
per length unit being analysed, their surface area ratios were calculated and
analysed. There negative correlation within the ratio of p63 +ve cells per surface
area and length of papillae (p<0.05; n=7). This ratio demonstrated the correlation
between the frequency of p63 +ve cells and the surface area as defined in Figure

3-16C.
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Figure 3-16: The frequency of p63 +ve cells plotted against papillae length

A) Photomicrograph stitched images illustrating p63 +ve cells scattered along the papilla, which
appeared clearly at the basal and suprabasal layers of proximal papilla (a, al; black arrows) and
very few cells at the middle (b, bl) and/or at the end of papilla (c, c1). B) There was a clear
variation in the percentage of p63 +ve cells as a function of the distance from the proximal dermal
papilla. C) A significant correlation was recorded between the surface area and the ratio of p63
expression using GraphPad software (* indicates P<0.05 vs papillae length). Image (A) scale bar
represents 200pum and (a-c) 50pum. N= 7 per hoof animal, 20 images per animal.
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3452 Assessment Ki-67 +ve cells along the dermal papillae

In order to trial a further method for assessing cell proliferation, specimens were
incubated with the proliferation marker antibody against Ki-67 (Figure 3-17A). It
Is apparent from Figure 3 that epidermal cells labelled with Ki-67 were mostly
localised in the nuclei of cells in the basal germinal layer of dermal papillae and
was observed in very few cells in the supra basal layer at the intertubular portion.
However, entire length of papillae, almost non-existent Ki-67 staining was present
at the suprabasal layer of the dermal papillae. Additionally, a large numbers of
these +ve cells were visibly observed close to the basal layer lining the proximal
part of papillae as well as in basal layer of inter papillary area. These +ve cells
indicated their responsibility for the constituent intertubular horn. Ki-67 +ve cells
were not shown beyond the suprabasal layer and visibly diminished further away
from the basal layers (Figure 3-17al). In addition, in the second half of dermal
papillae (Figure 3-17bl), very few Ki-67 +ve cells were observed clearly in the
basal cells and had no cells away from the basal and supra basal cells labelled the
antibody. Moreover, at the level of distal end of papilla, Ki-67 +ve cells was not
shown within the basal and supra basal cells (3-17c1).

The result, as presented in Figure 3-17B, indicated there was a significant
correlation between the percentage of Ki-67 +ve cells of dermal papillae, and the
length of dermal papillae from the proximal part of the dermal papillae increased,
a decrease in the Ki-67 +ve cells was counted (Figure 3-17al-cl).

Additionally, the percentage of Ki-67 positive cells of dermal papillae, their
surface area ratios were calculated and analysed. The statistical analysis using
nonlinear regression indicated that there was a significant correlation between the

percentage of proliferating cells Ki-67 per surface area and length of papillae
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(p<0.05; n=7). This ratio demonstrated the correlation between the frequency of

Ki-67 positive cells and the surface area as defined in Figure 3-17C.

Ki-67 +ve cells (%)

Figure 3-17: The Ki-67 +ve cells plotted against papillae length
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A) Photomicrograph stitched images illustrating Ki-67 +ve cells scattered along the papilla, which
appeared clearly at the proximal papilla (a, al; black arrows) and very few cells at the middle (b,
b1) and/or at the end of papillae (c, c1). B) There was a clear variation in the percentage of Ki-67
+ve cells as a function of the distance from the proximal dermal papilla. C) A significant
correlation was recorded between the surface area and the ratio of Ki-67 expression using
GraphPad software (* indicates P<0.05 vs papillae length). Image (A) scale bar represents 500um
and (a-c) 50pum. N=7 per hoof animal, 20 images per animal.

141



Ramzi Al-Agele 2018 Chapter 3: Results

3.4.5.3 Assessment apoptotic TUNEL positive cells along the papillae

In order to determine and compare the site, and dissemination of apoptotic
epidermal cells in the coronary hoof dermal papillae. A TUNEL assay was
employed and the number of apoptotic cells per length of papila were counted
and measured along the distance of the papillae.

The results obtained from the analysis presented in Figure 3-18A revealed that
apoptotic cells were not shown in the first quarter part of the papilla length
(Figure 3-18al). The first part which was located on the middle between two
papillae showed that the stratum basale and suprabasal, in addition to the proximal
most cells of the stratum spinosium did not exhibit apoptotic cells. However, as
the keratinocytes were located further distally into the second layer stratum
spinosum (Figure 3-18b1). The localisation of apoptotic figures was indicated
visibly at the level of the fully keratinized cells in distal most stratum spinosium
and the proximal most cells of stratum corneum. At the same level, apoptotic cells
were seen in the suprabasal cells of the dermal papillae. Whereas, more distally
almost no cells were stained positively for TUNEL (Figure 3-18cl).

The result indicated there was a significant correlation between the percentage of
apoptotic +ve cells of dermal papillae and the length of dermal papillae (p<0.05;
n=7) (Figure 3-18B).

The statistical analysis using nonlinear regression in Figure 3-18C indicated that
there was a significant correlation between the percentage of apoptotic cells per
surface area and length of dermal papillae (p<0.05; n=7). This ratio demonstrated
the correlation between the frequency of TUNEL positive cells and the surface

area as defined in Figure 3-18C.
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Figure 3-18: The TUNEL +ve cells plotted against papillae length

(A) Photomicrograph stitched images illustrating positive TUNEL +ve cells scattered only along
the middle and very few at the end of papillae, which appeared clearly (a, al), and labelling the
basal and supra basal layer at the middle (b, b1; black arrows) and very few at the end of papillae
(c, cl), whereas (*) asterisk marks represent the melanin pigment. B) The nonlinear regression
coefficient revealed that there was a clear variation in the density of apoptotic cells along the
distance of the dermal papillae. C) Significant correlation was recorded between the surface area
and the ratio of apoptotic cell expression using GraphPad software (* indicates P<0.05 vs papillae
length). Image (A) scale bar represents 500pum and (a-c) 50pum. N= 7 per hoof animal, 20 images
per animal.
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3.5 Discussion

This study set out with the aim of assessing the importance of how the hoof grows
and responds to the physical environment. Some pathological factors, for example
hoof lameness/laminitis seem to involve augmented and stimulation of normally
hoof growth (Cripps and Eustace, 1999, Daradka and Pollitt, 2004). It is essential
to know accurately which processes and mechanisms control the growth rate of
hoof wall. This chapter assessed the hoof growth rate by detecting and counting
mitotic cell indices in the coronary hoof dermal papillae.

The results of this study indicate that the significant difference of epithelial
thickness at the heel region in comparison to dorsal and quarter (Figure 3-9),
suggested that these difference may be have an influence on the production and
reduction of horny material. It seems possible that these results are due to
influenced by nutrition (Ott and Johnson, 2001) environment (Hampson, 2011),
genetics (Ducro et al., 2009); age (Frackowiak and Komosa, 2006) and season
(Florence and McDonnell, 2006, Lewis et al., 2014). It is therefore probable that
such differences have an impact on hoof wall growth, along with foot lameness
(Dyson et al., 2011b).

Another important finding was the correlation between the epithelial thickness at
the coronary region and the hoof wall thickness at the quarter regions, whereas
there was no relation at the dorsal region (Figure 3-10). These results are
potentially related to what has been suggested by Lancaster et al. (2013) who
attributed to the difference in the density of tubular horns between different hoof
regions. It can thus be suggested that the area of the toe and medial side of hoof
wall contains high tubular density, conversely these area have thicker hoof wall

which may become more likely to be subject to greater forces loading (Lancaster
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et al. 2013). This current finding on the correlation at the quarter region may
provide further insights into the dermal papillae structure and function and
potential adaptive variations in relation to growth forces on the coronary region.
The adaptation of dermal papillae has strongly been thought to be the site of
growing the hoof wall (Leach, 1980, Daradka and Pollitt, 2004, Eurell and
Frappier, 2013).

Another finding was that H&E stained coronary tissue sections indicated the
presence of finger-like projections called papillae, clearly visible at low
microscopic magnifications (Figure 3-2A+B). These papillae appeared in two
areas: the periople and the coronet, and were oriented towards the keratinous layer
as expected from previous investigations (Dellmann and Eurell, 1998, Stewart,
2013). These findings are consistent with other studies, which highlighted that the
dermal papillae are found in different areas: the periople, the coronet, the sole, the
frog, and the bulbs of the heel (Bragulla, 2003, Konig et al., 2007). Local
differences in the length, diameter, and number of papillae and orientation of the
dermal papillae of the wall were also found. In terms of the number of papillae at
the coronary region, no one reported the number of papillae at the coronary
region; most of the research reported showed the density of tubular horn at the
middle hoof region (Reilly et al., 1996, Reilly et al., 1998a, Pollitt, 2004a,
Lancaster et al., 2013). One of these studies reported, counts of tubules on four
zones at the stratum medium of 22, 16-22, 11-16, and 11 tubules/mm?
respectively, with average 16 tubules/mm? (Reilly et al., 1998a). However, these
previous studies have not counted the number of papillae at the coronary region.
The average number of dermal papillae in the current study was found to be

21+0.67/mm? across 15 horses is more than reported in cattle, which showed
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13.4+0.927/mm? (Singh et al., 1992). These findings are likely to be related to the
nature and mechanism of hoof growth and raise the possibility that the dermal
papillae and dermal lamellae adaptations of the dermis, which are understood as
an endeavour to increase the surface attachment with inner, hoof (Davies et al.,
2007). A possible explanation has been stated by Budras et al. (1996) that the
papillary region at the coronet is highly vascularised and has a high rate of horny
production when comparing to the poorly vascularised lamellae. This could be a
similar rationale behind the differing amounts of horny material produced in the
horse and cattle. Another possible explanation for this is that most of the hoof
wall growth is from cell division at the dermal papillae are supplied entirely by
the underline dermal vessels. There is evidence that any disturbance or minor
changes in the microvasculature will potentially lead to responses and changes in
the overlying epidermal tissue. As a consequence of this reaction, there is an
impact on the hoof growth resulting in changes in shape and thickness of the hoof
capsule (Budras et al., 1996, Hirschberg et al., 2001, Davies et al., 2007). There
are, however, other possible explanations on the differences in number of papillae
in the horse and cow. The biomechanical method of horse feet to absorb or to
reduce the ground force applied on the coronary region during racing or trotting
(Kasapi and Gosline, 1997, Salo et al., 2010) could alter these papillae number.
Overall, it has been suggested that it is the dermal papillae of the coronet, which
control hoof wall growth (Bragulla, 2003, Bragulla et al., 2007, Budras and Sack,
2012). In the current study, the results of histo-morphological compartments of
specific region dermal papillae of the equine hoof wall has provided further
evidence in support of early researchers Leach (1980), Dellmann, and Eurell

(1998) on the concept of the cell migration and keratinization at the coronary
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equine hoof wall. Progenitor keratinocytes resting on the basement membrane
were shown to be columnar to cuboidal at the proximal papillary region and then
distally become permeable and keratinized, as they were moved proximodistally
from the basal layer constituent at the end of papillae their tubular and inter
tubular horns. This sequential development of cell division and cornification are
analogous to that of most structural hard keratin, for example hairs, nails, wool,
quills, hooves, horns and claws (Lynch et al., 1986, Marshall et al., 1991, Rouse
and Van Dyke, 2010),

The results of Periodic Acid-Schiff (PAS) staining attested for the visualization of
the basement membrane (BM), as it provides the junction between the germinal
epidermal cells on one side, and the fine collagen dermal tissue on the other. The
results of this chapter indicate that the BM at the end of dermal papillae was
folded into several ridges corresponding with the long alliance of the papilla.
These results corroborate the ideas of Davies et al. (2007), who stated that these
folds act as guides for the orientation of tubular horns in a properly oriented
proximodistal direction. In addition, there are equivalents to the secondary
epidermal lamellae, which might play a significant role in increasing the
attachment between the dermal and epidermal tissue to the periosteal surface of
the distal phalanx. The integrity and borderline nature of the BM is important in
indicating lesions of the epidermal tissue (Pollitt, 1996, Pollitt, 2004b). The PAS
staining technique revealed some changes in the BM, including interruptions, and
the separation of the BM from the germinal cells of the epidermal papillae, which
permitted the visualization of the unfilled space between the BM and epidermal
cells, of which some appeared more spherical and expanded (Figure 3-11). This

finding supports the evidence found that laminitis could be initiated by changes in
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the BM which have been suggested to indicate the beginning of laminar failure
(Pollitt, 1996, Kyaw-Tanner and Pollitt, 2004, Visser and Pollitt, 2011).

Masson’s trichrome stain was used to assess the proportions of collagen versus
other connective tissues, particularly muscle. This method has been shown to be
appropriate in investigating abnormal lesions of collagen fibres (White et al.,
2004). The preliminary results showed the normal distribution of the green-
coloured collagen fibres in the dermal tissue of equine foot (Figure 3-14), and red-
coloured collagen bundles were also observed in some of the stained sections
(Figure 3-15B). Previous studies have found that the red colour is due to a normal
tension in collagen fibres before fixation, and suggested that the collagen held the
Acid Fusichn (red colour) for a long period of time, which consequently mixed
with the green colour of the collagen fibres (Flint et al., 1975, Flint and Merrilees,
1977). However, the current study was in agreement with a later study conducted
by Pollitt and Collins (2015) that showed the importance of collagen fibres in the
structure of the suspensory apparatus of distal phalanx of equine hoof. They used
Masson’s trichrome to demonstrate the connection of the parietal surface of the
distal phalanx to the lamellar hoof wall. As is it, the chronic condition of this
apparatus will consequently leads to disorders in capsular growth rate (Collins et
al., 2010, Pollitt, 2010). This proposes that the amount of collagen fibres inside
the dermal papillae was originated and extended from the under attachment deep
dermal tissue and this might be explain if any abnormalities or degeneration
appeared in deep dermis, consequently it will affect severely on both collagen
fibres inside dermal papillae and the attachment with epidermal tissue.

This study has demonstrated that it is achievable to utilize a p63 antibody to

identify epidermal stem and proliferating cell lines, as the antibody recognized
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antigenically different forms of the p63 of the nucleus (Koster et al., 2007). This
study confirms the work of p63 as a valid marker of epidermal stem cells in
equine coronary hoof tissues (Carter et al., 2011, Linardi et al., 2015). In addition,
Ki-67 was used as availed cell division marker (Scholzen and Gerdes, 2000, Liu
et al., 2003). The p63 and Ki-67 proliferation marker of mitotic cells were shown
in the nuclei of basale layer of the proximal interpapillary part of the epidermal
and lining the dermal papillae (Figure 3-16A+3-17A). This evidence suggests that
it is distinctly possible that the proliferating cells in basal cell layer are adding to
the cell population and potentially into the intertubular horn in a mechanism that
pushes the cells to move for further differentiation (Figure 3-16+3-17). As a result
of this and because of these cells generated from the same part of basale layer, this
could suggest that the adjacent cells would be moved distally at varying periods of
differentiation (Eurell and Frappier, 2013). It is likely that those keratinocytes
located close to the basal layer are in the early stages of differentiation, whereas
those further away or a distance located beyond the basal layer are almost in the
late stage of differentiation. This configuration of differentiation and cell
migration are in agreement with Dellmann and Eurell (1998), and Eurell and
Frappier (2013) findings, which stated that the epidermal basal cells as they move
distally are subjected to different differentiation and pass through a widespread of
stratum spinosium. Thereafter being completely keratinized the cells start losing
their nucleus and form the stratum corneum of the intertubular horn of the stratum
medium (Banks, 1993). It is possible to hypothesise that these cyto-differentiation
of keratinocytes along the dermal papillae are likely to disrupt causing differences
in the differentiation along the length axis of dermal papillae. These cells might

also be predisposed by biomechanical modifications that happen in the
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catastrophe of the suspensory apparatus of the distal phalanx during laminitis, as
observed by Carter et al. (2011). In addition to another causes such as glucose
metabolism (Pass et al., 1998, French and Pollitt, 2004b), endocrinopathic causes
(McGowan, 2010, Karikoski et al., 2011, Johnson, 2017), all these causes and
more may play a significant role in dysregulation in the basal epithelial
attachment which consequently have an impact on the cytoskeletal and cell
junction, and eventually on cell differentiation (Pollitt, 2016). Another important
finding was that the TUNEL positive apoptotic cells were found in the junction
between the stratum spinosium and corneum of the keratinized axes of the dermal
papillae and was absent beyond the stratum spinosium (Figure 3-18). This may be
a significant and applicable finding that no one has considered the importance of
the apoptotic cells along the dermal papillae and what has been reported so far
was related to lamellae in particular equine laminitis. However, Faleiros et al.
(2004) who assessed the apoptotic cells in laminitic horse concluded that
increasing cell death at the interjection between the secondary and primary
lamellae may perhaps help to accelerate in the structural failure of hoof wall
attachment and distortion of the hoof wall that develops later.

The observation of positive proliferating cells in the epidermal cells of the dermal
papillae confirmed the findings of previous studies of the equine hoof, which
found these to be the main areas of hoof growth (Bragulla, 2003, Daradka and
Pollitt, 2004, Pollitt, 2010, Carter et al., 2011, Linardi et al., 2015). This study has
highlighted that the counting of these proliferating cells provided several
important facts, as these cell indices, create an original method for comparing the
growth rate between hooves (Figures 3-16+3-17). The current results also showed

a high number of Ki-67 positive proliferating cells scattered only in the basal
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layer of the proximal part of papillae and interpapillary space (Figure 3-17).
Similarly, results indicated p63+ve stem cells were labelled in both the basal and
supra-basal layer of the same proximal papillary part (Figure 3-16), as expected
by Daradka and Pollitt (2004), whereas +ve cells for both Ki-67/p63 were absent
in the subrabasal layer along the axis of dermal papillae. This finding supports
previous research in terms of the way that hoof capsule distorted. These studies
stated that the forces applied to the large area of the dorsal hoof wall were likely
to act in the direction of the coronet at the toe, causing compression dorsally and
rotation at the quarters. This could be understood when the known forces applied
to the foot, then the consequent distortion of its capsular wall (Thomason et al.,
1992, Thomason, 1998, Thomason et al., 2004). Furthermore, external aspects,
such as training, trimming and feeding, have been suggested to have an impact on
the hoof growth, which consequently may influence the conformation of hoof wall
(Moleman et al., 2006, Moorman et al., 2013). The interpretation of these findings
suggests the need for further investigation into the physical factors of hoof growth
using CT scan images for example. More analyses of the biological factors
involved in determining the shape of the hoof capsule are also needed and, in
particular, the changes, which occur in lame horses, which might be consistent
with the anatomy and have significant consequences for hoof, function. The
present study confirms previous findings and contributes additional evidence that
proposes an important question. This question is why was there a high
proliferation index at the proximal part of interpapillary and papillary region
which was not shown the same at the middle and distal end of the papillae,
whereas stem cell p63 marker labelled cells at basal layer of papillae was almost

absent at distal end of papillae. Taken together, the possible explanation could be
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attributed to forces acting at the basal epidermal papillae that as a result may have
an impact on the progenitor keratinocytes via cell proliferation and induced cell
division. Indeed, this force might arise from either hydrostatic pressure or stretch,
or may be due to the level of oxygen in this area, or hormonal disturbance such
insulin. One suggestion is that once these cell are fully keratinized this results in
decreasing or diminished forces being applied on the middle and distal end of
papillae and that is why decreasing proliferation rates were observed at the middle
and distal end of papillae. However, this study has also raised important questions
about the mechanisms by which hoof grows on the coronary region. This concept
is further explored in the next chapter, which provides evidence on the method of
responding cultured progenitor keratinocytes, which are subjected to different
environments, for example low oxygen level, hydrostatic pressure, mechanical

stretch and insulin.

35.1 Conclusions

This study considered the localization and expression of stem cell and
proliferation markers in addition to apoptotic cells along the dermal papillae of
equine coronary epithelial tissues. Explanations of histological morphology of
epithelial cells along the dermal papillae and markers for proliferating cells,
apoptotic cells, and epithelial thickness together with analysis of the hoof wall
thickness were provided. Taken together, these findings suggest a role for these
methods in aiding further investigation of problematic issues in the histopathology
of epithelial tissues of horse feet and provide insights for increasing the field of
regenerative medicine in treatments of laminitic horses in particularly equine

laminitis.
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Chapter 4

Isolation and characterization of
equine hoof keratinocytes and
physical applications
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4.1 Introduction

Epidermal stem cells possess an extraordinary potency for self-renewal during the
lifespan of the tissue, although they produce daughter progeny cells that can
differentiate into one or several lineages (Alonso and Fuchs, 2003). Two distinct
populations of epidermal progenitor cells in epidermal tissue are self-renewing
stem cells and transit amplifying cells (Blanpain et al., 2004, Clayton et al., 2007).
These progenitor basal cells are multipotent progeny cells that divide into new
keratinocytes with continuous differentiation (Blanpain et al., 2004). These cells
interact and manage the signals from several growth factors, adhesion molecules
and cytokines, and control the renewal of the epidermal tissue (Tomic-Canic et
al., 1998, Rangarajan et al., 2001). A previous study by Barrandon and Green
(1987) found that human keratinocytes are varied in their ability for self-renewal,
and can generate three types of cell colony: holoclones, meroclones and
paraclones which have the greatest, intermediate or non-proliferative potential
respectively. The authors concluded that holoclones in vitro might be stem
progenitor cells in vivo (Barrandon and Green, 1987).

The characteristics of stem cells isolated from adult tissue are defined by high
plasticity and that they are amenable to differentiation to different cell types (Blau
et al., 2001). These cells also express specific stem cell surface markers, including
CD44, CD24 (Mani et al., 2008), CD29, CD166, CD106, CD105,CD34, a6-
integrin, B1- integrin and CD34 (Tumbar et al., 2004). It has been previously
reported by Kaya et al. (1997) that the transmembrane glycoprotein CD44 is one
of the main stem cell-surface receptors for hyaluronic acid in skin, serving as a

regulator of keratinocyte proliferation (Blacking et al., 2011).
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In addition, CD44 is involved in self-renewal and differentiation as well in signal
transduction in cell migration and cancer progression (Williams et al., 2013).
Furthermore, CD44 participates in establishing regular signals by binding ligands
associated with actin microfilaments or receptor tyrosine kinases and also acts as a
co-receptor with tyrosine kinases (Ponta et al., 2003).

Recently, researchers have shown that purification of equine skin epidermis
provides the benefit of being able to purify cells with these characteristics — that it
is a potential source of stem cells which shows the ability to express stem cell
markers such as CD44, CD29, CD90, CD49f, p63, Casein kinase 23, and Ki-67,
as well as a low expression for K14 and negative expression for CD105, K18, Pan
CK and Wide CK (Broeckx et al., 2013, Borena et al., 2014). Other studies on
equine skin and lamellae confirmed that keratinocytes generate Ln-332 and
integrin o-6 as well as Hemidesmosome proteins, bullous pemphigoid antigen 1/2
and plectin (Visser and Pollitt, 2010).

Keratinoblasts are the stem progenitor cells in the epidermal basal layer of the
stratified epithelium (Bragulla and Homberger, 2009). Keratin proteins are the
main constitute of keratinocytes, comprised of intermediate filament (Bragulla
and Homberger, 2009). Keratins expressed in epidermal tissues are closely
associated with the differentiated state (Porter et al., 2000). They are encoded
through a multigene family of more than 50 genes that form part of distinct
developing pathways (Bragulla and Homberger, 2009, Ramms et al., 2013).
Several studies on equine epidermis have indicated that cytokeratin 14 (K14) and
(K5) are the major dominant keratin pair (Romano et al., 2009, Bragulla and
Homberger, 2009, Sharma et al., 2016). It has also been reported that additional

cytokeratins K15 and K19 may be expressed (Porter et al., 2000, Pinto, 2012).
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These are the essential keratins of all keratinocytes, particularly in the basal
stratified epithelium (Porter et al., 2000, Lloyd et al., 1995). These keratins are
synthesized in the basal layer of hair follicle, skin and nail in human (Waseem et
al., 1999), and in the coronary and lamellae of the equine hoof (Carter et al.,
2011). K14 is vital for the structure and function of the proliferation cells
(Romano et al., 2009). For example, the lack of K14 filaments in basal epidermal
cells causes epidermolysis bullosa simplex in humans (Chan et al., 1994).
Keratins 14, 5 and 15 as well 19 are expressed in basal epidermal tissues,
indicating that they are expressed in self-renewing progenitor stem cells. As these
cells start differentiate and move outward the levels of keratin expression changes.
For example, keratins 1 and 10 are expressed in the suprabasal cells of the
epidermal tissue and are hence considered as essential for post-mitotic
differentiation in stratification and cornification of the epithelium (Poumay and
Pittelkow, 1995, Bragulla and Homberger, 2009, Park et al., 2016). In contrast,
equine skin keratinocytes in terminal differentiation exhibit a distinct polyhedral
and flattened cornified morphology which expresses Involucrin, a marker of final
cell differentiation (Carter et al., 2011, Sharma et al., 2016) (Figure 4-1).
Therefore, the type and nature of specific keratin markers expressed by epidermal
cells determines a precise state of cell differentiation (Candi et al., 2005). This
heterogeneity of the cell population within the epidermis enables cell
characterization and helped to understand the dynamic process of growing tissue
(Taylor et al., 2000). Hence, the pattern of keratin protein expression offers a
useful tool for studying the progression of epithelial cell differentiation and cycles

of epithelial self-renewal (Candi et al., 2005, Eckhart et al., 2013).
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Figure 4-1: Schematic diagram illustrating the stages of epidermal skin epithelization

Basal keratinoblasts attach to an underlying basement membrane. Once they move from the
basement membrane, they start to cease cell division and strengthen their cytoskeletal structures by
+ve different keratins. As the cells move toward the terminal stages of differentiation, cell death
results in flattened squamous at the skin surface. This figure is adapted from (Fuchs and
Cleveland, 1998, Porter and Lane, 2003).

Oxygen could be one of the predisposing factor that accelerate cell differentiation
(Bath et al., 2013, Park et al., 2016), as responding and reacting to low oxygen is
vital for many physiological processes (Studer et al., 2000, Hubbi and Semenza,
2015). For example cell cycle and differentiation are essential such as wound
healing via activation of low oxygen-inducible factor 1a (HIF-1a) and generation
reepithelialisation (Rodriguez et al., 2008). HIF-1o induced to expression of
transcription factors that control stem cell renewal such as OCT4 as well as
changing cellular metabolism and inducing angiogenesis (Keith and Simon,
2007). In response to low oxygen, smooth muscle cells of the pulmonary artery
and myocytes of cardiac muscle are shown continuity to proliferate (Hubbi and
Semenza, 2015). In addition, low oxygen may lead to abnormal differentiation of
cell keratinocyte through inhibition of K1 and K10 production via HIF-
independent pathways (Park et al., 2016).
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The importance of low oxygen on hoof material synthesis, and therefore the
underlying cell differentiation of the keratinocytes have been indicated in the
pathology of laminitis (Pawlak et al., 2013). In equine cultured Kkeratinocytes,
some evidence has been indicated on a possible connection between the damage
in basement membrane and low oxygen via up-regulation of matrix
metalloproteinase-2 and -9 (MMPs) (Medina-Torres et al., 2011). Recently, a
significant elevation of HIF-1a expression in laminitis feet was shown (Gardner,
2015). However, to date it is unclear how progenitor keratinocyte cells respond to
low levels of oxygen and whether these are involved in laminitis.

The cytoskeleton of mammalian cells is composed of three types of filamentous
networks (Fuchs and Cleveland, 1998, DePianto and Coulombe, 2004). (1) The 6
nm actin filaments (F-actin) located directly beneath the plasma membrane is the
major constituent of filopodia and lamellipodia, and participates in the mechanical
resistance of cell stretching (Lulevich et al., 2010). (2) The 10nm intermediate
filaments (IF) are keratin filaments in most epithelial cells and participate in cell
integrity during mechanical strain (DePianto and Coulombe, 2004). (3) The 23nm
microtubules exist as composites in numerous cellular structures (Fuchs and
Cleveland, 1998). Many studies have confirmed that IF provide a malleable
intracellular scaffolding that enables the resistance to mechanical strain
exogenously applied to the cell (DePianto and Coulombe, 2004, Clayton et al.,
2007). Thus, such changes or modifications in the molecular structure of IF, for
instance mutation could be one of the coexisting factors that change this structural
framework and help to increase the potentiality of cell damage, as well as causing
a diversity of human disorders (Fuchs and Cleveland, 1998). Keratinocytes are

stiffer by 6-70 times than other cell types including fibroblasts, breast epithelial
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cells, neuronal cells or white blood cells, and this high strength and flexibility is
attributed to keratin IF networks within keratinocytes (Lulevich et al., 2010).
Other studies have shown that IF induce cell growth and morphology by
regulating protein production (Kim et al., 2006, Ramms et al., 2013).
Additionally, it has been demonstrated that mechanical stretching of human
keratinocytes induced cell proliferation via calcium influx and phosphorylation of
EGF receptor (EGFR) in addition to induction of K6 expression and reduction of
K10 expression (Yano et al., 2004). Furthermore, the compressions strain of
keratinocytes altered expression of keratin mutant i.e. (K125b) that is different
from normal keratin K14 (Lulevich et al., 2010).

Little however is known about the consequences and biophysics of stretch stimuli
on equine keratinocytes, especially those are epidermal coronary hoof region.
Mechanical stretching/hydrostatic pressure or compression forces can influence
hoof keratinocytes. Similarly, physiological hoof capsule renewal is achieved
through continued progenitor keratinocyte differentiation within the basal layer of
epidermal-specific tissue dermal papillae (Daradka and Pollitt, 2004, Eurell and
Frappier, 2013). However, in chronic pathological cases such as chronic foot
lameness/laminitis (Carter et al., 2011) and chronic coronary wounds, the
endogenous healing mechanisms might be inadequate. Therefore, isolation and
purification of EPKs might be valuable in the treatment of these hoof diseases.
However, very few studies are available on the isolation and purification of EPKs
(Broeckx et al., 2013, Borena et al., 2014) or from equine hoof lamellae (Pinto,
2012, Visser and Pollitt, 2010) using cell culture. In addition, very few methods
are established to optimize the processes to enable prolonged growing of

keratinocytes from equine epidermis for instance lamellae (Visser and Pollitt,
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2010). Keratinocytes within the epidermal tissue are constantly under physical
strains such as hydrostatic/shear pressures, and compression/tension strains
(Lulevich et al., 2010). Cells can adapt to this dynamic force through changing
their behaviour and modifying their microenvironment. They also respond to
these strains through mechanoreceptors and counter strains by using reverse
actomyosin and cytoskeletal-dependent cell-generated force (Butcher et al., 2009).
The cellular response during biophysical stimulation is described recently by

Barnes et al. (2017) (Figure 4-2).

Biophysical stimuli Mechanoreceptor Morphological changes Cellular response
@:-- ;; B ====p 5 proliferation
) . » Migration
o0 Integrin » Orientation /Elongation
5\
e
o
oxe®

®:-- T S > Migration
\%ﬁ@, Orientation /Elongation

Compression

V [ IET %\iai\%\g =susp > Proliferation

Growth factor

Shear force receptors
Cytoskeleton
rn : ),"Sm @ Migration
Otic : ) : Proliferation
""9ssu,.e :G-protein ] Apoptosis
:coupled
- receptors

.................

Figure 4-2 : Schematic diagram illustrates cells response for biomechanical stimuli

This diagram adapted from Barnes et al. (2017).

Outlining the role of mechanical signalling on progenitor keratinocytes lining the
dermal papillae and their behaviour depends on exploring what participates in
generating force in the cell. This includes the mechanism in which keratinocytes
respond and integrate to external force signals within their cultured
microenvironment, and subsequently the mechanism that these cells utilize for

protein production in response to external force. Therefore, this chapter sought to
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expand on the current understanding of tensional strength in cell development and
differentiation in order to determine important areas for investigation.
Additionally, responding and reacting to different levels of oxygen is vital for
numerous physiological activities, of which cell cycle and differentiation are
essential. The pattern of keratin protein expression offers a useful tool for
studying the progression of epithelial cell differentiation and cycles of epithelial
self-renewal. The importance of how hoof grows, and understanding how the
coexisting factors might be involved in accelerate keratinocytes differentiation
being part of the pathology of laminitis.

To date it is unclear how progenitor keratinocyte cells respond to low levels of
oxygen and how these factors could be involved in laminitis, therefore they are
investigated. This study also proposed a novel method of epidermal progenitor
keratinocyte production for hoof diseases and tissue engineering. The aim of this
study was to establish progenitor stem keratinocytes in epithelial cell cultures and
to understand the biophysical mechanism of cell signalling. An additional aim was
to investigate cell type characterisation in these cell cultures and to assess the
regulation of HIF-1a and the transcription and expression of different keratin
proteins in equine progenitor keratinocytes incubated in high oxygen or low
oxygen conditions. Understanding equine hoof diseases is typically a big
economic problem for breeders; therefore this work aims to help generate
methodologies and comprehension of the systems involved. These diseases are
also highly complicated due to limited information about the disease prognoses,
and the lack of understanding of hoof growth. Therefore, progenitor keratinocytes
could be used for physio-pathological research and understanding of such diseases

is a valuable starting point in tissue engineering applications.
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4.2 Hypothesis

The overarching hypothesis for this chapter was that equine progenitor
keratinocytes at the basement membrane may initiate or adapt their behaviour via
increased cell proliferation/differentiation following a change in biophysical
forces. This was defined and subdivided into mini hypothese for the different
experiments:

1. Blocking actomycin contractility (F-actin microfilaments) via blebbistatin
decreases cell proliferation and commitment of cells to differentiation.

2. Progenitor keratinocytes isolated from the dermal papillae are pluripotent.

3. A model of cultured keratinocytes under different stresses such as stretch,
hydrostatic ~ pressure  and/or low oxygen levels increases
proliferation/differentiation, and upregulates keratin levels, leading to
changes in morphology and cell surface area.

4. Stretching cultured keratinocytes imitates the stress borne from cells
changing their size thus applying a tension on the papillae resulting in
decreased cell differentiation.

5. Hoof growth is involved in laminitis via increased hyper-proliferative

responses which is induced by insulin via Akt pathways

4.3 Aim and objectives

The introduction has shown many factors in vivo/in vitro that may affect cell
behaviour. The aim was to determine the behaviour of EPKs
(proliferation/differentiation) in vitro and provide a distinctive method to examine
hoof pathologies related to keratinocytes function under biophysical stimuli such

as stretch/hydrostatic pressure. In addition, the low level of oxygen in equine
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cultured keratinocytes may provide a tool for better understanding the
pathophysiology of equine laminitis (insulin mediated vasoconstriction).

For these objectives, concentrating on the behaviour of equine progenitor
keratinocytes isolate from the coronary dermal papillae of the equine foot,

different parameters were tested using the following techniques:

1. Cell pluripotency was assessed using immunofluorescence stem cell
marker CD44 and keratin marker K14.

2. Alizarin red stain was utilised for detecting the cell differentiation into
osteoblasts.

3. Cell contractile system was assessed via blocking with blebbistatin and
measuring cell proliferation using Ki-67 labelling and cell differentiation
with keratin marker K14 and K10.

4. Under hydrostatic pressure, stretch and/or low oxygen levels, cell
proliferation was measured by labelling with Ki-67 and cell differentiation
with keratin marker K14 and K10. Both immunofluorescence and Western
blot were used. For low oxygen levels (5%), RNA levels were quantitated
with real time PCR.

5. To measure cell proliferation under insulin incubation at a concentration of
0.1pg/ml (=2400uU/ml) similar to that needed to induce acute laminitis in
live horse (>1036uU/ml) (Reeves et al., 2001, Asplin et al., 2007, De Laat
et al., 2010), immunofluorescence and Western blot were used to examine

the pathways of cell proliferation.
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4.4 Results

4.4.1 Phenotypic characterisation of cultured progenitor keratinocytes

A number of optimisations were carried out until coronary equine progenitor
keratinocytes (EPKSs) were successfully isolated from the coronary epidermal
tissue using a double enzymatic digestion method (trypsin and collagenase). The
optimised method enabled the separation and extraction of the cells that attached
to the dermal papillae, as described previously in detail in Chapter 2.10.
Epidermal keratinocytes were completely separated and detached from the
underlining dermal tissue. Figure 4-3, the dermal papillae were easy to observe
and were dissected away clearly without any attachment (Figure 4-3D). As a
consequence, mechanical methods including the use of fine forceps were applied

to remove the epidermis without the inclusion of other dermal debris.

Figure 4-3: Schematic diagram showing the area of interest for isolation EPKs

A) Equine hoof showing (a) the area of coronary region that was extracted. B) lllustrates the
coronary region that was removed (al) and the dermal papillae (pa). C) Shows the location of the
dermo-epidermal junction (de) including the epidermal tissue (ep) and the dermal papillae (pa). D)
Represents the complete separation of the epidermal tissue (ep) from the dermal tissue (de) which
contains the finger like projections of the dermal papillae (pa) following incubation in 0.25%
trypsin-EDTA for 18hrs.

Following the second enzymatic digestion with collagenase, homogeneous
mixtures of cells were yielded, mostly containing keratinocytes from basal and

suprabasal cells in addition to melanocytes (containing black pigmentation). The
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isolated EPKs were seeded at a density of 5x10° cells/cm? onto the collagen
coated plate surface and attached within 10min (Figure 4-4A). A number of cells
were observed to be unattached with a spherical shape which persisted in their
detachment post seeding for at least 24hrs. Those cells were removed during the
first change of culture medium.

24hrs after seeding, the cultured EPKs were observed as they divided and formed
small colonies of closely packed keratinocytes. Some observed EPKs grew as
small epidermospheres (Figure 4-4A&B). The early stage of the cell growing and
increasing in number was visible by the presence of cobblestone cells which could
be detected in all cultures as early as 24hrs (Figure 4-4B). The present study
indicated that the attached cells continued to grow relatively constantly during the
first 1-10 days. These results indicated that most of the sphere of EPKs formed
sustained their phenotype and were efficient in generating further generations of

EPK cell lines.
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Figure 4-4: Sphere development in equine progenitor keratinocytes (EPKSs)

EPKs from the coronary region were seeded and cultured in growth medium to illustrate the early
stage of cell cycle. A) Shows the early stage of cell cycle after 12hrs. B) Indicates an increase in
the number of cells after 24hrs and this augmentation becomes more obvious in image (C). D)
EPKs appeared as cobblestone-shaped cells, the black arrow shows a division between cells. (E)
Melanin pigmentation (red arrow) in melanocytes was visible. F) Sphere formation and the
appearance of keratinocytes as islets of cobblestone-shaped cells. Scale bar represents 200um.

The current study revealed that EPKs developed small colonies on day 2, shown
by the small spheres characteristic of the cobblestone morphology (Figure 4-5).
Additionally, it can be seen from (Figure 4-4) that cell division was taking place
between day 1 and day 10. Indeed, epidermosphere development started within
the first 24hrs and was clearly visible, encompassing 3—10 small cobblestone
shaped cells (Figure 4-4). The size of these initial colonies and spheres expanded
with time and exhibited the morphology of cobblestones (Figure 4-5). On day 2,
EPKSs colonies appeared as small patches of cells that increased in size by day 6
(Figure 4-5F). Colonies expanded outward such that by day 10, they were fused to
create large, sporadically shaped colonies (Figure 4-5). Isolated spheres of cells
could be seen on day 7-11. Cell confluence reached 90% at approximately 11 days

post-seeding.
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Figure 4-5: Growing and expansion of equine progenitor keratinocytes (EPKSs)
Photomicrographs were taken every day over a period of 10 days to monitor cell expansion and
growth. A) After 24hrs cells were attached to collagen-coated culture flask. B) After 48hrs
epidermosphere development (black arrow), was observed. This expansion appeared clearly over
time (C) 3 days, (D) 4 days, (E) 5 days, (F) 6 days, (G) 7 days and (H) 8 days, whereas (I) at 10
days. Scale bar represent 200um.

Figure 4-6A shows the first phenotype that determines how cultured keratinocytes
packed densely into dark spheres were relatively small in size. These structures
represent the epidermosphere, and cells surrounding these spheres had the
characteristic features of cobblestone and flattened shaped cells. These were
further seeded, cultured with serially passages undertaken (Figure 4-6A), while
the second cell phenotypes were grown for 3-6 days then differentiated. Third
phenotypes were small and flattened and quickly terminated growth and could not
be subcultured, thus both the second and third phenotypes were excluded from the

experimental study and only cells with the first phenotype that had the ability to

be pluripotent were retained.
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Figure 4-6: Epidermosphere showing the source of EPKSs increase growth

A) Epidermospheres were spread on cultured keratinocytes (red arrows). Scale bar represents
200pm.
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4.4.2 Immunostaining of cultured EPKSs spheres

Further investigation confirmed that the spheres observed were EPKs. Primary
cells cultured were categorised based on morphological appearance by
immunofluorescence staining. Cultured EPKs were labelled using cytoskeletal
protein K14 distinctive for epithelial cells in order to identify primary
keratinocytes, CD44 a stem cell marker and Ki-67 a proliferation marker. EPKs
were also stained with F-Actin against microfilaments to label the overall
structural morphology of cells. Almost all EPKs were positively labelled for the
stem cell surface marker CD44, K14 and Ki-67. All the antibodies were assessed
for cross-reactivity in the negative control via immunofluorescence. The EPKs
were characterized by immunostaining with antibodies against CD44 and F-Actin
(Figure 4-7). EPKs appeared as three dimensional, exhibiting the phenotypical
sphere form and providing a representation of the distinct borders of the
cobblestone shaped cells. Additionally, the expression of K14 in cultured cells

confirmed that the established culture system were EPKs (Figure 4-7).

Figure 4-7: Epidermosphere identification with immunofluorescence staining

A,B) Fluorescent images of EPKs identified with F-Actin and K14 (green colour) and CD44 (red
colour). White arrows point islets of cobblestone-shaped cells/ grapes-shaped cells. Scale bar
represents 50um.
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4.4.3 The role of blebbistatin on the spreading of EPKs

The previous figure demonstrates that cells did not spread readily on their
substrate once the culture started, which may be related to the presence of tension
stress across the EPKSs. In order to investigate the precise role of F-actin (or non-
muscle myosin Il filaments (NNMII)) a well-known component of cell tension in
cell spreading, blebbistatin was used to promote tension-free EPKs. EPKs were
cultured on a coated collagen plate surface and treated with 20uM blebbistatin for
various times (1day, 3days, 5days), while controls were untreated. Non-treated
EPKs did not show a strong cytoplasmic expansion, while the blebbistatin-treated
EPKSs exhibited variations in EPKs morphology after 12hrs of treatment and were
observed to spread out (Figure 4-8A). These morphological changes demonstrated
the presence of branches with distinctive leading and irregular edges connecting
other neighbouring cells by day 3 (Figure 4-8B). Untreated cells were rounded
with minimal extension (Figure 4-4). After 3-5days treated EPKs were less
branched and did not present with cytoplasmic extensions between spheres. These
observations highlight the role of F-actin and cellular tension of EPKs which is

naturally present.
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Figure 4-8: Cytoskeletal organization of the contractile system in EPKs treated with bleb.

EPKs incubated with 20uM blebbistatin show the early stage of inhibition of non-muscle myosin
I (NMII). (A) Indicates that the EPKs have very long extensions (red arrow) after 12hrs. (B)
Ilustrates an increase in the number of cells after 24hrs, further illustrated after 48hrs (C). D)
EPKs showing long extensions between spheres (black arrow) at day 3. (E) Shows enlarged
epidermospheres connected to each other after 4days. (F) After 5days similar observation as in (E)
(black arrow). Scale bar represents 200um.

444 Assessment of the influence of blebbistatin on cytoskeletal EPKs

To determine the impact of blebbistatin on cytoskeletal K14 and stem cell CD44
protein expression EPKs were treated with 20uM blebbistatin, an inhibitor of
NMMII, for a period of time. The results obtained revealed that on day 1
blebbistatin induced alterations in cyto-morphological features of cell growth,
represented by the long extensions of cytoplasmic protrusions (Figure 4-9A+B).
Similarly, at day 3 these changes became observable, with cells appearing as a
mesh of flat membranous networks (Figure 4-9C+D). Incubation for 5 days with
blebbistatin however revealed that there were fewer cell extensions and that cells
exhibited morphological changes characteristic of cell differentiation (Figure 4-
9E+F). In comparison, non-blebbistatin treated cells did not show any extension

and these EPKs grew as cobblestone-shaped spheres. There were a significant
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differences between K14 and CD44 markers in the EPKs when blebbistatin was
used with regard to the control on day 1, 3 and day 5 (Figure 4-10A+B). Analysis
indicated that approximately 60% of relative expression levels of K14 and CD44
after 3 days in blebbistatin treated cells, an overall decrease (P<0.05). These
results revealed that CD44, K14/surface area were visibly decreased on day 3 and
5 (P<0.05) (Figure 4-10A+C), while results for the intensity of CD44,
K14/number of nuclei did not show any significant differences at day 3 and 5
(Figure 4-10B+D). However, cell surface areas of the treated cells was
significantly increased at day 3, and 5 in comparison to untreated control cells

(P<0.05) (Figure 4-10E+F).

1day control 1day blebb. 3days control 3days blebb. 5days control 5days blebb.

Figure 4-9: Cell marker expression in EPKSs in control and treated with bleb.

Immunofluorescence staining images presenting the expression of CD44 and K14 in control
conditions or following blebbistatin treatment. A) Shows control at 1 day with normal
epidermospheres without cytoplasmic extensions. B) Indicates the presence of cytoplasmic
extensions marked with white arrows. Cytoplasmic extensions become more evident in day three
(D) in comparison to control (C). A similar observation was concluded at day five (E) and (F).
Scale bar represents 50um.

172



Ramzi Al-Agele 2018 Chapter 4: Results

701
0.15 Control 2
H M siebbistatin S 601 Control
: f 50 .B\ebb\slatm
° S
£ 0.10 ]: F 404 *
< a
v £
3 * 2 307 ]: ]:
S
Zoo0s I 20
<
E L * 3 o 101
© i = W
0.00 I T 1 0 T I T

1day 3days sdays lday 3days 5days

707 control

0159 control
| M siebbistatin

M iebbistatin

K14 Fl/cell surface area

K14 Fl/cell surface area
o
S 2 S
@

50001 Control
M sicbbistatin

*
40004
*

30004
20004

I

p
10001
= -
0 T T T

1day 3days 5days

Control

Cell surface area (um?)

Blebbistatin

Figure 4-10: Graphs showing statistical analysis of EPKs treated or not with bleb.

(A, B) Significant variations were found between the intensity per surface area between control
and blebbistatin treated cells at day 1 and 3. (C, D) Show no significant difference between the
intensity per nuclei. (E) Displays a clear significant difference between the surface areas of the
control and treated cells at day 1, 3, and 5. This is also shown in (F). Statistical comparisons
between groups were analysed using One Way ANOVA, (* indicates P<0.05 vs control). N=3
animals, each in triplicate-10 micrographs, averaging 15 measurements/micrograph.

445 Expression and localization of inhibition myosin isoforms in EPKSs

When compared to the control (Figure 4-11A) immunofluorescence staining of
EPKs at day 1 treated with blebbistatin demonstrated that blebbistatin treatment
resulted in modifications in actin filament organization (filaments were not visible
compared to control) and cell attachments, and as a result exhibited changes in
cell morphology generating large dishevelled boundaries and elongated extensions
(Figure 4-11B). Similarly, at 3 days those changes were more obvious and were
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observed as a mesh of networks. However, incubation with blebbistatin for 5 days
resulted in fewer cell extensions. CD44 did not seem to be affected by blebbistatin
and was present at some localization at the cell boundaries. An example of actin
filaments organization and expression of CD44 at day 1 is given below. Addition
of blebbistatin for 24 hrs resulted in concentrating F-actin at the edge of cells that
was also strongly present in the membrane extensions joining cells, i.e.

lamellipodia and in finger-like protrusions, i.e. filopodia (Figure 4-11).

Control

Blebbistatin

Figure 4-11: Structural organization of the microfilaments in cells treated with bleb.

(A,B) Fluorescence photomicrographs of EPKs stained with F-actin and CD44 in untreated (A)
and 20uM blebbistatin treated (B) cells. F-Actin marked with white arrows was expressed and
formed filaments in control cells; in particular, wide distribution of F-Actin was detectable in (A)
but not filamentous detected in (B). Treated cells with blebbistatin did not show the formation of
filaments but the strong presence of F-actin at the edge of cells as well as within the membrane
bridge between cells (yellow arrow). (la) refers to lamellipodia and (fi) to filopodia. Scale bar
represents 50 pm.
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4.4.6 Assessment of EPKSs pluripotency during cell passages

Seeding on collagen coated culture flasks during the 1% and 2" passages (both 7-9
days) revealed that the cells initially in the spheres became dispersed and EPKs
reached 80% confluence at approximately 7-9 days. However, trypsinization and
re-plating after the second passage resulted in the subsequent differentiation of

EPKs (Figure 4-12+4-13).

1%t passage 2" passage 3 passage

DAPI

CD44

K14

Figure 4-12: CD44 and K14 expression in EPKs during cell passages

Immunofluorescence staining showing the expression of CD44 and K14 during cell passages.
Spreading of cells on the culture plate was clearly visible after the second passage including a drop
in CD44 intensity. Scale bar represents 50um.
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Figure 4-13: Ki-67 and K14 expression in EPKs during cell passages

Immunofluorescence staining illustrating the expression levels of Ki-67 and K14 during cell
passages. The level of Ki-67 was visibly decreased with time after the passages. Scale bar
represents 50pm.

The statistical analysis for assessing the expression of CD44 indicated (Figure 4-
14A), that CD44/cell surface area decreased in the 2™ and 3™ passages in
comparison to the 1% (P<0.05). However, the CD44/number of nuclei were similar
in the 1% and 2" passages but decreased in the 3™ passage (P<0.05) (Figure 4-
14B). Similarly, the same results were found for the intensity of K14 and Ki-67
/surface area or /number of nuclei (p<0.05) (Figure 4-14C-F). Finally, there was a
clear significant difference found between the cell surface areas in the 2" and 3"

passages in comparison to the 1% (P<0.05) (Figure 4-14G).
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Figure 4-14: Quantification of CD44, K14 and Ki-67 after EPKs passages

K14, CD44 and Ki-67 expression levels through cell passages. (A, B) represent the variations of
CD44 intensity per surface area and per nuclei between the first and subsequent passages. (C, D)
represent the variations of K14 intensity per surface area and per nuclei between the first and
subsequent passages. (E, F) represent the variations of Ki-67 intensity per surface area and per
nuclei between the first and subsequent passages. (G) A clear significant difference between the
surface areas of cell between passages was found. Statistical comparisons between groups were
analysed using One Way ANOVA, (* indicates P<0.05 vs 1% passage). N=3 animals, each in
triplicate-10 micrographs, averaging 15 measurements/micrograph.
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Further analysis were carried out using F-Actin labelling revealing that the actin
filaments where initially at the centre of cells after the first passage and at the
periphery of cells at the last (Figure 4-15A+B). Those results suggest that actin

organization and its dynamic are probably essential for full differentiation.

1t passage 2" passage 3rd passage

DAPI

F-Actin

[))
o
()
=
Figure 4-15: Immunofluorescence staining of F-Actin in EPKs during cell passages

Immunofluorescence images showing the localization of F-Actin filaments during cell passages. F-
actin is located toward the edge of the cells at passage 3 and the cytosols of those cells appear
devoid of F-actin. This was not observed for the 1% and 2™ passages. Scale bar represents 50pm.
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4.4.7 Osteogenesis of EPKs

Osteogenesis of isolated EPKs confirmed their pluripotency for differentiation
into osteoblasts. The results revealed that committed EPKSs to differentiation to
osteoblasts showed that the control and differentiation of cells were examined by
staining with Alizarin red stain (Figure 4-16A+B). It was found that osteogenic
cells had calcium deposition, which was stained with Alizarin red in the
osteogenic culture plate. The positive osteogenic cells appeared as clustered
rounded cells stained in red indicating calcium deposition. The results indicated
more than 89% of keratinocytes passed through osteogenesis at day 19, while a
lower percentage of 66% was shown at day 15 (Figure 4-16; P<0.05). The control

samples showed no staining indicating no calcium deposition.
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Figure 4-16: Photos and photomicrographs show osteogenesis of EPKs

(A, B, C, D, E, F) EPKSs differentiation into osteoblasts showing Alizarin stained cells (Last two
right rows in (A), right well in (B) magnified in (F) compared to control (E) 19days, the same at
15days in (D) compared to control (C). (G) More than 89% of cells are differentiated in the
osteogenic medium at day 19 while 66% at day 15. Scale bar represents 100um. Statistical
comparisons between groups were analysed using One Way ANOVA, (* indicates P<0.05 vs
control). N=3 animals, each in triplicate-15 micrographs, averaging 15 measurements/micrograph.
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4.4.8 The influence of hydrostatic pressure on EPKs

The next stage was to investigate whether alterations in cell morphology, cell
proliferation and cell differentiation were affected with continually applied
hydrostatic pressure (HP). Three pressure regimes were employed. The
atmospheric pressure set as the control one was at 99 Pa, the second at 495 Pa
while the third at 990 Pa, each for 1, 3 and 5 days.

The present study demonstrated that HP treatment altered in Ki-67 expression;
and K14 and K10 expressions; compare to normal cellular balance of force was
changed. Equine keratinocytes pressurized for 1, 3 and 5 days using pressure
values of 495 Pa and 990 Pa induced noticeable nuclear rounding and the
appearance of aggregation of cells similar to the presence of multinucleated cells,
as well as changing in overall cell size. The degree of multinucleation and the
repetitive increase cell surface area increased with increasing pressure and time.
Some cells separated from the coverslip under a pressure of 990 Pa for 5 days.

For adherent cells there was a clear and visible upregulation in the expression of
Ki-67 at 990 Pa on both day 3 and 5. At a pressure of 990 Pa, accumulation of
rounding nuclei labelled with Ki-67 was accompanied by a pronounced increase
in the expression of K14 and K10 compared to control values (Figure 4-17;
P<0.05). Pressurized cells at 990 Pa exhibited smaller nuclei and a filamentous
organisation of keratins (Figure 4-17C). This resulted in the creation of a dense

network of K14 surrounding each group of retracted nuclei.
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Figure 4-17: The impact of HP on Ki-67 and K14 expression levels

Immunofluorescence images of cell keratinocytes reveal a distinct distribution of Ki-67 and K14
under hydrostatic pressure. (A) Shows a clear expression of Ki-67 at the hydrostatic pressure
990pa at day 1 that is sustains and localized in the nuclei at day 3 (B) and day 5 (C). Similarly, (B)
and (C) indicated an increase in K14 at day 5 at the pressure of 990pa. Scale bar represents 50um.

Additional analysis was carried out in order to examine the cytoskeletal structure
and to assess the changes in the location and organization of F-actin filaments
caused by HP. The organization of actin filaments in cells at pressure of 495 Pa
and 990 Pa appeared to be similar to controls (Figure 4-18). However, it was
possible at day 5 under 990 Pa to distinguish a preferential localisation of F-actin
toward the edge of cells similar to what was seen using blebbistatin but to a much

lesser extent.
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Figure 4-18: Immunofluorescence showing HP effect on actin filaments

EPKs labelled with Ki-67 and F-actin markers. A visible, albeit modest, relocalisation of F-actin
toward the edges of the cells was observed at day 5 under high pressure. Scale bar represents
50pum.

The statistical analysis assessing the localization and expression of Ki-67 and
cytokeratin markers K14 and K10 in pressurized keratinocytes indicated in that
there was no statistically significant differences between the fluorescence
intensity of the treated cells and control cells at day 1 and 3 (Figure 4-19A-D;
P<0.05). However, there was a statistically significant difference found in the
upregulation of Ki-67 nuclear intensity at day 3 and 5 at 990 Pa (P<0.05) (Figure
4-19E). Similarly, a number of statistically significant differences were found of

the increase intensity per surface area and per nuclei for K14 and K10 (Figure 4-
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20; P<0.05) at day 5 under 495 Pa and 990 Pa. In addition, the same significant
results increase in the cell surface area were indicated between the cell surface
area under HP and control cells at day 1 under 495 Pa and 990 Pa, the same at day

3 and 5 under both pressures 495 Pa and 990 Pa (Figure 4-19F; P<0.05).
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Figure 4-19: Quantification the impact of HP on the expression of Ki-67, K14

A, B) Significant variations were found between the intensity of Ki-67 measured per surface area
and per nuclei of cells at day five as a function of the HP applied. (C, D) Significant variations
were found between the intensity of K14 measured per surface area and per nuclei of cells at day
five as a function of the HP applied. (E) Ki-67 was also measured per nucleus and it was found a
strong nuclear accumulation of Ki-67 at high HP overtime. (F) Identified a clear and significant
difference found between the surface area of control and pressurized cells at day 1, 3 and 5.
Statistical comparisons between groups were analysed using One Way ANOVA, (* indicates
P<0.05 vs 99 Pa within that day). N=3 animals, each in triplicate-10 micrographs, averaging 15
measurements/micrograph.
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Figure 4-20: The impact of HP on K14 and K10 expression levels

Immunofluorescence images of keratinocytes revealed a distinct distribution of K10 and K14 at
day 5 when HP was applied. A) A clear expression of K10 and K14 under hydrostatic pressure
(990Pa) was found at day 5. (B, C) Significant variations were found between the intensity of K10
measured per surface area and per nuclei of cells at day five as a function of the HP applied.
Statistical comparisons between groups were analysed using One Way ANOVA, (* indicates
P<0.05 wvs control). N=3 animals, each in triplicate-10 micrographs, averaging 15
measurements/micrograph. Scale bar represents 50um.

186



Ramzi Al-Agele 2018 Chapter 4: Results

449 Stretch cultured EPKSs

Three types of experiments were performed. First, stretched EPKs were incubated
for 24hrs with blebbistatin, followed by a media change to remove blebbistatin.
The second study was performed to investigate whether incubation of EPKs for
long period with blebbistatin had an influence on cell activity. Thirdly, stretch was

applied on EPKs without incubation with blebbistatin.

4491 Stretch of EPKs after incubation for 24hrs with blebbistatin

This study was carried out to determine the effect of mechanical force on isolated
EPKSs using collagen coated BioFlex plates and preincubation with blebbistatin for
24hrs prior to strain application. Knowing the strain and given the elestic modulus
of the cells it was possible to estimate a stretch ~50-70 kPa. In the present study
the influence of blebbistatin was clearly noticeable in stretched cells. It was found
that stretch force induces EPKs differentiation. Blocking of NMMII by 20uM
blebbistatin causes further cytoplasmic extension resulting in cells becoming
sparser. Immunostaining revealed obvious expressions of K14 and of the
differentiation marker K10 especially at day 3 (Figure 4-21). As expected, the
cytoskeleton networks were also disrupted (Figure 4-21). In contrast, non-
stretched cells appeared to have lower expression for both K14 and K10.

Statistical analysis were found a significant increases in the expression of K10 and
K14/number of nuclei at day 1 and 3 in stretched cells vs non stretched cells
(Figure 4-22B+D; P<0.05), however, the expression of K14 and K10/surface area
under stretch conditions were not significantly different from control group on

either day 1 or 3 (Figure 4-22A+C). Furthermore, a significant increase of the cell
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surface area was observed between stretch and control cells at day 1 and 3 (Figure

4-22E; P<0.05).

1day control 1daystretch 3days control 3days stretch

Figure 4-21: The impact of stretch force after incubated 24hrs with blebbistatin

Immunofluorescence images of cell keratinocytes revealed a distinct distribution of K10 and K14
throughout cell stretching. EPKs under stretch at day 1 shows little expression of K10 and K14,
whereas at day 3 obvious upregulation in the expression of both markers K10 and K14 between

control and stretch. Scale bar represents 50um.
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Figure 4-22: Quantification the expression of K14 and K10 under mechanical stretch

Fluorescent intensity per surface area or per number of nuclei for the differentiation markers K14
and K10 under mechanical stretch, after incubated 24hrs with blebbistatin. (A, B) Significant
variations were found between the intensity of K10 measured per nuclei at day one and three as a
function of the stretch applied. Similarly, (C, D) significant variations were found between the
intensity of K10 measured per nuclei at day one and three as a function of the stretch applied. F)
Identifies a clear and significant difference found between the surface area of control and stretched
cells at day 1 and 3. Statistical comparisons between groups were analysed using One Way
ANOVA with Post Hoc testing SPSS, (* indicates P<0.05 vs control). N=3 animals, each in
triplicate-10 micrographs, averaging 15 measurements/micrograph.

Additionally, the results of Ki-67 was detected in stretched and control cells at
day 1, while at day 3 there appeared to be little to no expression of Ki-67 (Figure
4-23). These results indicated that mechanical stretching induces keratinocytes
differentiation via increased expression of keratin proteins. Consequently, cells
appeared to form monolayer of differentiated cells under stretch in comparison to
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control. In addition, it was found that most cells expressed keratin at day 3, and
that they displayed a squamous-like appearance. Interestingly, cells were
detaching from the flexcell membrane at day 5 (not shown) suggesting a full
process of differentiation had been undertaken. However, a number of statistically
significant differences were found for the intensity of Ki-67/cell surface area
revealed a clear decreased in the expression of Ki-67 at day 3 in comparison to
day 1 (P<0.05) similarly, for the intensity of Ki-67/number of nuclei decreased at

day 3 in comparison to day 1 (P<0.05) (Figure 4-23B+C).
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Figure 4-23: The impact of stretch force on the Ki-67/K14, after being treated for 24hrs with
bleb.

Immunofluorescence staining and graphs illustrating the impact of mechanical force on the Ki-67
and K14 expression levels after incubated 24hrs with blebbistatin. A) A clear expression of Ki-67
and K14 under stretch was found at day 1. (B, C) Significant variations were found between the
intensity of Ki-67 and K14 measured per surface area and per nuclei of cells at day three under
stretch compared to control levels. Statistical comparisons between groups were analysed using
One Way ANOVA, (* indicates P<0.05 vs day 1). N=3 animals, each in triplicate-10 micrographs,
averaging 15 measurements/micrograph. Scale bar represents 50um.

Furthermore, to assess the expression levels of CD44 a Western blot assay was
performed. The results from quantification of CD44 indicated significant
differences (p<0.05) were found under stretched conditions at days 3 and 5 for the

expression levels of CD44. Two-fold increases in stretched cells were indicated in
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comparison to non-stretched cells. Stretch cells exhibited a strong band for CD44
(Figure 4-24).
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Figure 4-24: Quantification of the impact of stretch force on CD44 protein expression

Graphs show statistical analysis of Western blot protein expression levels after incubated 24hrs
with blebbistatin when normalized to dominant B-Actin protein. A) a clear band of protein
expression of CD44 at 82 kDa. B) Significant variations were found between the protein
expression levels of CD44 measured at day three and five as a function of the stretch applied.
Statistical comparisons between groups were analysed using One Way ANOVA, (* indicates
P<0.05 vs control). N= 3 animals, each in triplicate.

4492 Stretch of EPKSs incubated with blebbistatin

To investigate whether applying mechanical stretch while blocking F-actin have
an impact on cell proliferation/differentiation, cells were incubated with
blebbistatin and a stretch was continuously applied for 1, 3 and 5 days. These
results revealed that the cells were indeed affected by the addition of blebbistatin
in comparison to non-stretched cells. Blebbistatin incubation triggered
differentiation (Figure 4-25), whereby keratin 14 expressions increased in
stretched cells, in contrast to the control cells. Cells detached from the silicon
substrate around day 5 making it impossible to collect cells and acquire results. It

is apparent from Figure 4-25 that the influence of blebbistatin becomes more
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obvious when incubated for longer than 3 days. Cells under stretch were forming
monolayer of differentiated cells when compared to control cells. In addition,
most cells expressed Kkeratin at day 3, structure appearance, similar to
keratinization. As cells also detached from the silicon membrane at day 5 it was
not possible to carry out analyses. A number of statistically significant differences
were found nonetheless regarding K14 per surface area or per number of nuclei at
day 1 and 3 (Figure 4-26C+D; P<0.05). Similarly, the same significant results was
found regarding the cell surface area that increases under stretch compared to
control cells at day 1 and 3 (Figure 4-26G; p<0.05). However, there was no
significant differences for the levels of Ki-67 and K10 per surface area or per
nuclei under stretch conditions (Figure 4-26A+B &E+F) except decreases was

found in the expression of Ki-67 per surface area at day 3 (Figure 4-26A, p<0.05).
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Figure 4-25: The impact of stretch force on Ki-67 and K14 expression levels

Immunofluorescence images of cell keratinocytes reveal a distinct distribution of K14 and little
expression of Ki-67 after incubated all time with blebbistatin. Scale bar represents 50pum.
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Figure 4-26: Quantification of Ki-67, K14 and K10 expression under stretch force

Fluorescent intensity per cell surface area or per number of nuclei for the proliferation marker Ki-
67 and cytokeratin K14 and K10 under mechanical stretch after incubated all time with
blebbistatin. (A, B) A significant variations were found between the intensity of Ki-67 measured
per nuclei and per surface area of the cells except at day three when the intensity per surface area
was considered significantly different. However, (C, D) significant variations were found between
the intensity of K14 measured per nuclei and per surface area of the cells at day one and three as a
function of the stretch applied, while (E, F) no significant variations were found for the expression
of K10 per surface area of cells and per nuclei. G) Identifies a significant difference between the
surface area of control and stretched cells at day 3. Statistical comparisons between groups were
analysed using One Way ANOVA, (* indicates P<0.05 vs control). N=3 animals, each in
triplicate-10 micrographs, averaging 15 measurements/micrograph.
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Further analysis was carried out labelling F-Actin to reveal actin filaments
organisation. Initially at the centre of cells at day 1 for both the control and stretch
experiments, F-actin is found more predominantly at the periphery after 3 days
under stretch conditions, and to a lesser extent, under control conditions (Figure 4-
27). Those results suggest that actin organizations and its dynamics are probably

essential for full differentiation.

1day control 1ldaystretch 3days control 3days stretch

Figure 4-27: The impact of stretch force on F-actin in EPKs incubated with blebbistatin

Immunofluorescence images showing the localization of F-Actin filaments at days 1 and 3. F-actin
was located towards the edge of the cells at day 3. Scale bars represent 50um.
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4493 Stretch of EPKs without blebbistatin

This study was carried out without incubation with blebbistatin for 1-3 days. The
results revealed that there were no difference in the expression of K14 between
stretched and control cells on any day (Figure 4-28). However, Ki-67 expression
decreased significantly under stretch when compared to control levels in both cell
surface area on day 3 and the number of nuclei on days 1 and 3 (Figure 4-29A+B;

P<0.05).

1day control 1daystretch 3days control 3days stretch

Figure 4-28: The impact of stretch force in the absence of blebbistatin

Immunofluorescence images of cell keratinocytes revealed little Ki-67 and K14 expression levels
following stretch application. Scale bars represent 50um.
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Figure 4-29: Quantification of Ki-67 and K14 expression under mechanical stretch

Fluorescent intensity per surface area or per number of nuclei for the proliferation marker Ki-67
and cytokeratin K14 under mechanical stretch. (A, B) Significant variations were found between
the control and stretch regarding the intensity of Ki-67 measured per nuclei and per surface area of
the cells at day three. (C, D) No significant variations were found in K14 measured, similar (E) no
changes in the cell surface area. Statistical comparisons between groups were analysed using One
Way ANOVA, (* indicates P<0.05 vs control). N=3 animals, each in triplicate-10 micrographs,
averaging 15 measurements/micrograph.
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4.4.10 Stretch of EPKs after 10 days of culture

Keratinocytes were subjected to 50-70k Pa stretch for 1, 3 and 5days.
Immunofluorescence staining indicated noticeable expressions of K14 (Figure 4-
30) and differentiation marker K10 (Figure 4-31) in stretched cells evolving with
time. In contrast, non-stretched cells had low expression levels for both K14 and
K10. The proliferation marker Ki-67 was detected in stretched and control cells at
day 1, while at days 3 and 5 they showed little to no expression of Ki-67 (Figure
4-30). These results suggested that stretch promotes keratinocytes differentiation.
Consequently, cells under stretch appeared to form a better monolayer of
differentiated cells in comparison to control cells. In addition, it was found that
most cells expressing keratin at day 1, 3 and 5 did not display the squamous-like

appearance.
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Figure 4-30: The impact of stretch force on Ki-67 and K14 expressions after 10 days culture

Immunofluorescence images of keratinocytes reveal a distinct distribution of K14 and little to no
expression of Ki-67. Scale bar represents 50pum.
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Figure 4-31: The impact of stretch force on K10 and K14 expressions after 10 days culture

Immunofluorescence images of cell keratinocytes reveal a distinct distribution of K10 and K14
when cells are stretched. Scale bar represents 50um.

Staining with F-actin indicated the appearance of stress actin filaments after
continuous stretch for 5 days. However their organization differed being located
toward the edge of cells for the control and with a less smooth and punctuated

appearance for the stretched cells (Figure 4-32).

1day control 1day stretch 3days control 3days stretch 5days control 5days stretch

Figure 4-32: The impact of stretch force on F-Actin filaments after 10 days culture

Immunofluorescence images showing the localization of F-Actin filaments at day 1, 3 and 5. F-
actin was redistributed under stretch. Scale bars represent 50um.
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A number of statistically significant differences were observed regarding
upregulation of the intensity per cell surface area and per nuclei for Ki-67, K14
and K10 at days 1, 3 and 5 under stretch (Figure 4-33A-F; P<0.05). However, no
significant results were indicated between the cell surface area under stretch and
control cells at day 1, 3 and 5 (Figure 4-33G).

The results indicated in this experiment were different from the previous one that
were performed on isolated cells and stretched immediately. These differences
included that cells were quick to differentiate/ increase in cell surface area when
treated with blebbistatin after being incubated for 24hrs/all the time. While
changes were not shown when treated with blebbistatin. However, the impact of
mechanical stretch on 10 days cultured cells indicated by increasing in keratin

expression in stretch vs control and was not shown increases in cell surface area.
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Figure 4-33: Quantification of Ki-67, K14 and K10 expression under stretch, after 10 days
culture

Fluorescent intensity per cell surface area or per number of nuclei for the proliferation marker Ki-
67 and cytokeratin K14 and K10 under stretch. (A, B), (C, D) and (E, F) Significant variations
were found between the intensity of Ki-67, K14 and K10 measured per cell surface area and per
nuclei of cells at day 1, 3 and 5 as a function of the stretch applied. However, (G) identified no
significant differences between the surface area of control and stretched cells at days 1, 3 and 5.
Statistical comparisons between groups were analysed using One Way ANOVA, (* indicates
P<0.05 wvs control). N=3 animals, each in triplicate-10 micrographs, averaging 15
measurements/micrograph.
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To assess the expression levels of K14 and CD44 when stretch was applied, a
Western blot assay was performed at days 1, 3 and 5. Stretch cells exhibited a
strong band for K14 at 55 kDa and significant increases were found under
stretched at day 1, 3 and 5 and the expression level of K14 was three times higher
in stretched cells in comparison to non-stretched cell with a significant difference
(p<0.05) at those days (Figure 4-34). However, no significant differences were
found for protein expression level for CD44 between the days or stretched and

control cells.
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Figure 4-34: Quantification of K14 and CD44 protein under stretch after 10 days culture

Graphs show statistical analysis of Western blots when normalized to B-Actin. A) A clear band of
protein expression of K14 at 55 kDa. B) Significant variations were found between the protein
expression levels of K14 measured at day 1, 3 and 5 as a function of the stretch applied, while (C,
D) no significant variations were found between control and stretch groups for CD44. Statistical
comparisons between groups were analysed using One Way ANOVA, (* indicates P<0.05 vs
control). N= 3 animals, each in triplicate.

202



Ramzi Al-Agele 2018 Chapter 4: Results

4411 EKPs assessment under different oxygen levels

The immunostaining results from incubated keratinocytes under low oxygen
conditions revealed clear expression of hypoxia inducible factor-1o. (HIF-1a) and
differentiation marker K10 under the low oxygen condition of 1% O,. The
fluorescent intensity of both HIF-1a and K10 increased with time, indicating cell
differentiation on day 3 and 5 (Figure 4-35). In contrast, in high oxygen condition
cells appeared to have lower expressions for both HIF-1a and K10. Additionally,
a double labelling of HIF-1a and Ki-67 (Figure 4-36) demonstrated an increase in
the expression of Ki-67 at day 5 under the low oxygen condition of 1% O, (Figure
4-37). Finally, double labelling of K14 and K10 showed that both cytokeratin

markers increase under low level of O, over time (Figure 4-38).

1day 20% O, 1day 1% O, 3days 20% O, 3days 1% O, 5days 20% O, S5days 1% O,

HIF _la K10 DAPI

Merge

Figure 4-35: The impact of low oxygen levels on HIF-1a and K10 expression

Immunofluorescence images of cell keratinocytes reveal a distinct distribution of HIF-1o and K10
under low oxygen condition 1% O, from day 3. Scale bar represents 50um.
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1day 20% O, 1day 1% O,

3days 20% O, 3days 1% O, Sdays 20% O, 5days 1% O,

Figure 4-36: The impact of low oxygen levels on HIF-1a and Ki-67 expression

Immunofluorescence images of cell keratinocytes reveal a distinct distribution of HIF-10 from day
1 and little expression of Ki-67 under the low oxygen condition 1% O,. Scale bar represents 50um.

5days 20% O, 5days 1% O,

DAPI

Ki-67

K14

Merge

Figure 4-37: The impact of low oxygen levels on K14 and Ki-67 expression

Immunofluorescence images of cell keratinocytes revealing the nuclear localisation of Ki-67 under
low oxygen condition 1% O, at day 5. Scale bar represents 50um.
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1day 20% O, 1day 1% O, 3days 20% O, 3days 1% O, 5days 20% O, 5days 1% O,

K14 K10 DAPI

Merge

Immunofluorescence images of cell keratinocytes revealed a distinct distribution of K14 and K10
under low oxygen condition 1% O, from day 3. Scale bar represents 50um.

Further investigation on the role of stem cell marker CD44 under low oxygen
revealed that the expression of CD44 under 1% O, level is decreased but that the
expression level of K14 increases (Figure 4-39). Additionally, most cells

expressed keratin at day 5 and showed a squamous-like structure.

1day 20% O, 1day 1% O, 3days 20% O, 3days 1% O, 5days 20% O, 5days 1% O,

K14 CD44 DAPI

Merge

Immunofluorescence images of cell keratinocytes revealed a distinct distribution of CD44 and K14
under low oxygen condition 1% O,. The expression level of CD44 dropped under low oxygen
whereas the level of K14 expression increased under similar low oxygen conditions (both
compared to control levels). Scale bar represents 50um.
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A number of statistically differences were found regarding the fluorescence
intensity per cell surface area and per number of nuclei. The results in the
intensity of HIF-1a/surface area were increased at day 1, 3 and 5 under 1% O,
levels, the same at day 1 and 3 under 3% O levels, while at 5% O, shown only at
day 1 (Figure 4-40A P<0.05). HIF-1o/number of nuclei were increased at 1%, 3%
and 5% O, levels at day 1,3 and 5 (Figure 4-40B; P<0.05). Additionally, Ki-
67/surface area was increased at day 1 and 3 under 3% and at day 5 under 1% O,
levels under low oxygen conditions vs high oxygen conditions (Figure 4-40C;
P<0.05). Similar results were found regarding the fluorescence intensity per nuclei
for Ki-67 under low oxygen conditions 1% and 3% O; levels at day 1, 3 and 5
(Figure 4-40D; P<0.05).

Furthermore, K10/surface area was increased at day 3 and 5 only under 1% O,
levels (Figure 4-40E; P<0.05) and decreased at day 1, 3 and 5 under 5% O
Similar results were found regarding the fluorescence intensity per nuclei for K10
under low oxygen conditions 1% at day 1, 3, 5 and, under 3% O levels at day 3
and 5 (P<0.05), while no difference were measured under 5% O, levels (Figure 4-
40). Finally, K14/surface area was increased at day 3 and 5 under 1% and 3% O,
levels (Figure 4-40G; P<0.05). Similar results were found regarding the
fluorescence intensity per nuclei for K14 under low oxygen conditions 1% and
3% O, at day 1, 3, 5 (P<0.05), while no differences were measured under 5% O,
levels (Figure 4-40H). However, increased cell surface area over time were
measured under 1% and 3% O, low oxygen conditions at day 1, 3, 5, while were

measured only at day 3 and 5 under 5% O, level (Figure 4-401; P<0.05).

206



Ramzi Al-Agele 2018

Chapter 4: Results

o
o
®

N

0.04 4

0.024

HIF-1a Fl/cell surface area

o
o
=3

1

%

20-21% O,
M 1% o0,
M s%o,
M s%o,

lday

o

S

03
>

0.087  20-21% O,
Mi%o,
W s%o,
006 1 556 0,

0.044

0.024

Ki-67 Fl/cell surface area

sdays

lday

0.089 20-21% O,

W% o,
M s%o,
0.064 M 5% o0,

K10 Fl/cell surface area
o o
o o
~ IS
" L

o
o
o

I

sdays

-

a

o
<

0087 Top o,
M 3% o,

0.06 M s%o0,

o

o

)
L

K14 Fl/cell surface area
o
=)
IS
L

20-21% O,

5days

1000+

o
o
=)

L

Cell surface area (-mz)

5days

lday

5days

K10 FI/number of nuclei
Ki-67 Fl/number of nuclei

K14 FIl/number of nuclei

601

20-21% O,
Wi%o,
Ws%o,
MWs%o,

404

20

1day 3days

20-21% O,
M 1% o0,
M 3% o,
Ws%o,

5days

1day 3days

20-21% O,
M 1% o0,
M 3% o0,
Ms%o,

sdays

404

201

lday 3days

20-21% O,
M i%o,
M s%o,
Ms%o,

S5days

lday 3days

5days

Figure 4-40: Quantification of HIF-1a, Ki-67, K10 and K14 expression levels under low O,

A, B & C, D) Significant variations were found between the intensity of HIF-1o and Ki-67
measured per nuclei at day 1, 3 and 5 with 1 and 3% O, while day 5 did not reveal any significant
differences for Ki-67. Similarly, (E, F & G, H) showed significant variations between the
fluorescence intensities of K10 and K14 measured per nuclei at day one and three as a function of
the stretch applied, while no significant variations were found under 5% O,. G) Identified clear
and significant differences between the surface area of cells between high 20-21%0O, and low
oxygen 1% O, at day 1, 3 and 5. Statistical comparisons between groups were analysed using Two
Way ANOVA (* indicates P<0.05 vs control 20-21% O,). N=3 animals, each in triplicate-10
micrographs, averaging 15 measurements/micrograph.
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Additionally, CD44 levels were decreased at day 1, 3 and 5 under 1% O, in

comparison to high oxygen condition (Figure 4-41A+B P<0.05).
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Figure 4-41: Quantification CD44 expression under 1% O,

Fluorescent intensity per surface area or per number of nuclei for the CD44 under low oxygen
condition 1% O,. (A, B) Significant variations were found between the intensity of CD44
measured per surface area and per nuclei at day 1, 3 and 5 on 1% O,. Statistical comparisons
between groups were analysed using One Way ANOVA, (* indicates P<0.05 vs control 20-21%
0,). N=3 animals, each in triplicate-10 micrographs, averaging 15 measurements/micrograph.

The results of Western blot indicated that cells incubated under low oxygen
exhibited a strong band for K14 at 55 kDa and significant differences under 1%
O, level at day 3 and 5 as the expression level of K14 was three times higher in
comparison to high oxygen cells (at 20-21% O, level) (Figure 4-42; P<0.05).
However, no significant differences were found for protein expression levels of

K14 at 3% and 5% O, levels.
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Figure 4-42: Quantification K14 protein expression under 1% and 5% O,

Graphs and Western blot representing the impact of low oxygen on the K14 protein expression
levels. H: low oxygen condition; N: high oxygen condition. A) K14 expression levels increase
under low oxygen condition and as time goes on. B) As expected significant variations were found
between the protein expression levels of K14 measured at day 1, 3 and 5 under 1% O,, while (C,
D) show no significant was found under 5% O,. Statistical comparisons between groups were
analysed using One Way ANOVA, (* indicates P<0.05 vs control 20-21% O,). N=3 animals, each
in triplicate.

4.4.11.1  Assessment the level of gene expression under 5% O,

While no detectable changes were observed under 5% oxygen levels as far as
protein expression was involved, there were noticeable changes in cell size that
may suggest that cells sense this low oxygen condition while not fully expressing
the protein over time. If this is the case, this means that the 5% oxygen levels may
represent a threshold level of low oxygen. In order to investigate this further,
additional experiments were performed to determine the mRNA levels of HIF-1a,
K14, K10, CD44, CD29, Integrin-a6, Involucrin and Vimentin-related genes,
under the low oxygen condition of 5% O, levels. The gel result for K14 is given
as an example (Figure 4-43). The band sizes of gene K14 were detected by

comparing with a 1 kb ladder.
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The results of MRNA quantifications are represented as fold-changes in HIF-1a,
K14, K10, Involucrin, CD44, CD29, Integrin-a6 and Vimentin with reference to
B-Actin and GAPDH as housekeeping genes. The data calculated with reference
to B-actin indicated that there were not significant differences in HIF-1a, K14,
K10, CD44, CD29, Integrin-a6, Involucrin and Vimentin-related genes overtime

between high oxygen and low oxygen conditions (Figure 4-44).
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Figure 4-43: PCR products of amplification K14 gene from EPKs

PCR image shows a clear band of K14 gene expression size 179bp.
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4-44: Quantification of gene expression levels under 5% O, conditions

are presented as fold-changes in mRNA levels of HIF-1a, K14, K10, Involucrin, CD44,
CD29, Integrin-a6 and Vimentin, which are calculated as the relative copy number (copy number
of gene of interest/normalisation factor). Statistical comparisons between groups were analysed
using Two Way ANOVA, (* indicates P<0.05 vs control 20-21% O,). N= 3 animals, each in
triplicate technically and practically.
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4.4.12 Assessment the impact of insulin on culture EPKs

The results obtained from measuring the fluorescence intensity of proliferation
marker Ki-67 and cytokeratin protein K14 revealed clear response with an
increase of Ki-67 and an increase expression of K14 as a function of time and
insulin concentrations (Figure 4-45). A number of statistically significant
increases were found for the fluorescence intensity per surface area and per nuclei
for Ki-67 and K14 at 2hrs, 8hrs, 24hrs and 48hrs in comparison to untreated cells
(Figure 4-46A-D; P<0.05). Furthermore, a significant increases in the cell surface
area was observed between the insulin-treated and untreated cells at 2hrs, 8hrs and

48hrs (Figure 4-46E; P<0.05).
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Figure 4-45: The impact of Insulin on Ki-67 and K14 expression levels

Immunofluorescence images of cell keratinocytes revealed a distinct distribution of Ki-67 and K14
incubated with 0.1ug and 1ug insulin/ml. At 24hrs expression of Ki-67 localized inside nuclei
were detectable with 0.1ug/ml and became more obvious with cells incubated with 1ug/ml. Scale
bars represent 50pm.
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Figure 4-46: The impact of different insulin doses on the expression of Ki-67 and K14

A, B) Significant variations were found between the intensity of Ki-67 measured per the cell
surface area or per nuclei at 2, 8, 24 and 48hrs while 30min and 1hr did not reveal significant
differences in Ki-67 expression levels. Similarly, (C, D) shows significant variations between the
intensity of K14 measured per cell surface area and per nuclei over time. E) Clear and significant
differences were found between the surface area of untreated and treated cells over time. Statistical
comparisons between groups were analysed using Two Way ANOVA GraphPad Prism 7, (*
indicates P<0.05 vs control within that time point). N=3 animals, each in triplicate-10
micrographs, averaging 15 measurements/micrograph.
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4.4.12.1 Assessment the PI3k/Akt pathway in cultured keratinocytes
treated with Insulin

The results of the Western blot showed a strong and a clear band at 60 kDa of the

phosphorylation status of PI3k/Akt proteins at 30min, 1hr and 2hrs in treated cells

vs untreated cells. This was found as an indicator for the pathway activation of

PI3K drives to phosphorylation of Akt pathway when compared with the band

observed in control cells with a significant difference at 30min, 1hr and 2hrs

(Figure 4-47; P<0.05).
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Figure 4-47: Quantification Akt protein pathway when treated with 1pg/ml insulin

Graphs show statistical analysis of Western blot when normalized to dominant B-Actin protein. A)
A clear band of protein expression of Phospho-Akt at 60 kDa. B) Significant variations were found
between the protein expression levels of Phospho-Akt measured at 30min, 1hr and 2hrs, similarly
(C, D) significant variations were found between control and treatment groups for Phospho-Akt
when normalized to Akt-PAN. Statistical comparisons between groups were analysed using One
Way ANOVA with Post Hoc testing SPSS, (* indicates P<0.05 vs control). N=3 animals, each in
triplicate.
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4.5 Discussion

Equine hoof disease is a multifactorial disease (Pollitt, 2004b, Heymering, 2010,
Katz and Bailey, 2012) that is a challenging to totally imitate with experimental
models. Therefore, understanding the behaviour of epidermal hoof wall
keratinocytes in vitro provides a promising model to examine this problematic
disease. The current findings of this study revealed that cultured keratinocytes that
were efficient at generating actively growing spheres and colonies can be purified
with the aid of high cell surface expression of stem cell markers CD44 and
cytoskeletal K14, as well as their quick adhesion to collagen type V. However,
although a number of studies investigated the isolation and characterization of
equine keratinocytes from skin (Dahm et al., 2002, Broeckx et al., 2013, Sharma
et al., 2016). This were others conducted on hoof (Visser and Pollitt, 2010, Pinto,
2012), none investigated whether the isolation of EPKs from coronary specific
region basal dermal papillae may result in biophysical or biomechanical responses
that might affect the growth rate of the hoof wall. Additionally, although
keratinocytes are the first cell line to encounter chemical, physical and biological
stresses, their role in responding to these stresses has not been entirely
characterised. The current study was designed to investigate the molecular
mechanisms  triggered in  keratinocytes in response to mechanical
physical/chemical stresses. This chapter in particular examined the cell behaviour
involved in proliferation and differentiation, which might have an impact on cell
morphology. This chapter is essential in the understanding of how EPKs at the

basement membrane initiate adaptive biophysical responses.
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It should be noted that the isolation and cultured equine hoof keratinocytes was
not as straightforward as other cell types in this thesis. Isolation was successfully
achieved by avoiding cell contamination, as the hoof is the biggest source of
microorganisms. The results of this study illustrated purification and
establishment of primary epidermal keratinocyte cell culture from epidermal
tissue (Figure 4-4), seeded on collagen coated plates. This result is supported by
earlier studies (Dahm et al., 2002, Broeckx et al., 2013), who utilised mechanical
and enzymatic methods to yield a great number of viable cells while avoiding
contamination. However, their study was conducted on equine skin with which it
Is more able to control contamination (Broeckx et al., 2013). Other similar studies
have been conducted on the equine hoof, but these investigations investigated
keratinocytes isolated from lamellae and not form the coronary region (Visser and
Pollitt, 2010, Pinto, 2012). One finding to emerge from the cultured EPKSs in this
study is that the adherent spheres and colonies were vary in size, growth and
morphology. Consequently, most of these primary cultured cells may contain both
the meroclones and holoclones found by Barrandon and Green (1987). An
alternative hypothesis is that these cells are paraclones, which displayed a short
replicative lifespan, and were therefore excluded from cell culture experiment.
This result could be explained by the fact that differences in growth heterogeneity
beside clonal expansion and self-renewal of the isolated keratinocytes become
main features of stem cells spheres, as described by Borena et al. (2014). The
findings presented in this chapter indicates that primary coronary keratinocytes
were cultured either directly or after first passages (9-11 days), as long as
appropriate medium and substrate environments were provided (Visser and Pollitt,

2010).
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The results of this study showed that equine hoof keratinocytes have a distinctive
cellular morphology and express intermediate filament keratin analogous to
keratin produced from human skin (Porter et al., 2000, Lloyd et al., 1995) or
human nail (De Berker et al., 2000). This morphology is also analogous to other
species, for instance bovine claw (Kvedar et al., 1986, Hendry et al., 2001, Mills
et al., 2009), ovine (Zhang et al., 2015) or murine (Tani et al., 2000). The purity of
cultured keratinocytes was confirmed and determined by K14 immunostaining the
primary cytoskeletal marker of the basal epidermal cell type, as performed in
similar studies on equine progenitor keratinocytes (Broeckx et al., 2013, Linardi et
al., 2015) as well as in human keratinocytes (Li et al., 1998, Webb et al., 2004).

The results of this study indicated a specific role for blebbistatin in the
organization of actin microfilaments, cell morphology and cell adhesions via
blocking non-muscle myosin 1. It has been reported that blebbistatin is one of the
important pharmacological methods in which to examine the role of myosin Il in
cells and tissues (Zhang and Rao, 2005, Limouze et al., 2004). EPKSs treated with
20uM blebbistatin for 1, 3 and 5 days showed visible changes in cell morphology
and completely blocked actin filaments in comparison with untreated cells,
without noticeable cytotoxicity (Figure 4-8). The dose used in this experiment has
been stated to inhibit mostly skeletal muscle myosin 1l and non-muscle myosin
filaments in vitro (Straight et al., 2003, Limouze et al., 2004, Zhang and Rao,
2005). The consequences of blebbistatin on EPKs in this study was the
modification of F-actin microfilaments and commitment to final differentiation
(Figure 4-11). However, little is known on how the inhibition of actin filaments
influences EPKs behaviour. The current findings demonstrated that continuous

incubation of EPK culture with blebbistatin decreased the growth rate and
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increased the commitment of cells to further differentiation, elongated
cytoplasmic extension and cell movements (Figure 4-9). These observations
corroborate with observations by Sarkar et al. (2009) who found that inhibition of
actin microfilaments with blebbistatin significantly increased keratinocyte
migration after 6 hrs, and that this effect was controlled by both MLCK and Rho-
kinase pathways. Additionally, the current findings were consistent observations
that Racl and Y27632 inhibition in stem human keratinocytes by reduces clonal
growth, and stimulates clonal conversion and terminal differentiation (Nanba et
al., 2013). Although cells treated with blebbistatin are stimulated and change in
cell movement, shape, diminished stress fibres, and prompted detachment in
primary cell cultures, their changes in shape in drug-perfused eyes were not
visible (Zhang and Rao, 2005). On the other hand, it has been reported that
blebbistatin could block differentiation without any effect on the cell cycle
(Straight et al., 2003, Engler et al., 2006). However, this effect could be due to the
individual epithelial migration detected in keratinocytes (Sarkar et al., 2009).
Inhibition of actin filaments by 20uM blebbistatin resulted in post
immunostaining with F-actin (Figure 4-11) in control cells. F-actin filaments were
labelled clearly at lamellipodia and stress fibres, whilst no staining was observed
in treated cells. These results are consistent with other study, which found that
actin filaments staining disappeared after treatment with 100uM blebbistatin
(Shutova et al., 2012). It can thus be suggested that blebbistatin induced EPKs are
demarcated by microfilament organization, which is involved in cell growth and
differentiation. There are, however, other possible explanations are based on the
fact that non muscle myosin Il able to attach to stressed conformation F-actin

microfilaments, comparative to non-stressed filaments (Uyeda et al., 2011).
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The results obtained from applied hydrostatic pressure (HP) on cultured
keratinocytes revealed that the cells pressurized under 495 and 990 Pa at day 3
and 5 had an influence on the morphological and biomechanical changes of cell
size. For instance, the organization of intermediate filaments, increased expression
of K14 and K10 at day 5 and multinuclei that observed in immunofluorescence
staining (Figure 4-17). These results match those detected in earlier studies that
the hydrostatic forces are responsible for the modification of endothelial and
nuclear shape, via actin and myosin filaments translocation in myofibrils (Sims et
al., 1992). Additionally, in this study HP promoted proliferation at day 3 and 5
under impact of 495/990 Pa via significant (P<0.05) expression of Ki-67 (Figure
4-19)/differentiation, and promoted expression of differentiation marker K10 at
day 5 (Figure 4-20). These results are in accord with current studies indicating
that mechanical stimuli via HP induces osteogenesis/chondrogenesis
differentiation and/proliferation of bone marrow stem cells by stimulating the cell
cycle (Liu et al., 2009, Zhao et al., 2015). The value of HP application suggests
that it could be used as an effective method for encouraging the biological activity
of keratinocytes, and that Ki-67 and cytoskeletal keratin could be utilized to
dynamically control the stress response of keratinocytes. Some studies also
revealed that intermediate filaments could undergo modification in reply to
mechanical force such as tensile stress/fluid flow (Knight et al., 2006).
Additionally, new evidence has suggests that osmotic-mechanical sensitive ion
channels have a potential role in the organization of stem cell differentiation that
transfer biophysical signals such as osmolality/temperature and intracellular Ca®*

(Pedersen and Nilius, 2007, Christensen and Corey, 2007, Guilak et al., 2009).
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The application of 50-70% tensile stretch on cultured keratinocytes treated with
20 UM blebbistatin indicated significantly (P<0.05) increased the expression of
keratins K14 and K10. Tensile tension over one and three days resulted in
numerous changes in keratin expression (Figure 4-21) and suppressed the
expression of cell proliferation marker Ki-67 (Figure 4-23). These observations
might be due to distinctive cell migration reported in human keratinocytes treated
with 30uM blebbistatin as it is reported by Sarkar et al. (2009). Based on the
current study, it may also be hypothesised that cell stretching is involved in
directing cell spreading in EPKSs, and its activity is controlled by the amount of
keratins expressed in cell stretching. In contrast to these findings, studies working
on cancer cells have reported that low expression of keratins detected through
epithelial/mesenchymal alteration contributes to the migration and invasion of
cancer cells (Seltmann et al., 2013). This could explain the unique role/behaviour
of keratin filaments in cell stiffness, as the disruption of cytoskeletal keratin
filaments could decrease cell stiffness and cause cell deformity (Beriault et al.,
2012). Normally interconnections between cytokeratin filaments and cell
junctions such as desmosomes and hemidesmosomes participate in the integrity of
epithelial tissue, and mediate cell-stretching essential for cell maintenance with
the aid of keratin (Russell et al., 2004). It seems important then to study the role
of non-muscle myosin and their contractile features in cell stretching. It should
noticed that the role of the contractile function in EPKSs treated with blebbistatin
has not been previously investigated. This may provide additional insight into
knowledge of how cell response to contractile function.

Additional experiments revealed a significant (P<0.05) difference in the

expression of keratin via immunostaining and Western blotting. These current
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findings indicated a clear elevation in the expression of K14 and K10 and
proliferation marker Ki-67 in cultured stretched cells vs non stretched cells
(Figure 4-30&31). It should be remarked that previous and current research focus
on the impact of stretch on cultured human or mouse cells rather than equine
keratinocytes extracted from coronary epidermal papillae (Yano et al., 2004,
Reichelt, 2007, Tokuyama et al., 2015, Bonakdar et al., 2015).

It is interesting to note that the behaviour of equine hoof cultured keratinocytes in
response to mechanical stretch in vitro seems to be analogous to the response of
the basal epidermal cells in vivo. It could be hypothesised that basal progenitor
keratinocytes at the dermal papillae are subjected to tensile stretch as a
consequence movement. These physical forces may have an effect on cell roles
from transit amplifying cells to differentiation. In the equine skin epidermal
tissue, lamellae and coronet, keratin K14 were revealed to be expressed at basal
and suprabasal layers for both the skin and coronet, while at the basal layer for the
lamellae, K10 expressed only in skin spinosium and granulosum layers (Carter et
al., 2011, Linardi et al., 2015). However, it should be noticed that in this study
polyclonal antibodies against K10 were used as a differentiation marker, and
revealing the expression of K10 in stretching cells in comparison to non-stretched
cells. K10 was used as the differentiation marker in this study because it was
difficult to find antibodies specific to equine specific-cell keratinocytes.

These results are consistent with a previous study by Yano et al. (2004) on the
stretching of human keratinocytes via increasing the proliferation index, who
reported the suppression of expression K10 and induction of expression K6.
However, this was conducted on human skin keratinocytes which are completely

different from equine hoof keratinocytes in terms of the forces they experience in

222



Ramzi Al-Agele 2018 Chapter 4: Discussion

vivo. Additionally, these results are in line with what have been reported on the
role of mechanical stretching in the stimulation of proliferation/differentiation in
numerous cell types (Pavlin et al., 2000, Otis et al., 2005). Sanchez-Esteban et al.
(2001) stated that the forces applied via a flexor-cell stress unit triggered
differentiation/maturation of foetal alveolar epithelial cells, Di Palma et al. (2003)
and Wang et al. (2017) have indicated stimulate differentiation in osteoblasts
planted on metallic biomaterials, and induce cardiomyogenic differentiation. On
the other hand, some studies have reported that mechanical forces promote
proliferation and inhibit differentiation (Saha et al., 2006, Zhou et al., 2015).
Although a number of studies have lately been reported in human cell culture, the
biophysical mechanisms in equine hoof keratinocytes are unknown. However, the
findings of the current study reveal that biomechanical force plays an essential
role in inducing keratinocyte differentiation.

Investigation under low oxygen conditions 1%, 3% and 5% O, showed that the
findings from the data analysis of keratinocytes under low oxygen conditions was
significant (p <0.05) in relation to the expression of HIF-1a, K14, K10 and Ki-67,
in particularly under 1% O, conditions (Figure 4-35-39). These findings revealed
increased cell proliferation and enhanced cell differentiation under very low levels
of oxygen, suggesting that this may also occur in vivo. These results are in
accordance with previous studies, where lowered oxygen (2% O;) induced
proliferation and dopaminergic differentiation, and decreased apoptosis in
cultured mesencephalic stem cells (Studer et al., 2000). Other studies conducted
on neonatal skin keratinocytes reported the suppression of differentiation via the
downregulation of differentiation markers K1 and K10, with no effect on HIF-1a

expression under 1% O, (Park et al., 2016). However, the studies performed on
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equine skin found that HIF-1o increased significantly in stress tissue such as
injured skin (Deschene et al., 2011). Additionally, according to Pawlak et al.
(2013) in vivo equine lamellar tissue contains a higher concentration of HIF-1a
compared to skin and visceral tissues, and that this increases in laminitic horses in
comparison to non laminitic. HIF-1a is also expressed in cultured lamellar
keratinocytes under 3% O,, suggested that hoof keratinocytes may be present in
extremely lowered levels of O, (Gardner, 2015, Gardner et al., 2017). Therefore,
this current investigation on the role of HIF-1a in equine cultured keratinocytes
provided a tool for better understanding the role of HIF-1a in horse feet. Interest
in the pathophysiology of equine laminitis has recently gained attention due to the
roles that both infection and ischaemia/vasoconstriction and/or low oxygen are
supposed to be involved in the hoof disease process (Pawlak et al., 2013, Gardner,
2015). Overall, the combination of current findings in this study provides some
support for further understudying the mean by which cell responds to lower

oxygen level.

45.1 Conclusions

This chapter described a novel method for cell isolation and purification in order
to understand the mechanism of equine hoof growth. This chapter demonstrated
provisionally how the cultured keratinocytes responded to different environment
stresses including hydrostatic/mechanical forces. These stresses together with low
oxygen conditions stimulated cell differentiation, demonstrated by the
upregulation of their cytoskeletal protein levels, leading to changes in their
morphology and cell surface area based on their normal environmental tissue.

This investigation also determined that certain parameters for isolation or cell
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culture such as the pattern of cell growing, cell passages, influence cell contractile
system, biomechanical responses, particularly stretch and/or hydrostatic forces
and low oxygen conditions. Together this provides some novel elements to
improve our knowledge of natural cell stimulation and aids our understanding of
how equine hoof keratinocytes would hypothetically respond to external stimuli.
Finally, this could aid our understanding of how normal epidermal papillary
tissues are developed from a basal progenitor keratinocytes, and how these cells
can accommodate to an unexpected imbalance in tissue environment as can

happen in equine hoof diseases.
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Chapter 5
Physical biology of hoot growth
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5.1 Introduction

This introduction adds to the information provided in the literature review. In
brief this comprises of hoof shape, microstructure and histology, disorders which
cause hoof shape abnormalities, hoof growth (including proliferation and

apoptosis), and physical forces which act upon hoof growth.

5.1.1 Hoof growth
5111 Growth rate of hoof wall

Hoof growth rate is generally measured by marking the external surface of the
hoof wall and by measuring the distance between the coronet and the mark
(Pollitt, 1990, Ryan, 2013, Lewis et al., 2014). The growing cells from the
papillae play a pivotal role in replacing the wearing of hoof wall upon contact
with the ground (Pollitt, 1998), as the horse’s feet require to balance the wear with
new keratinized material (Ramsey, 2011). In general, 9-12 months is required for
the hoof to grow from the coronary region to the ground (Dellmann and Eurell,
1998).

A number of authors have reported results on equine hoof growth rate. Faramarzi
et al. (2009) indicated that, the average growth of the hoof wall range is 6.08-6.5
mm/month (mm/mo) which is similar to the rate of 6.4 mm/mo reported by
Dellmann and Eurell (1998) and somewhat less than the rate of 10.2 mm/mo
reported in other studies (Pollitt, 1990, Florence and McDonnell, 2006). Variances
between the rates in these studies are thought to be attributed to
season/temperature differences during the year or the breed of horses used.
Florence and McDonnell (2006) showed that hoof growth rate in ponies is

significantly greater between June and August (Summer time) than between
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August and September. In addition, the growth rates between the front (10.2
mm/mo) and hind (9.6 mm/mo) hooves differ.

A considerable number of the studies published on the variability of the growth
rate of equine hooves have pointed out that nutrition (Reilly et al., 1998b, Ott and
Johnson, 2001, Jancikova et al., 2012), environment (Hampson, 2011), genetics
(Ducro et al., 2009); age (Frackowiak and Komosa, 2006) and season (Florence
and McDonnell, 2006, Lewis et al., 2014) can all impact on hoof wall growth.
Other influences, such as exercise and stress, (Faramarzi et al., 2009, Bowker,
2003) and genus (Lewis et al., 2014) have been considered with regard to hoof
growth but no significant differences were observed between different conditions
on the rate of hoof growth.

Only a limited number of studies have uncovered a relationship between capsular
deformities and hoof wall growth. For example, it was revealed that there was a
decreased proliferation rate of epidermal cells at the coronary hoof capsule in
lame horses in comparison with the non laminitic horses (Carter et al., 2011) and
others have investigated the proliferation rate at the lamellae (Daradka and Pollitt,
2004), but to date no studies have considered the effect of hoof curvature on
growth rate.

To date, the epidermal cell renewal in hoof wall remains poorly explored,
particularly with regards to how the basal cells in the dermal papillae proliferate
and differentiate to form the cornified tissue of the hoof.

It is known that the germinal cells that rest on the basement membrane of
epidermal tissue proliferate to produce daughter cells over the length of the
dermal papillae (Dellmann and Eurell, 1998, Eurell and Frappier, 2013). In the

coronary region, the length and width of dermal papillae are variable, whereas in
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the sole and frog segments, the width and length of the papillae are constant with
dimensions similar to the ones measured most distally at the tip of the toe
(Bragulla, 2003). As the nutritional supply of these cells relies entirely on the
underlying dermal region, the capillary blood vessels near the basement
membrane work as a direct line for germinal basal cells to increase proliferation
rates (Bragulla and Hirschberg, 2003); each new generation adds to the length of
the hoof wall (Pollitt, 1998). In the same way, mitotic cells in the basal layer of
the proximal portion of the capsule wall lamellae multiply simultaneously, which
might produce a distal movement of primary epidermal lamellae (Bragulla, 2003,
Daradka and Pollitt, 2004). The remainder of epidermal lamellae do not show the
same proliferation rate, but divide at a rate to sustain the downward growth of the
coronary region (Daradka and Pollitt, 2004, Eurell and Frappier, 2013). This is
demonstrated by Daradka and Pollitt (2004) who stated that there was a large
variance in the rates of proliferating cells between the proximal (7.13%) and
middle lamellar areas (0.24%). This might be due to inadequate mitotic germinal
cells capability to flow with the capsule (Bragulla, 2003). The rate of proliferation
in the coronary region (12.4%) was reportedly much higher (Daradka and Pollitt,
2004).

Recently, investigators have studied the effects of insulin on proliferating cells at
the epidermal lamella. Karikoski et al. (2014) showed an increase in numbers of
apoptotic and proliferating cells at the middle and abaxial epidermal lamellae with
insulin-induced laminitis (Asplin et al., 2010, De Laat et al., 2011b, De Laat et al.,
2013a). Others have suggested that excessive stimulation of basal cells of the

secondary epidermal lamellae could probably debilitate the interdigitation of the
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lamellar suspensory apparatus and as a consequence prompt the onset of laminitis
(De Laat et al., 2013a).

A full understanding of how hoof curvature represented by a physical force borne
form misshaped hoof which contributes to the growth rate of hooves is therefore
lacking. Even if some studies have started to examine the correlation between
hoof angle and hoof shape (Dyson et al., 2011a) and the growth rate between
laminitic and non-laminitic horses as shown by Carter et al. (2011).

Recent efforts have tried to determine whether the hoof shape is a disposing factor
in foot lameness-causing lesions. The comprehension of the pathophysiology and
progression of hoof distortions is incomplete, and this limits the efforts to prevent
and treat devastating diseases, such as foot lameness and laminitis, successfully.
Scientific investigation is proceeding at a phenomenal pace, shedding light on the
pathophysiologic events involved in laminitis. Although extensive studies have
been carried out on laminitis and biomechanical variations of the equine hoof, no
study has been reported on the relationship between hoof shape and growth rate. It
is possible that the interconnection between the hoof capsule and the growth rate,
with regard to the orientation of the distal phalanx, is key.

This study aims to uncover how histological, gross morphological and physical
forces act within and upon the equine hoof to influence hoof shape. These aims
will be investigated using a number of methods, including immunostaining (cell
proliferation, keratin expression and apoptosis), tissue composition (epithelial
thickness), gross morphological differences in whole foot, hoof and/or bone
curvatures measurements and angles (micro-CT imaging) and elements of physics

techniques to incorporate information gathered from biological techniques. The
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figure below suggests a mechanism by which cellular responses can be elicited

through biophysical stimulation as investigated in this chapter.

Physical stimulus Cell tissue response
Ki-67

1. Hoof angle P63

2. Hoof curvature PCNA

3. Bone curvatur K14
Apoptosis

Coronary region

Figure 5-1: Schematic diagram illustrating the physical stimulus on the coronary region

Schematic illustration suggesting a correlation between the degree of the dorsal hoof angle, dorsal
hoof curvature and/or dorsal bone curvature with regard to the level of biological response at the
level of the coronary hoof region and in particular in dermal papillae.
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5.2 Hypothesis

The overarching hypothesis for this chapter was that the physical forces borne
from the hoof's contact with the ground increases hoof growth rate via altered
proliferation rates and patterns. This was defined and subdivided into mini

hypotheses for the different experiments:

1. Hoof deformities are related to increase in cell proliferation from the
coronet region, which is dependent on changes in the ground reaction
stress or physical forces.

2. Changing the hoof curvature increases hoof synthesis by increasing the
percentage of cell proliferation via physical forces.

3. Increased ability of cells to proliferate from the quarters results in distorted
hoof shapes with resulting increases in hoof curvature.

4. The distortion patterns of the curvature of distal phalanx that are
developed from the interplay between physics and biology, result in
changing hoof curvature will increase in hoof synthesis via an increase in
the number of proliferative cells.

5. The proportion of keratin production/apoptotic cells at the coronary region
will increase by increasing the proliferation cells from the coronet region.

6. Changing the hoof curvature results in increases/decreases in the epithelial

thickness in the coronary region affecting the hoof synthesis.
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5.3 Aim and objectives

The aim was to determine the specific response that EPK cells increase when
faced with a change in physical forces borne from hoof angle, hoof curvature or
distal bone curvature, and the ground reaction stress explaining the chronic aspect
of hoof deformities. For these objectives, concentrating on the impact of physical
forces on the coronary papillae of the equine foot was achieved using different
techniques including:

1. Measuring and comparing cell proliferation (Ki-67), stem progenatoir
keratinocytes (p63), basal keratin production (K14) and cell apoptosis
(TUNEL assay) of the coronary epidermal cells using
immunohistochemical and immunofluorescence methods in differing hoof
types.

2. Measuring hoof contact angles and hoof and distal phalanx bone
curvatures using micro CT-scanning.

3. Measuring and comparing the epithelial thickness on the coronary region

and comparing with hoof curvature measurements.
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5.4 Results

54.1 Evaluation of staining patterns of PCNA proliferating cells

The results from PCNA protein localisation  experiments  using
immunohistochemical staining indicated a markedly higher number of brown
positive cells in the epidermal cells of the coronary tissues. The cells that were not
in the proliferation stage were observed to have their nuclei stained blue to purple
in colour, and considered as non-proliferative cells. The positive cells appeared to
be disseminated throughout the basal, suprabasal, and deeper tissue layers of the
cross and longitudinal sections of epidermal papillae. A large number of these
mitotic indexes were visibly observed close to the basal layer, but diminished in
number further away from the basal layers (Figure 5-2A+B). However, a number
of cross and longitudinal sections appeared to contain positive cells only in the
basal layer and had no positive cells further away from the basal cells (Figure 5-
2C). In some areas of tissue, the staining was obscured by melanin pigment, and
these areas were therefore not counted (Figure 5-2D). Cells were counted as

described in Chapter 2.7.
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Figure 5-2: Photomicrographs of PCNA stained sections

These images show A) PCNA +ve cells scattered along the germinal layer and in deeper layers in
the coronary epithelium (red arrows); B) PCNA positive cells scattered between the tubular horn,
while image C) shows that there were no positive cells around the tubular horn, an area that is
further away from the dermoepidermal junction. D) Shows melanin pigments obscuring the PCNA

positive cells (red arrows). E) Shows in equine skin epithelium (black arrow indicates the

proliferating cells at hair follicles). F) Negative control of the coronary region Scale bar represents
50pm.

The results of the average percentage of mitotic cells for each of the hoof sectiosn
presented a significant variation in the percentage of mitotic indexes observed
between different hoof shapes (Figure 5-3A+B). A variation in the localisation of

PCNA was revealed that a normal dorsal hoof curvature had less PCNA positive
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cells at the dorsal/quarter regions (Figure 5-3C+E), while a dished (or positively
curved) hoof wall had a high percentage of PCNA positive cells on dorsal/quarter
region (Figure 5-3D+F). However, the results revealed that there were no
significant differences between the hoof angle and percentage of PCNA in the

different hoof regions (Figure 5-4).
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Figure 5-3: Localisa

The PCNA stained cells between hooves samples and their hoof capsule shape illustrate a variation
across the shape of the dorsal and quarter regions was considered with a percentage of
proliferating cells (black arrows). A, B) show the variation in the dorsal shape of the hoof capsule.
A variation in the expression of PCNA was also noted at dorsal (C, D) and quarters (E, F) dermal
papillae (pa) suggesting that a normal dorsal hoof curvature (A) produce less PCNA positive cells
at the dorsal (C) or quarter (E) region than a dished (or positively curved) hoof wall (see B,
D/dorsal and F/quarters). Scale bar represents 50um.
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Figure 5-4: The percentage of PCNA in relation to hoof angle

No significant variations were recorded between the contact angle between the hoof and the
ground and the percentage of PCNA positive cells in dorsal and quarter regions. Statistical
comparisons between groups were analysed using Two Way ANOVA.

5.4.2 Assessment of the expression of Ki-67 proliferation antibody

The results from Ki-67 protein  expression  experiments  using
immunohistochemical staining indicated that Ki-67 was mostly expressed in the
nuclei of cells in the basal germinal layer of epithelial dermal papillae, but
cytoplasmic in the supra basal layer, or further away, of the dermal papillae as
well as in both proximal basal or distal end of dermal papillae (Figure 5-5A+B).
Similar to the coronary region, the basal cell layer of skin tissues was identified
by Ki-67 expression in the nuclei of basal epidermal cells with less intensity
further away from the basal layer and this was used as a control tissue to confirm

the expression of Ki-67 in the epidermal tissue (Figure 5-5C).
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Figure 5-5: Localisation of Ki-67 +ve cells in the epithelium of coronary papillae and skin

Images of Ki-67 +ve cells in the coronary epithelium. A) Close to the basement membrane in
proximal papillae (pp); B) around the dermal papillae in the distal papillae (dp); C) in equine skin
epithelium (black arrow indicates the proliferating cells at the basal epidermal layer cells); D)
negative control of the coronary region. Scale bar represents 50um.

There were no significant differences between the contact hoof angle and the
percentage of Ki-67 +ve cells in different hoof regions, or within group and

between groups as defined in Figure 5-6.
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Figure 5-6: The correlation between expression of Ki-67 and hoof angle

Ki-67 expressing cells (%)

Graph showing Ki-67 expression levels as a function of hoof angles. No significant variations
were found between the hoof angle and percentage of proliferating cells at the three regions on the
coronet: dorsal, quarter medial and quarter lateral regions. Statistical comparisons between groups
were analysed using Two Way ANOVA.

A correlation between the dorsal hoof curvatures and the percentage of Ki-67 +ve
cells was revealed (Figure 5-7) indicating that there may be a difference in the
overall growth rate between the various capsular shapes. Further analysis showed
that there was a regional variation in Ki-67 +ve cells along the epidermal dorsal
and quarter coronary regions (Figure 5-7A2+B2 and A3+B3). The frequency of
Ki-67 positive cells increased at the quarters as a function of the hoof curvature
(i.e. for dished hooves) but no variations were noticed at the dorsal regions
whatever the dorsal curvatures involved (Figure 5-7A2+B2). At the quarters the
percentage of Ki-67 +ve cells in the basal epidermal papillae was 19.97%+3.32%
for positively curved hooves (Figure 5-7A3) and 13.73%+3.87% for negatively

curved hooves (Figure 5-7B3).
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Figure 5-7: Correlation between the expression of Ki-67 and hoof curvature

Images (A, B) show the variation across the shape of the dorsal hoof wall, while A1, B1 illustrate
the curvatures considered through micro CT- images (images A, Al represents the positive hoof
curvature, while B, B1 represents the negative hoof curvature). Photomicrographs (A2, A3 and B2,
B3) showing the percentage of Ki-67 stained cells between hoof samples in relation to their
curvature. A2, B2) Show representative views with no variation in the percentage of proliferating
cells in the dorsal regions, whereas this difference appeared obvious in image A3, which showed
an increasing expression of Ki-67 in the quarter region for positively curved hooves, in
comparison negatively curved hooves with image B3. Scale bar represents 50um.
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It was also found that there was no correlation between Ki-67 positive cells at the
dorsal region whatever the hoof curvature involved (Figure 5-8A). However, there
was a strong correlation between Ki-67 +ve cells and the dorsal curvature of the
hoof at the quarter regions (Figure 5-8B). From the non-linear regression analyses
in Figure 5-8B, it is apparent that a clear regression in the percentage of Ki-67 +ve
cells against the positive hoof curvature, as when the positive hoof curvature was
small the mitotic index was smaller 8.67%, and when the hoof curvature was large
the mitotic index was larger 29.29% (Figure 5-8B). These results revealed that
lower positive hoof curvature had a lower Ki-67 proliferating cell proportion than

larger hoof curvatures.
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Figure 5-8: Percentage of Ki-67 +ve cells plotted against hoof curvature

A) No significant correlation between either the positive or negative hoof curvatures when
compared against a percentage of Ki-67 +ve cells in the dorsal regions, however, (B) shows a
significant correlation in quarter region when positive hoof curvatures is present. Statistical
analysis was performed using non-linear regression.

Further analysis was carried out investigating the correlation between the dorsal
curvatures of distal phalanx and the percentage of Ki-67 +ve cells was found
during a comparison of Ki-67 +ve cells with bone curvatures. The results

indicated that there may be a variance in the general growth rate between the
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different capsular shapes. However, there was not shown any correlation with

either positive and/or negative bone curvature (Figure 5-9A+B).
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Figure 5-9: Percentage of Ki-67 +ve cells plotted against distal phalanx curvature

A, B) Shows no significant correlation between either positive/negative bone curvatures when
compared against a percentage of proliferating cells in the dorsal/quarter regions. Statistical
analysis was carried out using GraphPad software.

54.3 Assessment the localization of stem progenitor keratinocytes p63

Immunostaining was also carried out to show the levels of stem cells using the
stem progenitor marker p63. Expression of p63 was observed in the nuclei of
germinal basal and suprabasal cells in the coronary epidermal tissues of the equine
hoof. The results of p63 expression levels were higher in the basal and suprabasal
layers around the dermal papillae and the percentage of positive cells dropped
progressively further away from the basal layers to become undetectable in fully
differentiated keratinocytes (Figure 5-10). Statistical analysis showed there were
no significant differences found between the contact hoof angle and the different

hoof regions (Figure 5-11).
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Figure 5-10: Expression of p63 in the epithelium of coronary papillae

Photomicrographs illustrating the frequency of p63 expressed in epidermal cells (in brown)
apparent in A and B. A) Represents an image of p63 +ve cells at the proximal part of dermal
papillae, the black arrows indicate high p63 +ve cells on the basal and supra-basal layer, while the
asterisk indicates undetectable p63 +ve cells further away from the basal cells. B)
Photomicrograph of dermal papillae further away from the proximo-basal dermal papillae; C) in
equine skin epithelium (black arrow indicates p63 +ve cells at the basal epidermal layer cells); D)
negative control of the coronary region. Scale bar represents 50um.Scale bar represents 50um.
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Figure 5-11: The correlation between expression of p63 and hoof angle

Graph showed no significant variation between the contact hoof angle and a percentage of p63
proliferating cells in the dorsal, quarter and heel regions. All comparisons of p63 +ve cells
between groups or within groups were not significantly difference. Statistical comparisons
between groups were analysed using Two Way ANOVA.
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Similar to the relationships observed in the Ki-67 staining, the findings indicated
that there was regional variation in p63 +ve cells between different regions across
the coronary epidermal tissue in the dorsal, quarter and heel regions (Figure 5-
12A2+B2, A3+B3 and A4+B4). The frequency of p63 positive cells in the dorsal
region was 38.59%+5.85% in positively curved hooves in comparison with
negative hoof curvature 51.44%+7.49% (Figure 5-12A2+B2). Whereas, the
frequency of p63 +ve cells was similar between positive and negative curvatures
in the quarter and heel regions, 45%+5.38% and 52.74%=3.73% respectively

(Figure 5-12A3+B3 and A4+B4).
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Positive curvature Negative curvature

t

Dorsal region

Quarter region

Heel region

Figure 5-12: Correlation between the expression of p63 and hoof curvature

Images (A, B) show the variation of the shape of the dorsal hoof wall and (A1, B1) illustrate the
curvatures considered through micro CT- images (images A, Al represent the positive hoof
curvature, while B, B1 represent the negative hoof curvature). Photomicrographs (A2-A4 and B2-
B4) showing p63 +ve cells between hoof samples in relation to their curvature. A2, B2 show
representative views showing a variation in the p63 +ve cells in the dorsal region, whereas there
was no difference appeared in image A3, B3 in the quarter region and the same in images A4, B4
in the heel regions. Scale bar represents 50pum.
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Further statistical tests were carried out using the non-linear regression which
examined the average mitotic index of p63 +ve cells in dorsal, quarter and heel
regions against the hoof curvature values. Results revealed that there was a
significant correlation with positive hoof curvature but did not show a correlation
with the negative hoof curvature. The results revealed that in the dorsal region
when the hoof curvature was low the mitotic index was smaller at 37.58% and
increased dramatically with the degree of curvature to reach the maximum
65.96%. Similar observations were performed at quarter regions (Figure 5-13B)
with a minimum 27.31% and a maximum of 66%. In contrast, negative hoof
curvatures did not show any correlation between the expression of p63 and the
value of the curvature at dorsal regions, while at quarter region it appeared that
there were higher expression of p63 as a function of the value of the curvature
with a maximum 72.51% and a minimum of 29.75% (Figure 5-13B).

In comparison with the above analysis, the heel regions did not show much

correlation with either negative or positive hoof curvatures (Figure 5-14).
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Figure 5-13: Percentage of p63 +ve cells plotted against hoof curvature

A) No significant correlation between either the positive or negative hoof curvatures when
compared against a percentage of p63 +ve cells in the dorsal regions, however, (B) shows a
significant correlation between in quarter region when positive hoof curvatures is present.
Statistical analysis was performed using non-linear regression.
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Figure 5-14: Percentage of p63 +ve cells plotted against hoof curvature at heel region

No regression was found between the percentage of p63 expressed and the positive or negative

curvatures in the heel regions. Statistical analysis was carried using linear regression GraphPad
software.

Further analysis was carried out investigating the correlation between the dorsal
bone curvatures of distal phalanx and the percentage of p63 +ve cells. There may
be a variance in the general growth rate between the different capsular shapes.
The present study did not show a significant correlation between P63 +ve cells

with either positive or negative bone curvatures (Figure 5-17A+B).
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Figure 5-15: Percentage of p63 +ve cells plotted against distal phalanx curvature
A, B,) Show no significant correlation between the positive/negative dorsal distal phalanx

curvatures when compared against a percentage of p63 +ve cells in the dorsal region or quarter
region. Statistical analysis was carried using GraphPad software.
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54.4 Variation between the percentage of p63 and Ki-67 +ve cells

Further analysis showed that there was a significant difference between the
expression of p63 and Ki-67 in cells (Figure 5-16). This difference in expression
levels suggests that the function of these two proteins is, as expected, dissimilar.
p63 is expected to be expressed in progenitor keratinocyte stem cells, whereas Ki-

67 is involved in the proliferation of cells (Table 5-1).

Table 5-1: Ki-67 and p63 proliferation technique

Antibody Dorsal region Quarter medial Quarter lateral
Ki-67 15.20555+1.55 19.90896+2.43 22+2.26
P63 46.65314+2.06 56.5495243.91 54.51154+3.80
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Ki-67 p63

Proliferation expression technique
Figure 5-16: Difference between Ki-67 and p63 antibodies

A, B) Shows difference between Ki-67 (A) and p63 (B) +ve cells as indicated by black arrows
lining dermal papillae (p). C) Significant variation across an anatomical region (dorsal, quarter
medial, quarter lateral) of p63 and Ki67 expression levels. Statistical comparisons between groups
were analysed using Two Way ANOVA (* indicates P<0.05 vs Ki-67 +ve cells). Scale bar
represents 50um. N= 17 per group.
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545 Expression of K14 and p63 in epithelial coronary papillae

The results showed the overlay between p63 and K14 expression markers in
subsets of basal and suprabasal layers with variable staining intensity (Figure 5-
17). Particularly, these merged images demonstrated that the stem cell marker p63
expression was accompanied with the basal keratin K14 marker at the basal layer
which was undetectable or present at very low levels at the suprabasal layer.
Expression of p63 was also apparent along the basal and suprabasal epidermal
layer cells, and was undetectable further away from the basement membrane. As a
result, there was a clear correlation in the expressions of p63 and K14 in the same

region around the dermal papillae (Figure 5-17D+H).

DAPI K14 P63 Merge

Figure 5-17: Expression of p63 and K14 in equine hoof papillae.

The first and the second rows represented dermal papillae specimens from equine hoof labelled
with antibodies against K14 (B, F), p63 (C, G) and DAPI (A, E), whereas (D, H) represented the
merged images of P63/K14/DAPI. The first row was carried out from a hoof with a high
percentage of p63 +ve cells around papillag; while the second row was performed from a hoof
with low percentage of p63 +ve cells around papillae. Scale bar represents 50um. When merged,
the pictures demonstrate a spatial correlation between the expressions of K14 and p63.
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The current results indicated that the basal cell marker K14 was expressed in the
cytoplasmic compartment of the basal and adjacent suprabasal layers of the
epidermal coronary papillae (Figure 5-18). In particular, the expression was much
higher in the basal layer compared to the suprabasal layer and almost inexistent
distal from this area. Additionally, expression of K14 was detected in the basal

and suprabasal layers of equine skin as a control (Figure 5-181).

DAPI K14 Merge

Cross section Longitudinal section

Positive control

Negative control

Figure 5-18: Expression of epithelial cell marker K14 in equine hoof papillae

The first (A, B, C) and second (D, E, F) rows represented longitudinal and cross sections
respectively of dermal papillae stain with DAPI and K14 antibody. The last row (G, H, 1)
corresponds to the same labelling, but of a patch of horse skin. (C, F, 1) Represented merged
images with K14 and DAPI (white arrows indicate the keratin K14 expression in the basal and
supra basal layer of the epidermal tissue. (J, K, L) show the negative control for the dermal
papillae. Scale bar represents 50um.
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The results indicated that there was a significant correlation between K14
expression levels and the positive hoof curvatures in the quarter region (Figure 5-
19). However, no correlations were found with the negative curvature on either

dorsal or quarter regions.
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Figure 5-19: Correlation between K14 expression and hoof curvature

A, B) Show the relationship between K14 expression levels and the hoof curvatures. As (A), (B)
show, there was a positive correlation between the level of K14 expressed and the value of
positive hoof curvature in the quarter region, whereas no correlation were found with the negative
curvatures. Statistical analysis was carried out using non-linear regression.
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The comparisons between Ki-67 and K14 expression levels and the hoof

curvatures did not show any strong regressions on either dorsal/quarter region

(Figure 5-20A+B). However, there was a correlation between the ratio of K14 to

p63 and hoof curvature at quarter but not dorsal region (Figure 5-21).
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Figure 5-20: The ratio of K14 expression to Ki-67 +ve cells against hoof curvature

A, B) No correlation was found between the K14 expression to Ki-67 +ve and on either the dorsal
or the quarter regions. Statistical analysis was carried using GraphPad software.
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Figure 5-21: The ratio of K14 expression to p63 +ve cells plotted against hoof curvature

A) Shows no significant correlation between K14 expression to p63 and the hoof curvatures. B) A
significant correlation was found between K14 expression to p63+ve cells and positive hoof
curvature at the quarter region. Statistical analysis was carried using non-linear regression.
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5.4.6 Assessment of apoptosis at the dermal coronary region

The results of the average percentage of TUNEL positive cells for each of the
hoof sections presented a significant variation as a function of hoof shapes. The
results revealed that TUNEL positive cells were present in the basal and
suprabasal layer of dermal papillae but at very low numbers (Figure 5-22A+B).
Similarly, TUNEL positive cells were found in the equine hair follicles as a
control (Figure 5-22C) while the negative control of the same equine coronary

tissue did not show the TUNEL positive cells (Figure 5-22D).
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Figure 5-22: Apoptotic TUNEL positive cells

TUNEL positive cells were detected using the DNA fragmentation technique (TUNEL assay). (A,
B) TUNEL positive cells in the equine epidermal coronary region. (C) Shows positive controls
from hair follicles (black arrows indicate the site of apoptotic cells). D) Negative control equine
epidermal coronary region showing no cell staining. Scale bar represents 100um.
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Results revealed a clear regression with positive hoof curvatures but did not show
a correlation with the negative hoof curvatures. The results showed that in the
quarter region when the positive hoof curvature was small the apoptotic index was
high (24.81%) and decreased dramatically with the increasing the degree of hoof
curvature to reach to minimum value (2.76%) (Figure 5-23). In contrast, negative
hoof curvatures did not show a similar result at either dorsal or quarter regions

(Figure 5-23).
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Figure 5-23: Percentage of TUNEL +ve cells plotted against hoof curvature

A) No significant correlation was found at the dorsal curvature. B) Shows, a clear correlation
between the TUNEL positive cells and the hoof curvature at quarters. Statistical analysis was
carried out using non-linear regression.

Additional analysis was carried out investigating the correlation between the ratio
of Ki-67 or p63 to TUNEL positive cells at the dorsal and quarter region. The
present study revealed a significant correlation between the ratio of Ki-67 or p63
to TUNEL positive cells with positive curvatures at the quarter regions (Figure 5-
24), whereas, no significant correlations with either positive or negative curvature

were found at dorsal regions (Figure 5-24).
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Figure 5-24: The ratio of Ki-67 or p63 to TUNEL +ve cells plotted against hoof curvature

Graphs presenting the ratio of Ki-67 or p63/ TUNEL positive cells and hoof curvature. A, C)
Shows no significant correlation between the ratio of Ki-670r p63/ TUNEL with both negative and
positive curvature at dorsal regions. (B, D) Represents a significant correlation between the ratio
of Ki-67 or p63/ TUNEL and positive curvatures at the quarter regions. Statistical analysis was
carried using linear regression.

5.4.7 The influence of the degree of hoof curvature on epithelium

thickness

The current study revealed that there was a clear regression with positive hoof
curvature at dorsal and more obvious at the quarter regions, whereas no
correlations were found with the negative hoof curvatures. The results showed
that in the dorsal region when the positive hoof curvature was low the ratio of
epithelial thickness was high (0.75mm) and significantly decreased with the
curvature value to reach the minimum (0.38mm) (Figure 5-25). Similarly results
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were found at quarter regions with a maximal thickness (0.66mm) with low
curvature and a minimum one (0.44mm) with high curvature (Figure 5-25B). In
contrast, negative hoof curvatures did not show any trend at either dorsal or

quarter regions (Figure 5-25).
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Figure 5-25: The ratio of epithelial thickness plotted against hoof curvature

A, B) Significant correlation between the tissue thickness and the value of hoof curvature in either
dorsal or quarter regions for positively curved hooves only Statistical analysis was carried using
non-linear regression.
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5.5 Discussion

Equine epidermal basal cells play a vital role in epithelial remodelling (Pinto,
2012, Broeckx et al., 2013), and are considered to be active participants in
pathological changes of equine laminitis (Leise et al., 2014, Wang et al., 2013).
The current findings revealed that there is no correlation between PCNA
proliferating cells and hoof curvatures and angles. A potential explanation for
that is that PCNA has a long half-life of at least 20hrs, and this could lead to
continuous labelling in some cells that are not actually proliferating
(Muskhelishvili et al., 2003). In addition, PCNA could label cells even after
ending the cell cycle or react to damaged DNA even when the cell is no longer
active in the cell division (Bologna-Molina et al., 2013). This protein is
essential for DNA repair by removal and replacement of the abnormal DNA
and therefore appeared in non-proliferating cells (Liu et al., 2003).

However, p63 expression in equine hoof is a valid marker of stem cells in
equine skin, eye, coronet and lamellae (Carter et al., 2011, Linardi et al., 2015)
and also in human and mouse skin (Pellegrini et al., 2001, Yu et al., 2014,
Senoo et al., 2007). The percentages of p63 +ve cells were calculated in the
coronary region of the hoof wall where the hoof grows (Daradka and Pollitt,
2004, Carter et al., 2011). It is a commonly held view that p63 plays a vital
role in the regenerative proliferation of epithelial tissues (Koster et al., 2004,
Truong et al., 2006, Senoo et al., 2007). In the epidermal regions, p63 works as
a key controlling element of cellular propagation and ultimately differentiation
(Candi et al., 2008). Nuclear p63 is found in the germinal basal layer cells of

the epidermal tissues (Pellegrini et al.,, 2001), as it is involved in the
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proliferative ratio of stem cells in the epithelium (Pellegrini et al., 2001, Senoo
etal., 2007).

The Ki-67 marker detects cells in active phases of the cell division and for that
reason has been employed in our study as a marker to identify proliferating
cells (Scholzen and Gerdes, 2000, Carter et al., 2010a). It was observed in this
study that while a high expression of p63 is generally obtained with positive
curvature; Ki-67 positive cells in the coronary quarter hoof wall were
significantly correlated with hoof curvature, which may be indicative of cell
proliferation (Scholzen and Gerdes, 2000, Liu et al., 2003). The role of
epidermal stem cells in hoof growth, homeostasis and laminitis has been
examined by Carter et al. (2011) who observed that laminitic horses has lower
a percentage of proliferating epithelium cells +ve p63 than those of non-lame
horses.

However, the present findings suggest that the relatively high p63 +ve cells for
hooves which have positive curvature demonstrates the self-renewing of basal
stem cells in those areas. In contrast, proliferating cells with high Ki-67 +ve
cells were correlated with hoof curvature at quarter regions (Figure 5-8B),
whereas there was no relationship between Ki-67 expression levels and the
hoof curvature values at the level of dorsal regions (Figure 5-8A). This could
be interpreted as the cell indexes of p63 around the dermal papillae constantly
provide epidermis to produce quickly increasing capsular wall, whereas Ki-67
proliferating cells in the same region around dermal papillae express the active
cell that shares in the repairs of tissue homeostasis as it is worked in skin
(Blanpain and Fuchs, 2009, Carter et al., 2011). Furthermore, p63 is

considered to be the initiator for the skin stratification pathway and for
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sustaining the potential epidermal differentiation and absence of p63 could
lead to a decrease in the population of the differentiated cells (Koster and
Roop, 2007). This has also been confirmed in the equine hoof by Carter et al.
(2011) who observed a decrease in p63 expression levels in laminitic horses in
comparison to the non-laminitic horses.

Recently, in vitro studies of equine skin, eye and hooves have shown constant
expression of p63 in the first two layers of all epithelial tissues (Linardi et al.,
2015). This suggests that p63 performs a double pivotal role: one is through
starting the developmental epithelial stratification and the second is by
sustaining growth possibilities of germinal basal layers into mature epidermal
tissues (Koster et al., 2004). From this, it seems that p63 is vital for both the
proliferation and differentiation of developmental keratinocytes (Truong et al.,
2006).

Remarkably, a recent study indicates that the expression levels of p63 appears
to increase through differentiation of keratinocyte and participates to form
outer epidermal layers (Kouwenhoven et al., 2015). A number of researchers
have validated that K14 is a specific marker for labelling the cytoplasmic
compartment of the basal cells of stratified epithelium in equine epithelium
(Bragulla and Homberger, 2009, Carter et al., 2011, Linardi et al., 2015). Even
though most of the cells in the basal layers are positive for the K14, there are a
number of cells which are not basal stem cells (Linardi et al., 2015). In the
current study the restricted expression of K14 in the basal layer or the adjacent
suprabasal layer of the epidermal cells, Figure 5-22, might reflect the unique
differentiation aspect of basal cells to form cornified tissue within the tubular

horn of dermal papillae. These findings highlighted the relationship between
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p63 and K14 (Figure 5-23) suggesting that p63 and keratin K14 are
complementary markers as shown previously in Figure 5-23. The negative
hoof curvature did not show any correlation between the expression of K14
and p63 markers within either the dorsal or the quarter regions. It can thus be
suggested that the correlation between p63 and K14 could provide a signal for
hoof wall regeneration, and differentiation of keratinocytes, which might

contribute to the pathogenesis of the equine hoof.

55.1 Conclusion

In conclusion, the immunostaining and labelling of p63 or Ki-67 proliferating
cells, in addition to K14 and TUNEL apoptotic cells localized along the dermal
papillae in the coronary hoof region correlated with the hoof curvature when
positive. These outcomes suggest that the two proteins (p63 and Ki-67)
participate in hoof growth, and very probably to the differential growth of the
hoof capsule as observed in chronic laminitis. This is probably through
contribution towards a sustained level of epidermal basal cells. Even though
more analysis is required over a varied range of the capsular wall deformities
and their causes, these findings suggest that changing the hoof curvature can
influence of hoof synthesis probably by changing the amount of proliferative

cells via a feedback mechanism involving physical forces.
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6.1 General discussion

Equine foot diseases, in particular foot lameness and laminitis, remain worldwide
issues (Pollitt, 2004b, Heymering, 2010, Belknap and Geor, 2017). To date, the
mechanisms behind overgrowth and/or distortion of hoof capsule in response to
mechanical stress have been poorly understood, as well as its potential
involvement in equine laminitis. The main goal of this study was to provide novel
evidence on the role of progenitor keratinocytes lining the dermal papillae in hoof
pathology, in particular their responses to biophysical stimuli. These cellular
responses were examined via evaluating the growth rate at the coronet. The
biophysical data from this has provided unique insights into equine hoof growth,

expands, and improves our knowledge as to how hoof grows.

The findings reported in Chapter 3 largely complement those of earlier studies
(Leach, 1980, Bragulla, 2003, Daradka and Pollitt, 2004). However, this study has
raised vital questions about the natural distribution of basal progenitor
keratinocytes, as a high percentage of these cells were positively labelled with the
stem cell marker p63 on the proximal basal dermal papillae and not the middle or
basal dermal papillae, as shown by Senoo et al. (2007), on epithelial stratification.
These findings suggest that progenitor keratinocytes at the coronet are exposed to
different types of biomechanical/ biophysical stimuli, resulting in the expression
of stem cell markers. These stimuli have been found to increase cell proliferation
(Yano et al., 2004), cell orientation, differentiation (Saha et al., 2006, Gu et al.,
2017), migration, apoptosis and/or hypertrophy of the epithelium (Tokuyama et
al., 2015). Hence, the importance of tissue homeostasis is essential for self-

renewal and initiation of new epidermal tissue via cell differentiation, and this
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process is maintained due to the presence of progenitor keratinocytes that have the
capability for continuing homeostatic regulation (Blanpain and Fuchs, 2009). It is
well known that basal cells at the coronary region are the main constituent
progenitors of the hoof wall (Daradka and Pollitt, 2004, Eurell and Frappier,
2013). This continuity in hoof growth is important in order to regenerate hoof
wear at the ground border (Parks, 2003). Many studies have attempted to
determine the requirements for the proliferation of the hoof epidermis, as it is one
of the challenges in understanding the role of hoof growth in equine laminitis.
Daradka and Pollitt (2004) demonstrated using bromohydroxiuridine (BrdU) that
the coronet and proximal lamellae are the main sites of proliferation in the
capsular wall. These results corroborate those reported by Castro (2015) who
found a high proliferation index using 5-ethynil-2-deoxyuridine (EdU) in
epidermal cells at the coronet (23.97+1.50%), with a lower proliferation indexes
at the proximal (4.01+0.54%); middle (0.16 +0.02%); distal lamellae (0.07
+0.01%). Additionally, labelling with p63 showed a decrease in expression in
laminitic horses in comparison to non-laminitic horses (Carter et al., 2011).
Furthermore, De Laat et al. (2013b) revealed that the physio-pathological
influence of insulin on horses induces laminitis via increasing cell proliferation,
identified by the labelling of nuclear protein TPX2. However, in the epidermal
hoof wall proliferation studies the dermal papillae were not fully investigated. In
addition, our understanding of how the growth mechanism contributes to capsular
wall deformity is inadequate. The findings reported here provide additional
insights into cell behaviour at the coronet. This work centred around using a cell
models to investigate the stimuli leading to the proliferation efficacy on the BM

and along the papillae and within the interpapillary space as a function of the
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distance from the basal layer of the coronary epidermis. The results from this
study found that high percentages of proliferation index measured by the cell
proliferation markers Ki-67 and p63 were observed at the proximal part of
papillae compared to a low proliferation index at the distal end of papillae. These
results are essential for comparing the growth rate between hooves. These
findings also have important implications for understanding the potentiality of
physical forces acting at the basal epidermal papillae that, as a consequence,
might have an influence on the basal progenitor keratinocytes via cell
proliferation. This agrees with the assumption that variations in cell proliferation
may be affected by the impact of biomechanical stress and that may occur in acute

laminitis (Collins et al., 2010).

A practical implication of these findings relate to hoof diseases, as these may help
to define which parts may be causally involved in the weaknesses of the capsular

wall.

The first step in cell differentiation starts when moving at the transition form
(spinous form) migrating from basal to suprabasal cells (Blanpain and Fuchs,
2009). This is manifested by proliferation inhibition mediated by genes encoding
K5 and 14, and K1 and 10 (Bragulla and Homberger, 2009). Expression of keratin
increases cell stiffness against the mechanical forces at the external surface of the
skin (Blanpain and Fuchs, 2009). The cells that line the dermal papillae and rest
on the basement membrane constituent the mature hoof wall tissue (Leach, 1980,
Bragulla and Hirschberg, 2003, Pollitt, 2004a). The method which maintains a
constant number of basal epidermal cells in the coronet participating in renewing
hoof tissue (Pollitt, 1998, Daradka and Pollitt, 2004). These are delivered through

a physiological process called tissue homeostasis involving progenitor stem cells
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possessing the capability for self-renewing and to differentiate into different cell
lineages when specifically stimulated (Blanpain and Fuchs, 2009). This
continuous proliferation of the basal epidermal cells, their differentiation and
cornification correspond to that of most structural hard keratin, for instance hair,
nail, wool, quills, hooves, horns and claws (Lynch et al., 1986, Marshall et al.,

1991, Rouse and Van Dyke, 2010).

In the model presented in this study, TUNEL positive apoptotic cells were
assessed. TUNEL positive cells were present at the transition which demarcates
the stratum spinosium to the stratum corneum and were not shown further
away/beyond the stratum spinosium. Results have revealed the structural
importance of cell apoptosis along the dermal papillae as only few studies have
investigated apoptosis in the hoof wall formation. In fact most were focused on
the lamellae, demonstrating an increasing number of apoptotic cells in laminitic
horse observed at the interconnection between the secondary and primary
lamellae. This suggests that apoptosis might promote the structural failure of the

hoof wall attachment (Faleiros et al., 2004).

Our study also showed a high nuclear expression of Ki-67 and p63 in cells in the
proximal part of the papillae at the attachment between the dermal to epidermal
tissues, whereas no apoptotic cells were present in this same region. In contrast, at
the level where transition occurs between the stratum spinosium and the stratum
corneum an obvious labelling was shown for the TUNEL positive cells without
any proliferation markers being observed in cells. It can be hypothesized that the
apoptosis and the cornification occurs to counterbalance the gravity and adhesion
stresses allowing the hoof to grow. Nevertheless, the reason why cells do not die

before the transition may partly be explained by the expression of p63 marker
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inhibiting DNA damage (Alenzi, 2004, Li et al., 2012). P63 is also essential in
controlling the proliferation and differentiation in epidermal Kkeratinocytes
(Romano et al., 2012, Botchkarev and Flores, 2014), in cell metabolism (Candi et
al., 2017) and also participates in protecting keratinocytes from oxidative stress
initiating apoptosis (Latina et al., 2016). Additionally, p63 contributes to gene
regulation in particular adhesion molecules, cytokeratin, chromatin remodelling
elements (Satbl, Brgl) and polycomb proteins/components of nuclear envelop
(Rapisarda, 2015). In the skin, the transition layer is the main site of apoptosis in
epidermal keratinocytes (Raj et al., 2006) generating a balance between apoptosis
and proliferation that maintains the epidermal thickness (Raj et al., 2006). In the
skin formation the first step of apoptosis is initiated via damage to mitochondria
(Martinvalet et al., 2005). Three pathways, i.e. external, internal and granzyme
participate in cell death, starting via the cleavage of caspase-3 and, as a
consequence, leading to DNA fragmentation, degradation of cytoskeleton network
and nuclear proteins, proteins cross-link and finally the generation apoptotic
bodies (Martinvalet et al., 2005, Elmore, 2007). This thesis could help with
understanding the clinical implications of new apoptosis based therapeutics and

their impact on hoof growth (Faleiros et al., 2004).

In this thesis, a cellular model was achieved in Chapter 4 by the purification of a
subculture of equine progenitor keratinocytes (EPKSs) isolated from the dermal
papillae at the coronet region. This allowed us to address the influence of
biophysical or biological stimulations on cell proliferation and differentiation that
may occur naturally. Knowledge of EPKs behaviour in vitro provides a distinctive
method to examine hoof pathologies related to keratinocytes (Pollitt, 2004b,

Belknap and Geor, 2017) without employing live horses (French and Pollitt,
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2004c, Eps and Pollitt, 2006, Hurley et al., 2006, De Laat et al., 2010). Some
studies have attributed biomechanical causes / uneven loading for the lamellae
detachment and the onset of foot diseases (Thomason, 1998, Johnston and Back,
2006, Merritt et al., 2016). However, although a number of studies have examined
the keratinocytes from the skin of horses (Dahm et al., 2002, Broeckx et al., 2013,
Sharma et al., 2016) or hoof lamellae (Visser and Pollitt, 2010, Pinto, 2012), none
considered EPKs from dermal papillae and whether those cells could have
implications in the distortion of the capsule. Furthermore, the role of chemical,
physical and biological stresses in keratinocytes has not been entirely
characterised. This thesis demonstrates that EPKs can be efficiently isolated,
purified and cultured growing initially as spheres and forming colonies of
cobblestone-shaped cells +ve stem cell markers such as CD44 and K14. K14
confirmed the purity of EPKSs, as observed in in human skin (Porter et al., 2000,
Lloyd et al., 1995) or human nail (De Berker et al., 2000). These findings were
consistent with other studies showing that equine keratinocytes isolated from hoof
lamellae and/or skin have an typical cobblestone morphology producing different
keratin filaments (Visser and Pollitt, 2010, Broeckx et al., 2013, Borena et al.,
2014, Sharma et al., 2016). In the hoof lamellae, for instance Carter et al. (2010b)

identified K124, K42 in addition to K14 and K5 at the basal and suprabasal layers.

Additionally the role of stress microfilaments F-actin in EPKs were investigated
via the inhibition of non-muscle myosin (NMII) using blebbistatin causing the
disassembling of stress microfilaments (Kovacs et al., 2004, Shutova et al., 2012).
The consequence of the treatment with blebbistatin was a clear modification and
retraction of microfilaments F-actin and commitment to final differentiation.

Zhang and Rao (2005) demonstrated in primary cultures of porcine eyes that

267



Ramzi Al-Agele 2018 Chapter 6: General Discussion

treatment with 10-200uM blebbistatin caused amendments in cellular
morphology, reduced F-actin microfilament formation, decreased the level of
focal adhesion and blocked differentiation (Straight et al., 2003). The action of
blebbistatin on inhibiting F-actin filaments is also involved in cell migration and
seemed not to be cytotoxic (Engler et al., 2006, Arora et al., 2015). F-actin is well
known to be a critical regulator of vascular disease, tumour formation, and
controls stem cell pluripotency and differentiation (Newell-Litwa et al., 2015). In
this study, F-actin filament organization was labelled clearly at lamellipodia and
stress fibres, while cells treated using blebbistatin did not show any clear staining
patterns. Treatment with 100uM blebbistatin over two days causes cell enormous
detachment (Shutova et al., 2012) which is in agreement with our current findings.
However, no information was found on how the inhibition of actin filaments
influences EPKs behaviour. The current investigation revealed that continuous
incubation of EPK culture with blebbistatin reduced the proliferation potency of
cells and increased the commitment of cells to terminal differentiation. The role of
blebbistatin in the decreasing proliferation is in agreement with recent studies
(Huang et al., 2011, Mih et al., 2012, Hirata et al., 2017). Decrease in cellular
proliferation is critical for epithelial haemostasis as keratinocytes have a unique
actomycin motor system that once inhibited has a consequence on cellular
division in confluent keratinocytes as shown by Hirata et al. (2017). The main role
of microfilaments F-actin or NMMII is in the cell adhesion/migration and tissue
structure and its mutations cause monogenic disorder (Vicente-Manzanares et al.,
2009). However and similar to the current results, Swailes et al. (2006) showed
that the blocking NMMII in mouse myoblasts leads to an increase in their length

of about 200% at day 2 in comparison to control cells. Similarly, Sarkar et al.
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(2009) found that treatment with 30uM blebbistatin using human keratinocytes
increased cell migration and altered cell morphology. These results are coherent
with the fact that epithelial cell migration is involved in in wound healing, where
their responses are controlled by the actomyosin systems (Sarkar et al., 2009) and
that it can reverses epidermal thickening (Samuel et al., 2011). From this study,
we can conclude that F-actin has an important role in cell commitment to

differentiation and proliferation.

Other important findings were the impact of hydrostatic pressure (HP), stretch,
oxygen levels and insulin incubation that may be involved in foot disease
involving keratinocytes. HP applications represent a process of applying physical
forces that mimic the compressive strength that could be generated by
inflammation or mechanical loading on the basement membrane that may assist
the initiation of equine laminitis (Moore et al., 2004). Studies have demonstrated
that HP induces cellular division in a RhoA- and/or Racl-dependent manner
(Zhao et al., 2015) or differentiation in bone marrow mesenchymal stem cells (Liu
et al.,, 2009). The current findings show that HP application on cultured
keratinocytes with values 495 Pa and 990 Pa at days 3 and 5 promoted the
expression of Ki-67, formed multinucleate cells and increased the expression of
K14 and K10 at day 5. These observations in the cytokeratin expression suggested
that cytoskeleton filaments may play a role in the mechanism of cell response to
physical forces (Knight et al., 2006, Paluch et al., 2015). Therefore, the
importance of HP application suggests that it might be used as an active method
for encouraging the cellular activity of keratinocytes, and that Ki-67 and
cytoskeletal keratin could be expressed to dynamically regulate the compressive

strength response of keratinocytes.
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It has already been reported that cells respond/react to different variety of physical
forces such as compression, shear, tension, osmosis and/or gravity in their
environment (Agha et al., 2011, Barnes et al., 2017). In this thesis, a significant
result was found by applying a stretch on cultured keratinocytes as this imitates
the stress borne from cells changing their size and applying a tension on the
papillae. The results from applying stretch on EPKs incubated with 20uM
blebbistatin mimicked response to tensile strength when their contractile system
blocked. The obvious effect of applying cell stretch was the increase in K14 and
K10 with little to no expression of nuclear protein Ki-67. By comparing the latter
results to those following the treatment of EPKs with blebbistatin but without
stretch and EPKs one found a clear impact of stretch on cytokeratin expression at
day 3 while no response were observed in non-stretched cells. Based on these
observations, it may be hypothesised that cell stretching is involved in controlling
cell volume expanding EPKSs, and this is translated by an increased amount of
keratins expressed in cell. Furthermore, it was shown that stretching cells without
blebbistatin lead to very strong expression patterns of K14 and K10 suggesting
that while the increase in cell volume upon stretching can lead to keratin
expression, maintaining intact F-actin elicits a much stronger response suggesting
that stress filaments are involved in cytokeratin expression. This is aligned with
keratin overexpression in cancer cells when they are stretched (Russell et al.,
2004). However, the impacts of stretch were more visible just after EPKs
isolation, culturing them too long in culture removed the cells ability to respond to
stretch. While many stretch studies have been conducted on human/murine skin
keratinocytes (Yano et al., 2004, Reichelt, 2007, Tokuyama et al., 2015, Bonakdar

et al., 2015) non have performed on EPKs. Furthermore, it was confirmed that
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stretching cells led to a modified patterns of F-actin filaments similar to what has
been observed in human keratinocytes (Russell et al., 2004). This could support
the idea that keratinocytes or cells in general are sensitive to physical/mechanical
forces signals via a reorganization of their F-actin filaments (Rodgers et al., 2005,
Lee et al., 2012). It has been reported that mechanical forces have an impact on
wound healing (Lee et al., 2012), directing/reducing these forces in the wound
environment and provides the potential to diminish the development of scar tissue
(Barnes et al., 2017). Yano et al. (2004) reported that continuous stretching for
24hrs of human cultured keratinocytes inhibited the expression of K10 and
promoted the expression of K6, which differed from the findings presented here.
In conclusion, it is shown that in EPKs physical forces can promote/change in the
expression pattern of cytoskeletal keratins. This model advances our molecular
understanding of the biophysical stimuli of hoof growth induced by tensile stretch
events such as lamellar wedge (Collins et al., 2010), chronic foot lameness or
laminitis due to over growth rate (Pollitt, 2004b, Dyson et al., 2011b) and

distortion of hoof capsule (Redden, 2003).

The modulation of oxygen concentration is also important in understanding the
differentiation of keratinocytes as it is in humans. The 21% atmospheric oxygen
level O, (Seinfeld and Pandis, 2016) can only diffuse over a thickness of ~0.4mm
within the skin (Stlcker et al., 2002) and that it is well acknowledged that tissues
are usually perfused with low oxygen levels in comparison to the atmospheric
level, for example oxygen levels range from 14% in the alveolar tissue to 1 to 5%
in the brain (Studer et al., 2000). Furthermore it has been reported that oxygen
levels on dermal papillae in human nails ranged between 5% at the dermal-

epidermal junction to 21% at the end of papillae depending on the cell position
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within the axis of dermal papillae (Wang et al., 2003). Regarding the equine hoof,
recently published studies by Pawlak et al. (2013) showed a high concentration of
HIF-1a in normal lamellae tissue that was grater in laminitic feet than non
laminitic feet (Pawlak et al., 2013, Gardner, 2015). In the present study, 1% and
3% O; levels triggered HIF-1a expression but, only 1% O, up-regulated K14, K10
and Ki-67 expression. These findings agreement with Pawlak et al. (2013). HIF-
la has been showed to be involved in: (i) the differentiation of myeloid cells
(Song et al., 2008); (ii) wound healing (Botusan et al., 2008); (iii) angiogenesis
via increase vascular endothelial growth factor (VEGF) (Yip, 2015) and; (iv)
inflammatory signalling in laminitis (Pawlak et al., 2013). Those observations
suggested that the high concentration of HIF-1a in equine hoof tissue compared to
that of integument and viscera tissues indicate the importance of oxygen level in
hoof lamellar tissue and foot diseases (Stewart et al., 2009). Similar results found
that HIF-1a is increased in equine skin once injured (Deschene et al., 2011).
However, in contrast to our findings, it was also reported that 1% O, level
suppresses the expression of human skin keratin K1 and K10; with no impact on
the level of HIF-1a (Park et al., 2016). Altogether, our results point towards the
possible role of low oxygen levels as being involved in the
proliferation/differentiation process of EPKSs. This is in agreement with the known
roles of low oxygen levels in protecting adult stem cells from oxidative DNA
damage (Cipolleschi et al., 1993, Eliasson and Jonsson, 2010). This can stimulate
the cell cycle (Ortmann et al., 2014) or the cellular metabolism (Keith and Simon,
2007). Also, this could stimulate the proliferation/differentiation processes such as
in mouse corneal epithelial progenitor cell (Dong et al., 2013), rat mesencephalic

precursor cells of rat (Studer et al., 2000) or adipose stromal cells (Yamamoto et
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al., 2013). Hence, those results support indirectly the role of ischaemia due to
vasoconstriction in the hoof disease process (Pawlak et al., 2013, Gardner, 2015).
Furthermore, our data indicate the potential role of vascular dysfunctions in
laminitis induced by the release of vasoactive inflammatory mediators inside the
dermis leading to post-capillary oedema as a severe low oxygen-initiating event

(Peroni et al., 2005, Noschka et al., 2009a).

In the present study, investigation of insulin concentrations using EPK cells
revealed strong nuclear location of Ki-67 and expression of K14 at a
concentration of 0.1ug/ml (=2400uU/ml) similar to that needed to induce acute
laminitis in live horse (1036pU/ml) (Asplin et al., 2007, De Laat et al., 2010).
High insulin concentrations (>1000uU/ml) have been reported in the field in
laminitic horses (Reeves et al., 2001), compared to healthy ones (5.4-36pU/ml)
(McGowan et al., 2004). The role of insulin in inducing proliferation agrees with
the study by Bailey and Chockalingham (2010) on cultured keratinocytes from the
hoof lamellae where insulin was found to increase cell proliferation to 54%. Many
studied have considered the specific role of insulin in inducing equine laminitis
(McGowan, 2008, De Laat et al., 2010, Karikoski et al., 2011, Karikoski et al.,
2015, Lane et al., 2017) as insulin promotes cell proliferation in the lamellae
tissue assessed via the histopathology of insulin-induced laminitis (De Laat et al.,
2011b, De Laat et al., 2013b). However, to date, the precise mechanism by which
insulin promotes the pathophysiology of laminitis is unclear. If insulin increases
Ki-67 expression hoof growth might be involved in laminitis via EPKs hyper-
proliferative responses as observed in endocrinopathic and specific cases of
equine laminitis (De Laat et al., 2011b, De Laat et al., 2013a, Castro, 2015).

Further studies will assess what the intracellular signalling pathways are leading
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to insulin-induced proliferation in EPKs or whether other receptors like IGF-R are

involved.

In chapter 5, a significant linear correlation was found between the expression of
Ki-67 and P63 and the positive hoof curvature at quarter regions. These findings
can be related to those showing that positive dorsal curvature is associated with
the re-orientation and/or rotation of the distal phalanx and with clear alterations in
the physio-morphology of trabecular and/or cortical bone thickness (Paul, 2016).
These data present strong evidence that positive curvature (dished-shaped hoof)
could be related to cellular proliferation at the coronary region. Studies have
shown such changes in the coronary band shape where ramified growth rings
increase with increasing hoof angle in lame horses in comparison to non-laminitic
horses (Dyson et al., 2011b). Additionally, connections between the nuclear
expression of p63 in hoof growth/homeostasis and laminitis has been studied by
Carter et al. (2011) who reported its low expression level in laminitic horses
compared to non-lame horses. The highest expression of p63 in the quarters in
positively curved hooves may be related to the self-renewal potential induced by
p63 and its ability to oppose cell death (Senoo et al., 2007, Li et al., 2012).
Additionally, the high expression of Ki-67 (and related proliferation) and its
positive correlation with the dorsal curvature further suggests that hoof growth
might be involved in the conformation/distortion of the hoof. So far only the
dorsal contact angle with the ground or the geometry of the hoof were considered
in hoof distortion (Thomason, 1998, Douglas, 1999, Thomason et al., 2002,
Ramsey et al., 2013, Jansova et al., 2015) but we add here further information that
connects the coronet region (EPKs proliferation/Ki-67 and p63) to the same

angular parameter. It is reasonable to propose that such findings provide a
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connection between hoof growth and the physical forces involved especially with
regard to the ground reaction force linked to the angular parameter/dorsal
curvature. So far, no one has examined the possibility of linking the coronet
region, the physical forces and the hoof shape. However, a clear understanding of

such connections can serve future clinical researches to control hoof growth.

6.2 Summary of integrated key findings

This thesis provides several noteworthy contributions to our understanding of the
way hoof grows and responds to biophysical forces as well as the role of these
forces in the development of equine lameness/laminitis. In Chapter 3 the data
obtained from the changes in cell volume demonstrated the mechanism of hoof
morphogenesis. As discussed in Chapter 3, studying the behaviour of progenitor
keratinocytes (Chapter 4) enabled us to understand the behaviour of progenitor
keratinocytes as shown in Chapter 3 regarding the increase in cell volume when
moving away from the basement membrane. In Chapter 4 by blocking F-actin the
role of microfilaments in the changes in cell size and commitment of cell for
further differentiation were demonstrated. This was also confirmed by measuring
the size of cells as a function of the distance from the basement membrane. These
changes in the cell volume that may happen during the early stage of hoof
morphogenesis, suggests a possible role of physical stresses and cell elongation in
the development and movement of the interpapillary horn. Elasticity of F-actin
across the keratinocyte would allow a force applied to the interpapillary space to
be absorbed across the dermal papillae allowing hoof growth. In addition, in
Chapter 3, it was identified that there were high percentages of proliferation/stem

cells (measured by the cell proliferation Ki-67/stem p63 markers) at the proximal
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part of papillae, in comparison to the distal end. Those results corroborate with the
observation made in cultured cells when the hydrostatic pressure elicited an
increase in cell proliferation and/or differentiation of cells. Furthermore, when the
cells were stretched over a period of 10 days the change in cell size was similar to
the ones observed in the interpapillary space in Chapter 3. These cells under
stretch exhibited differentiation patterns similar to that generated by the
interpapillary horn. The findings in Chapter 3 regarding the localization of
TUNEL positive apoptotic cells indicated the presence of critical zone
determining horn formation. Additionally, the significant correlation between
apoptosis/cornification at the critical zone as a function of the distance from the
basement membrane suggests that this arises due to a balance between the gravity,
the adhesion and the growth stresses, allowing the hoof to grow as indicated in
Chapter 5 when the proliferation index was compared with the dorsal curvature of
the hoof. Additionally, knowledge gained from observations of progenitor
keratinocyte behaviour in vitro provided a typical method to examine hoof
pathologies related to keratinocytes proliferation and differentiation. Under low
oxygen levels of 1% O, cultured keratinocytes increased their proliferation and
differentiation levels. These experiments gave an insight into the potential role of
HIF-1a on equine cultured keratinocytes. This in turn improves our understanding
of the pathophysiology of equine laminitis, due to the roles that infection and
ischaemia/vasoconstriction and/or hypoxia are supposed to have in the hoof
disease process. The results found in Chapters 4 and 5 provided some insights into
why equine laminitis occurs. For instance, in Chapter 4 it was observed that
insulin increases Ki-67 expression in culture keratinocytes. This suggests that

insulin-mediated increases in hoof growth might be involved in laminitis via the
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response of EPKSs, as found in endocrinopathic and cases of equine laminitis. In
Chapter 5 the immunostaining and labelling of p63 (stem cell regulator) or Ki-67
(proliferating cells), in addition to K14 and TUNEL apoptotic cells were linked to
the hoof curvature showed the correlation between the hoof shape and hoof
growth. These are relevant in equine lameness/laminitis. Overgrowth of the hoof
capsule as shown in positive hoof curvature at quarter regions shown in chapter 5
is relevant to previous observations of chronic lameness (Carter et al. 2011).
Additionally, a significant non-linear correlation was found between the
expression of Ki-67 and p63 and the positive hoof curvature at quarter region.
This provides new insights into the mechanism of hoof growth in response to the
ground reaction stress. Furthermore, in Chapter 5, the results regarding p63
positive cell suggested an increase in p63 positive cells with increasing hoof
curvature which was inversely associated with the intensity of epidermal
hyperplasia. This indicated the capability of the hoof capsule to counter balance
potential distortion via the maintenance of progenitor stem keratinocytes
proliferation and differentiation. Figure 6-1 summarises the biophysical forces

involved in hoof growth.
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Figure 6-1: Schematic drawing shows the hoof growth and distortion

A) Shows the physical forces involves inside interpapillary spaces represented by black arrows. B)
Illustrates the correlation between forces generation and hoof growth. C) Represents different

faces of hoof growth occur in normal, chronic lameness and laminitis.
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6.2.1 Conclusion and future work

Many studies have focused on biological factors in hoof growth, but very few
have tried to understand the underlying physical and biological mechanisms of
hoof growth and how these might influence foot disease. This thesis provides a
description of the physiological and cellular properties of equine hoof growth at
the coronary region, as well as the influence of physical factors on EPK cells. The
morphometric data of keratinocytes along the dermal papillae and within the
interpapillary space as a function of the distance from basement membrane
provide new evidences regarding the development and movement of interpapillary
horn. These data add further knowledge to the framework exploring the role of
dermal papillae in hoof growth. However, the information provided is unique as it
is the first attempt to connect physics and biology together to further explain hoof
growth and its pathologies. As far as physics (or biophysics) is involved it is clear
that EPKs respond to physical stimuli (stretch and pressure) and that those
responses may be at play when the hoof grows, due to the inherent forces present
in the hoof given its physiological function as a weight bearing element. These
results, while still in their infancy, might explain the development of hoof diseases
in the future such as chronic foot lameness. In particular, the connection between
the dorsal curvature of the hoof and the ability of cells to proliferate from the
quarters suggests that hoof deformities may be related to how cells proliferate
from the coronet region. Such ability to proliferate may be related to the specific
response that EPK cells develop when faced with a change in the ground reaction
stress or physical forces (due to the hoof deformity) explaining the chronic aspect
of hoof deformities. While the results described in this thesis are different from

those found in human, they are nonetheless important to expand our
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understanding of the pathophysiology of equine feet diseases and in particular
equine laminitis. This thesis supports that the distortion patterns of the capsular

wall are borne from the interplay between physics and biology.

6.2.2 Future work

It would be interesting to examine at a population level how the genotypes of
horses influence hoof growth especially with regard to tissue
renewal/regeneration. Further investigation should also concentrate on the
relationship between insulin receptors (IR and IGF-1R) and the respective
pathways triggered in EPK cells. The field of mechano-biology needs to be
further developed in the field of equine hoof to demonstrate the importance of the
relations between physics and biology at the cellular level and to up-scale those to
the entire hoof. In line with the last suggestion, future studies should concentrate
on the physical consequences of laminitis and its significance on the forces acting
on the suspensory apparatus/laminar junction and; more efforts are needed
to provide an accurate method enabling stress measurements at the dermal
papillae to provide essential data about the impact of strain in this area. Finally, a
study of epigenetic mechanisms affecting hoof growth could provide essential

information with regard to the role of the environment in hoof diseases.
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8  Appendices

8.1 An example of equine feet images

Dorsal view Lateral view Medial view

Hoof name
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Hoof 10

Hoof 11

Hoof 12

Hoof 13

Hoof 15

Figure 8-1: Photographs of equine feet

Photographs illustrating the different hoof capsule shape taken from the dorsal, medial, and lateral views.
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8.2 Experimental design

Experimental name

Number of the hooves were used in
each experiment

Chapter 3
Counting the number of dermal papillae 15
Measure the diameter of dermal papillae 3
Measure the changes in cell size 3
Measure epithelial thickness 16
Measure hoof wall thickness 13
Basement membrane thickness 11
The amount of collagen fibres 12
The frequency of p63 +ve cells against papillae length 7

The frequency of Ki-67 +ve cells against papillae length 7
The frequency of TUNEL apoptotic +ve cells against 7
papillae length

Chapter 4

Assessment of the influence of blebbistatin on cytoskeletal
EPKs

3, each in triplicate

Assessment of EPKSs pluripotency during cell passages

3, each in triplicate

Osteogenesis of EPKs

3, each in triplicate

The influence of hydrostatic pressure on EPKs

3, each in triplicate

Stretch of EPKSs after incubation for 24hrs with blebbistatin

3, each in triplicate

Stretch of EPKSs incubated with blebbistatin

3, each in triplicate

Stretch of EPKs without blebbistatin

3, each in triplicate

Stretch of EPKSs after 10 days of culture

3, each in triplicate

EKPs assessment under 1% oxygen levels

3, each in triplicate

EKPs assessment under 3% oxygen levels

3, each in triplicate

EKPs assessment under 5% oxygen levels

3, each in triplicate

Assessment gene expression under 5% 02

3, each in triplicate

Assessment the impact of insulin on equine hoof culture
keratinocytes

3, each in triplicate

Assessment the PI13k/Akt pathway in cultured keratinocytes
treated with Insulin

3, each in triplicate

Chapter 5
Evaluation of staining patterns of PCNA +ve cells 12
Assessment of the expression of Ki-67 proliferation 17
antibody
Assessment the localization of stem progenitor 22

keratinocytes p63

Variation between the percentage p63 and Ki-67 +ve cells 17
Expression of epithelial cell marker K14 in equine hoof 17
papillae

The comparisons between Ki-67 and K14 expression levels | 17
and the hoof curvatures

The comparisons between p63 and K14 expression levels 17
and the hoof curvatures

Assessment of TUNEL apoptotic +ve cells at the dermal 17
coronary region

The correlation between the ratio of Ki-67 or p63 to 17
TUNEL positive cells

The influence of the degree of hoof curvature on epithelium | 17
thickness

Contact hoof angle 25
CT scan image for hoof curvature 22
CT scan image for hoof curvature 22
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8.3 Collagenase digest

Collagenase digest was previously prepared from 1% Bovine Serum Albumin (BSA,
Fisher Scientific, UK). BSA was prepared by mixing 0.5gm BSA/ 50ml DMEM-F-12
(w/v) and filtered using 50ml Falcon tube, 50ml syringe and 0.22um filter unit) and 0.1%
collagenase type-1 (collagenase from Clostridium histolyticum Type I, Sigma, USA) in
50ml DMEM-F-12 (Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham
with L-glutamine, 15 mM HEPES, sodium bicarbonate, Sigma-Aldrichand, Uk, and 2%

antibiotic/antimycotic Gibco, UK).
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8.4 The efficiency of the primers
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Figure 8-2: Standard cure calculation of equine keratinocytes genes copy humber

Schematic diagram illustrates the calculation of standard curve; X-axis shows keratinocytes genes
copy number that can be plotted using the mean of Ct values crossing points on Y -axis
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8.5 Relation between hydrostatic pressure and oxygen concentration

This calculation has been performed by Dr. Cyril Rauch. The oxygen
concentration profile over time can be estimated using a diffusion equation with

specific boundary conditions. To do this consider the diffusion equation of the

oxygen concentration, C, i.e. 5C/5t=D@2C/@X2, where the x-axis is the
longitudinal axis of the tube (that is also the axis of symmetry) and D the
diffusion coefficient of oxygen in water. Given the two different extremities of the
tube, one includes two boundary conditions, the first boundary condition is related
to the open part of the tube (see figure 1A-SM3) in contact with air. If one
assumes that oxygen dissolution is done sufficiently rapidly to consider the

thermodynamic balance, then the concentration of oxygen in the top layer of fluid,

i.e. at Xx=h, of the culture medium is constant and shall be noted Co. In contact
with the cells, the amount of oxygen available that is consumed per unit of cell
surface area and time is a function of the oxygen concentration near the cells, i.e.
at x=0. Assume a condition where oxygen saturation prevails, individual cells
will consume: |, = D[5C/5X]X:0. However, oxygen saturation may not

necessarily prevail and a new term needs to be introduced. To this end one adds a
Michaelis-Menten term (or absorption probability term) stating that the variation
of oxygen concentration at the cell level varies as:

[ec/6x],, = jo /D|C/(C” +C)|,_,- The later relation suggests that the flow of

oxygen inside cells is also a function of the ability of cells to capture (i.e. adsorb)

oxygen. As a result when oxygen is in excess, i.e. when C>>C | the oxygen

disappears as [5C/5X]X=0 ~ Jo/ D; whereas when it is at low concentration, i.e.
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when C<<C, oxygen clearance follows a first order Kkinetic

[6c/ox],_o ~ jo /DlC/C™] o The Michaelis-Menten (or adsorption) term
provides then the second boundary condition at x=0. Finally we also assume
that initially the concentration of oxygen is constant across the tube and of value
C,. Posing C=C/C, (and € =C"/C,), t =h*ID and X =x/h, the diffusion
equation and initial and the two boundary conditions become, respectively,
86/8:{:826/&2, E(X, T =0)=1, E®=11)=1 and
[86/8?]§=0 :9[6/(6*+6)];=0 with Q=Joh/CD. In order to resolve the

diffusion equation we pose a new reduced variable that is nzi/\/t:. Inserting
this new variable in the diffusion equation, using the chain rule method gives,

noClén =—28°Clon?,  Which  can  be  integrated  simply  as:

_~ 7]

C(n)zAIexp(—u2/4)du+B. The  first  boundary  condition  gives:
0

Ut . - n
1=A jexp(—u2/4)du+B; or equivalently: C(5)=1+A jexp(—u2/4)du. As a
0 1T

result the flow at x =0, i.e. [sC/ax]._,, can be determined using Leibniz formula

namely [86/8?];:0 = AT, Finally, using the second boundary condition at

X =0, the parameter ¢ A’ can be determined as the result of a quadratic equation

leading to:

_Texp(—u2/4)du . 2
5(77):1+%”0ﬁ -V +\/{V+ZQ\/t= jexp(—u2/4)duj
.[exp(—u2/4)du ut
UVt

V=1+C -t ])'exp(—u2 /4)du
UVt
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Note that the later relation is the only physical solution we were looking for.
Indeed, in the case where oxygen was diffusing much faster than any other
kinetics involved, i.e. QQ~0, the oxygen concentration everywhere in the tube

should be given by the initial concentration, namely c(o0)=1. Similarly, the same

solution can be deduced from the fact that c(o)=1 when t ~0. It is worth
noting the presence of two characteristic times, i.e. { ~1 (diffusion time) and

t~2~1/Q2 (oxygen consumption kinetic) providing insights into the temporal
evolution of the system. To determine the impact of the hydrostatic pressure on

those previous characteristic times one recalls that the hydrostatic pressure, P, is
given by P= pgh where p and { are, respectively, the density of the culture

solution and the gravitational constant. Let us note, P, and ho the control

pressure and the height of fluid in control conditions, it follows simply that for

any new value of h, the corresponding hydrostatic pressure, P, is P/ =h/h,.

As the characteristic times defined above are also function of h , their values are

~

expected to be modulated by the pressure. In particular by noting (H)O the initial
diffusion time for Ny one finds naturally: ﬂ~(ﬂ)0(P/PO)2 ~(P/PO)2, as by
definition (E)yl (see above). Regarding the second characteristic time

corresponding to the oxygen consumption Kkinetic, as both f;"l/hz and

2 2 _ . . : .
1/Q° ~1/h° the hydrostatic pressure will not impact on this second Kinetic.
Naturally, we also assume that the mechanical pressure itself does not impact on

the biology of oxygen consumption. It is now possible to compare the temporal
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evolution of different systems under different hydrostatic pressures, and by posing

P= P/P, one finds:

2

N _ 0
C(0)=1+% ~V + [V+ZQ\/t— Iexp(—u2/4)du
PIVT

V=1+C -Vt j.exp(—u2 /4)du
PIVT

The previous relation relies on two parameters, €2 and 6 that need to be
estimated. To allow us to surmise the aqueous solubility of oxygen under
atmospheric pressure we must first use Henry’s law which states that at a set
temperature, the amount of a given gas dissolved in a homogenous aqueous
solution is proportional to the partial pressure of the gas in equilibrium with the
liquid (Sander, 2015). This can be summarised using Henry’s coefficient which is
described mathematically as H=C/P where, H, C and P are the Henry’s
coefficient, the oxygen concentration in aqueous medium and the partial
atmospheric pressure of oxygen, respectively. The coefficient is a constant at a
given temperature, which equates to 1.3-10°mol/J at 20°C (Sander, 2015).
However, the temperature in culture condition is 37 °C, which using van t Hoff’s
equation changes the coefficient (Sander, 2015). As a result, at 37 °C the
coefficient is 1.6-10°mol/J . Using Dalton’s law which states that the total
partial pressure of gases is equal to the sum of the individual partial pressure
exerted by each gas, the partial pressure of oxygen being 21%, the concentration

of oxygen in the culture medium can be estimated as c, ~3.3-107 mol/cm?®-

Oxygen consumptions vary across cells (Wagner et al.,, 2011) however

experiments performed based on combined hemodynamic and two-photon excited
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fluorescence data, the oxygen consumption rate in the stratum basale in human is
estimated to be ~ 0.035-10*mol/cell/h (Balu et al., 2013). Assuming a similar
value in equids, with a cell surface area ~100ﬂm2 one finds
jo ~7.7-10mol -cm2 -s~*. Consider now the diffusion rate of oxygen in

aqueous medium D ~2.6-10°cm?-s' (Han and Bartels, 1996) one obtains

Q= j,h/C,D~9-102h/h, Where Ny ~1cM As a result, §, > 1 that is to say

that only oxygen diffusion is the limiting physical phenomenon in the process of
oxygen exchange between cells and the culture medium and that cells will be in

contact with a reservoir of oxygen, namely that their consumption will not impact

on the oxygen concentration in solution. Regarding C ', a cell culture with a 21%

partial pressure of oxygen is way beyond high oxygen condition. In this context, it

is expected that c'=C’ /C, <<1 namely that cells in tissue do not rely on an

excessively large oxygen concentration to function optimally and be in saturating
condition. A plot of oxygen consumption as a function of time is given in Figure
8.2 demonstrating that whatever the pressure applied, the cells will always be in

saturating conditions regarding oxygen.

324



Ramzi Al-Agele 2018

Appendices

Figure 8-3: Schematic diagram showing the calculation of oxygen concentration

8.6 Specificity of antibody

B-actin

t ~Dt/h?
(h?/D ~10.7h)

NCBI Blast: Protein Sequence

MCEI Blast:Protein Sequence (375 letters)

Descriptions

Sequences producing significant alignments:

Diescription Max Total
score score
actin, cytoplasmic 1 [Equus caballus] 785 TEE

Alignments

actin, eytoplasmic 1 [Equus caballus]

Seguence 1D: NP_001075307.1 Length: 375 Mumber of Matches: 1
Range 1: 1to0 375

Score

Expect Method Identifies Paositives Gaps Frame

725 bits(2028) 0.0{) Compositional matrix adjust. 375/375(100%) 375/275{100%) 0/375(0%)

Featuras:

Query
sbjct
Query
sbjct
Query
sbjct
Query
sbjct
Query
sbjct
Query
shict
Query
shict

1

1
61
61
121
121
181
181
241
241
381
381
361
361

MDODIAALVVDNGSGMCKAGFAGDOAPRAVFPSIVGRPRI VMVGMGUK DS YVGDE,
MDDDIAALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRI VMVGMGQK DS YVGDE

KRGILTLKYPIEHGIVTNACOMEKIWHHT FYNELRVAPEEHPVLLTEAPLNPKANREKMT 128
ILTLKYPIEHGIVTMADOMEKIWHHT FYNELRVAPEEHPYLLTEAPLNPKANREKMT
KRGILTLKYPIEHGIVTNWCOMEKIWHHT FYNELRVAPEEHPVLLTEAPLNPKANREKMT 128

IMFETFNTRPAMYVATQAVLSLYASGRT TGIVMDSGDGVTHTVPIVEGYALPHAILRLDL 1388
IMFETFNTRPAMYVATGAVLSLYASGRT TGIVMDSGDGVTHTVPIVEGYALPHAILRLOL
QIMFETFNTRPAMYVAIQAVLELYASGRTTGIVMDSGDGVTHTYPIVEGYALPHAILRLDL 1388
AGRDLTCYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKSY 248
AGRDLTCYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKSY
AGRDLTCYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKSY 248

ELPD%ITIGNERFRCPE{\LF%PSF LGMESCGIHETTFNSIMKCOVDIRKDLYANTVLE 388

MDDDIAALVVDNGSGMCKAGFAGDOAPRAVF! PSIWRPR%VWEI’-‘G%KDSYVGDE%S 68
MDD =3

ELPD ITIGNERFRCPEALFUPSFLGMESCGIHET TFRSIMKCOVDIRKDLYANTVLS
ELPD ITIGNERFRCPEALFQPESFLGMESCGIHETTFRSIMKCOVDIRKDLYANTVLE 388

GETTMYPGIADRMOKEITALAPSTMKIKITAPPERKYSVIWIGGSILASLSTFQQMWISKYQ 368
GETTMYPGIADRMOKE [TALAPSTMKIK I TAPPERKY SVIWIGGSILASLS TFOOMWISK
GETTMYPGIADRMOKE ITALAPSTMKIKITAPPERKY SVIWIGAS ILASLS TFQOMWISK 368

EYDESGPSIVHRKCF 375

EYDESGPSIVHRKCF
EYDESGPSIVHRKCF 375

325

Query E Ident
cover value
100% 0.0 100%

1
0.8
L0 P =99Pa
0.6
P =495Pa
0.4
P =990Pa
—> 0z -
n s . e T &0 &D 1040
]
o 20 40 &0 80
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CD44 MCEI Blast:Pretein Sequence (51 letiers)
Descriptions
Sequences preducing significant alignmenis:
Description ax Total Query E |dent Accession
score score cowver value
FREDICTED: CD44
antigan isoform X8 87.8 87.8 100% 42-26 2% [ij545180840|XP_ 0055380801
[Equus caballus]
Alignments
PREDICTED: CD44 antigen isoform X9 [Equus caballus]
Sequence 1D: gi|545180840|XP_005598080.1 Length: 428 Number of Matches: 1
Range 1: 375 to 428
Score Expect Method Identities Positives Gaps Frame

97.5 bits(242) 4e-26() Compositional mairix adjust.

Features:

Query

sbjct 378 DDREASGLMGEASRS

HIF-1a

1

SGLNGEAS+SOEMWHLVNKESSET DOFMTADETRNLONVIMEIGY

EBEEPSGLNGERSKS EMVHLVHKESSETPODOFMTADETRML N'u'DF‘lI{IGV
e
EMVHLVHKESSETQDOFMTADETRNLONVDMEKIGY

MCEI Blast:Protein Sequence (200 letters)

Descriptions

Saguences producing significant slignments:

Description Max Total Query

PREDICTED: hypoxia-inducible facter 1-alpha

score sCore cover

388 380 100%

[Equus cabalius]

Alignments

PREDICTED: hypoxis-inducible factor 1-alpha [Equus caballus]

Seguence 10: gi|353886374XP_014591208.1 Length: 874 Mumber of Matches: 1
Range 1: 452 to 851

Score

Expect Mathod Identities Positives Gaps

47/51(92%) 49/51(96%) 0/51(0%)

51
428

E
value

2e-130

Frame

380 bits(1000) 2e-130() Compaositional matrix adjust 190/200(85%) 105/200(87%) 0X200(0%)

Festures:

QIJE ry
shjct
QUE ry
shict
QUE ry
sbjct
QIJE ry
shict

1
452
61
512
121
372
181
832

TTEEYRMLAKRGEVNETQATVIYNTENS QP QC IVCVNYWWSGI IQHDLIFSLOQTECY
TTGCYRMLAKRGEVVINVE TOATVIYNTKNSOROC IVCVNYWWSGI IQHDLIFS LOOTECY
TTEEYRMLAKRGEVINET ATV VYN TENS GPEC IVCVNYWWEGT IQHDLIFS LGGTECY

LKFVESSDMMTOLF TKVESEDTSSLFOK LKKEFDAL TLLAPASGDTIISLOFGSNDTET
LKPVES DM ++LF TKVESEDTSELFOKLKKEFDALTLLAPAAGDTIISLOFGSHDT+T
LKFVESSDMKISOLFTKVESEDTSSLFOK LKKEFDALTLLAPAAGDTIISLOFGSNDTDT
DD§§LEEVPL\‘ND\MLPSPNEKL@INL&HSPLPTHETPK_PL RSS.I'-\DP&LI’%EVALKLEP

LEEWPLYMODVMLP  NEK+JNINLAMSPLE +ETPKPLRSSADPALNJEVALKLER
LEEWPLYMNDVMLPLSNEKTIGNINLAMSFLRASETPKPLRSSADPALNJEVALKLER

MNPESLELSFTHPRT TPS 289
MNPESLELSFTHP S
MPESLELSFTHR A4S 651
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=1

511
128
571
128
631

Ident

B5%

Accession

il9538863T4|XP 014551308 1
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K10 MCBI BlastMP_000412.3 keratin, type | cytoskeletal 10...

Descriptions

Sequences producing significant alignments:

Description Max Total Query E Ident Accession
score score cover value

PREDICTED: keratin, type | cytoskeletal 10 izoform X1 &1 a1 524 0o 928 XP 0055974791

[Equus cabalius] = . B 0

keratin 10 [Equus caballus] 608 802 57 0.0 02% NF_001333005.1

Alignments

keratin 10 [Equus caballus]
Seguence |0 NP_0012323005.1 Length: 558 Mumber of Matches: 1
Range 1: 135 fo 443

Score Expect Method Identities Positives Gaps Frame
808 bits(1568) 0.00) Composifional matrix adjust  285/308(82%) 302/308(37%) O/308(0%)

Features:

Query 145 NEKVTMOMLNDRLASVLOKVRALEESNVELEGKIKEWVEKHGNSHOGERRDYSIONNTID 284
i MEXVTMENLNDRLASYLDKVRALEESNVE LEGKTKEWVEKHEN+ SCVVE I+
sbjct 135 NEK‘\'TMQNLNDRLASYLDKVR.#\LEESN‘r'ELEGKIKE.NEKHGMEQREPRD‘\-’SMQIIE 194
Query 285 DLKNQILNLTTDNANILLOIONARLAADDFRLKVENEVALRQSVEADINGLRRVLDELTL 264
3 DLKNGI+HLT DNAN++LOIONARLAADDFRLEYENE+ALRGSVEADINGLRRVLDELTL
shjct 195 DLKNGIINCTNONANVVLOIONARLAADDFRLKYENELALRGSVEADINGLRRVLDELTL 254
Query 265 TKADLEMQIESLTEELAVLKXNHEEEMKDLRNVSTGDVNVEMMAAPGVDLTOLLNMMASY 324

. TKADLEMOIES LTEELAYLKKNHEEEM+DL#NVS TGOVNY EFNAAPGYDL T+L LNNMR
shjct 255 TKADLEMOTESL[TEELAYLKXNHEEEMRDLQAVETEDVNVEMNAAPGYVDLTELLNNAANG 314
Query 325 YEQLAEQNRKDAEAWFNEKSKELTTEIDNNIEQISSYKSEITELRRNVQALEIELQSQLA 384

) EQLAEQHRKDAEAWFNEK S+EL TTEI++NIEQ+5S+KSEITELRR LEIELOSGLA
shjct 315  VEGLAEQNRXDAEAWFHEKSQELTTEINSHIEQHSEHKEEITELRR LEIELGEALA 374
Query 385 LKQSLEASLAETEGRVCWOLSI ISALEEQLOQIRAETECONTEVQQLLDIKIRLEN 444

i K85 LEASLAETEGRYCVELS 5+ EEQLOUIRAETECEN EVGGLLDIKIRLEN
sbjct 375 LKGSLEASLAETEGRYCVOLSGIQAQISSLEEQLQQIRAETECONAEYOQLLDIKIRLEN 434
Query 445 E%wnsu 453

TYRSLL
Sbjc‘t 435 IQTYRSLL 443
K14 NCBI BlastNP_001300886.1 keratin, type | cytoskeletal ..

Descriptions

Sequences producing significant alignments:

Description Max Total Query E Ident Accession
score score cover value
keratin, type | cytoskeletsl 14 [Equus caballus] 474 474 100% de-168 83% NP_00133327.1

Alignments

kerstin, type | cytoskeletal 14 [Equus caballus]
Saguence I0- NP_001233127.1 Length: 478 Mumber of Matchas: 1
Range 1: 218 to 478

Score Expect Meathod Identities Positives Gaps Frame
474 bits(1218) 4e-153() Compositional matrix adjust. 247/267(03%) 258/267(05%) G207(2%)

Featuras:

_ +SVEADINGLRAVLDELTLAR DLEMUIESLKEELAYL+KMNHEEEM S4+RG GDWINVE
sbjct 213 LSVEADINGLRRVLDELTLARTDLEMJIESLXEELAYLRKNHEEEMNSLRG GOWMWE 277

Query &1 MDAAFGVDLSRILNEMRDOYEKMAEKNRKDAEEWFFSKTEELNREWATNSELV]SGKSET 128
. MDAAFEVDLSRILNEMRDO Y EKMAEKNRKDAE +WFFSKTEELNREVATNSELV]SGEKSET
sbjct 278 MDAAPGWDLSRILMWEMRI EKMAEKNRKDAEDWFFSKTEELNREWATNSELV]SGKSET 337

Query 1 MSVEADINGLRAVLDELT LARADL EM§IE5LKE EL&YLKKMNHEE E.‘"ASMRG%:GD‘.WE 1]

SELRRT+JMLEIEL! LSMEASLEN+LE ETKGERYCMOL E+I SWEEQLACGLRCEM
sbjct 338 SELRATWOMLEIELQSQLSMEASLENSLEETHGRYOMOLAQIQELISSWEEQLAGLRCEM 397

Query 181 E%N%EVKILLD\"KTHLE EIATYRRLLEGEDAHLSSSQFSS55QFSSESQSSROVTSTN 248
Ei

Query 121 SELRRTMJHLE IEL&%&LSMK;—\SL ENMLE ETI(GR‘r’CMSL%SEHIESVEE%IE.QSLRCEM 188

INGEYKILLDVETRLEJE IAT¥RRLLEGEDAHL S+ 55 SPSSROVTET+

sbjct 388 NQEYKILLOWVETRLEJEIATYRRLLEGEDAHLET! S5E- - SPSSROVTETE 451
Query 241 RQIRTKWMDWVHDGEWVSTHEQWLRTKN 267

. RTKVMDVHDGEWVSTHEQVLRTEN
sbjct asz RTEVMDWVHDGENWVSTHEQWLRTEN 478
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PCNA MCEI Blast:Protein Sequence (261 letiers)

Descriptions

Sequences producing significant alignments:

Description Max Total Query E Ident
sCore score cover value

PREDICTED: praliferating cell nuclzar antigen

[Equus cabalius] 528 528 100% 00 BE%

Alignments

FREDICTED: proliferating c=ll nuclear antigen [Equus caballus]

Sequence 1D: XP_001494771.1 Length: 281 Mumber of Matches: 1
Range 1: 1 to 281

Score Expect Method Identities Positives Gaps Frame
52E bits(1258) 0.000  Compositionzl matrix adjust. 257/261(08%) 258/281(98%) 0/251(0%)

Featuras:

. MFEARLVOGSILKEVLEALKDLINEACWDISSSEVNL QSMDSSHVS LVILTLREEGFDTY
sbjct 1 MFEARLVIGSI LKEVLEALKDLINEACWDISSSEVHNLJSMDSSHYS LWL TLRSEGFDTY 68

Query &1 RCORMLAMGVNLTSMEKILKCAGNEDIITLRAEDNADTLALVFEAPNQEKVSDYEMKLMD 128
~ RCORMLAMGVNLTSMSKILKCAGNEDI LT LRAEDNADTLALYFEAPNQEKVSOYEMELMD
sbjct &1 RCDRMLAMEVNLTESMEKILKCAGNEDIITLRAEDNADTLALVFEAPNGEKVEDYEMKLMD 128

Query 121 LOVEQLEIPEQEVSCVWVWEKMPESGEFACICROLSHIGDAVWVISCAKDGVKFSASGELGNGNI 138
LOVEQJLGIPEGEVSCWWKMPSGEFA ICROLSHIGOAVWISCAKDGVKFSASGELGNGNI
sbjct 121 LOWEQLGIPEQEYSCWWKMPSGEFARICROLSHIGDAVWISCAKDGVKFSASGELGNGNI 188

Query 181 KLS%SN\'DKEEEﬂWIEMNEP\J’%LTFﬁLR’VLNFFTKﬂTPLSS\.I' LSMSADWPLVWEYK 248

Query 1 MF EARLV%ESI LKEWVLEALKDLIN EAE‘MDISSSG\."I’\.IL%SFDSSHVS L§§LTLR§;EGF[’T‘|r &8

. ELSOTSNVDREEEAVT IEMNEPVELTFALRYLNFFTKATPLS TVTLSMSADVPLVVEYK
sbjct 181 KLSOTSMVDHEEELVTIEMMEPVLTFALRYLNFFTEATPLSPTVTLSMSADVRLVVEYK 248

Query 241 TADMEHLEYYLAPKIEDEEGS 281
~ TADMGHLIKVYLAPKIEDES S
Shjct 241 TADMGHLKVYVLAPKIEDEDAS 261

p63 NCEI Blast:MP_001316074.1 tumor profein 63 isoform &...

Descriptions

Sequences producing significant alignments:

Diescription Max Total Query E Ident
score score cover value
PREDICTED: tumar protein §3 izoform X4 542 242 aa% 0.0 ooe

[Equus cabalius]

Alignments

FREDICTED: tumor protein 83 isoform X4 [Equus caballus]

Sequence |D: XP_002363405.1 Length: 586 Mumber of Matches: 1
Range 1: 1 o 408

Score Expect Method Identities Puositives Gaps Framea

842 bits(2174) 0.00) Compositional matrix sdjust.  408/403(8%%) 407/408(00%) 0/208(0%:)
Features:

Query 1 MLYLENNAGTQFSEPQYTHLGLLNSMDOQIGHGSSSTSPYNTOHAGHSVTAPSPYAQESS 68
) HLYLENNLGTOFSEP LGL LNSMDGOIONGSS ST SPYVNTDHAGNSVT APSPVAGRSS
sbjet 1 MLYLENNAQTGFSER LGLLNSMDYQLANGSSSTSPYNTDHAGNSVTAPSPYAGPSS 68

Query &1 TFDALSPSPAIPSHNTOYPGPHSFDVSF STAKSATWTYSTELKKL IAKTCRIQIE 128
~ TFDALSPSPAIPSNTDYPGPHSFDVSF STAKSATWTYSTELKKL AKTCPIGIE
shjct 61 TFDALSPESPAIPSNTDYPGPHEFDVSFOQSSTAKSATUTYSTELKKLYOQIAKTCPIQIK 128

Query 121 W.TPPPEA.\-‘I RAMPYYHKAEHVT EVVKRCPMHELSRE FI'-IEE%IAPPSHLIRVEENSE% 188

. WMTPPPOGAV IRAMPYYKKAEHVT EVVKRCPNHELSREFNEGQIAPPSHL IRVEGNS!
sbjct 121 WHMTPPPOGAVIRAMPYYKKAEHWT EVVKRCPHHE L SREFNEG]IAPPSHL IRVEGNS 188

_ WVWEDPITERJSVLVPYEPPCWETEFT TWLYNFMCNSSCWEGHMRAPILIIVT LETRD!
sbjct 181 YVEDPITGROSVLVPYEPPQWGTEFTTVLYNFMCNSSCWEGHNRRPILIIVTLETRD
Query 241 LGRRCFEARICACFGRORKADEDSIRKQQVSDSTKNGDGTKRFFRONTHGIQMTSIKKRR 388

. LGRRCFEARICACFIRORKADEDSIRK SDSTKNGDITERPFR HGIQMTSIKKRR
sbjct 241  LGRRCFEARICACPGRORKADEDSIRE SDSTKNGDETERPFR HAIJMTSIKKRR 388

Query 381 SPDDELLYLPWRGRETVEMLLKIKESLELMGYLPQHTIETY HLLOKQTSIQ 368
i SPODELLYLPVRGRETYEMLLKIKESLELMEYLPGHT IETY] LLEKATS+
sbjet 381 SPDDELLYLPVRGRETYEMLLKIKESLELMGYLPGHTIETYRGGOUQGHGHLLOKGTSMY 368
Query 361 SPSSYGNSSPPLNWMNSMAKLPSVSQLINPGORNALTPTTIPDGMGAN 498
5 S5van LINPGORNALTPTTIPDGMGAN

Query 181 WEDPITGE%SVLVPYEPP%GTEFTTVL\"NFF'CNSSCV'GGFNRRF‘ILIIWLETRD%{(\:’ 249

_ NSSPP LNEMNSMNKLPS!
sbjct 361 SQESVGNSSPPLNEMNSMMKLPE LINPGJRNALTPTTIPDGMGAN 488
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Ki-67 NCEI Blast:Protein Sequence (2896 letters)

Descriptions

Sequences producing significant alignments:

Description Max Total Query E Ident Accession
sCore score cover value
PREDICTED: anfigen KI-57 iscform X1 [Equus caballus] 1387 3382 100% 0.0 G2% XP_005602210.1
PREDICTED: anfigen kI-57 iscform X2 [Equus caballus] 1131 3224 100% 0.0 53% XP_ 145888171
Alignments

FREDICTED: antigen KI-67 isoform X1 [Equus caballus]
Sequence |D: XP_0056802210.1 Length: 2418 Number of Matches: 4

See 1 more title(s)
Hange 1: 487 o 2110

Score Expect Method Identities Positives Gaps Frame

gﬁﬁéﬁsg} 0.00 E&-‘J}[’t"s‘““"a' ML ganE33(52%) 107611633(55%) 241 633(1%)
Festuras:
Query 124 Q"SRSSFSSDPDESDGIPLKRRR\'SFGGHLRPELFDENLPPNTPLKF‘.GEAP’TKRKSLWHI’ 183

~ ++ +G+ LKRRAVEFGGHLRFELFDENMLPPNTPLERGE P KR=+SL HT
sbjct 487  WDVGKFGDSINKVEGMSLKRRAVSFEGHLRFELFDENLPRNTPLKRGETPMEKRRELATHT 546

. P VLKKIIKE: PS K445 S+IH+EV  J4+V 5 PA #P KT PVA+DURR 5 K +
sbjct 547 PTVLKKIIKEJSOPSREEDSPSKIHLEVT TONVWESSPAQNPTETSPVANDURRTSSKAS 686
Query 243 PASSSKS - - ~QTEVPKRGERKSGNLFSKRVEISREQOHDI LOMICSKRASGASEANLIVAK 250

55 T+ PKRGGR+E +LPSKR+S R ILOMI SKRASGASEANLIVAK
sbjct &87 SWSEGEKEPCOTDTPKRGERRSSSLFSKRMETORSOHEILOMIVSKRASGASEANLIVAK 666

Query 388  SWADVVE LGAK%%KVIKHEPESMNKR RRPATPHKPYE EVH5§FSTGHANSPETII I 359

Query 184 PWLKKIIKE%P%PSGKQESESEI HVEVKADSLVI SPPQPSPRKT-F‘VASDgRRRSCKTA 242

. SUADVVE LGAK KV+E GPOR 4+NKRCHR  TPEKP G WH+JFSTEHANSPCTI+L
sbjct 867 SHADVVE LGAK; KVVERGPCGRQLNKRGERINTPEKPTESVHNGFSTEHANSPCTIVI 726

Query 3628  GEAHTEKVHVEARPYRVLWNFISNQEMDFKEDLSGLIAEMFETPVKE LTSTCHIAISW 419
~ GAH EKVHVPARPYR+LMUF+ M+ekMDF EDLSG+ EMFETP KE+ SCI =M
sbjct 727 GRAHI EKVNVRARPYRMLMNFYFNKKMDFNEDLSGLTEMFETPAKER REVCRITFEN 786
Query 428  SENLLGKQFOSTDSGEEPLLPTSESFGGMVFF: MAAKOPEDKCSASPP-LRRQCIREN 478
. SE#LLGK+F +5 E PLL SE+FG +4F 5 (NA K+ SDE SASP  +30 ++ N
sbjct  7E7 SEDLLGKKFOWPNSEENPLLCASENFGESMFPETONAPKELSDEISASPASSKQUONMEVN 846
Query 479 GMVAKTPRNTYKMT SLETKTSOTETEPSKTWSTANREGRS TEFANIQKLPVESKSEETNT 538
+# KTPRM +KMT E KT +E EP + We+aM 3 RS AN E K+sE T
sbjct 247 EDHEKTRRNMHKMT GAEMETPYS EAEPMOAVASANT SRASVGLANRLTRGTEGKNQEMET 985
Query 539 EIVECILKRGOKATLLY-QRREGEMKEIERPFETYKENIELKENDEKMKAMERSATIHGD- 596
. ILR +TL EGEM+E ER FE K+ IE KEN EKM A+3RSR  +
sbjct  oe7 GTTENILGRRLRETPLYEQKLEGEMQESEREFELCKKIIESKENSEKMVAVRRSARSSEL 966

Akt MCEI BlastP31730.2 RecMame: Full=RAC-alpha serine/threonine-protein...

Descriptions

Segquences producing significant alignments:

Description Max Total Query E Ident Accession
score score cover value

PREDICTED: RAC-alpha serinafthreonine-protein kinase
[Equus cabalius]

Alignments

ga0 gs0 100% oo g% XP_001452763.1

FREDICTED: RAC-alpha serineithrecnine-protein kinase [Equus caballus]
Sequence |D: XP_001492783.1 Length: 472 Mumber of Matches: 1
Range 1: 1 to 479

Score Expect Method Identities. Positives Gaps Frame
020 bits(2533) 0.00) Compositional matrix adjust. 470/430(02%) 474/480(98%) 1/420(0%)
ffolast. ncbi.nlm.nih.gew/Elast.cgi

Query 1 MNDVATIVEEGWLHERGE Y IKTWRAPRYFLLKNDGTFIGYKERPODVDQRESPLNNFSVAQC &2
. MNDVAIVE EGWLHERGE Y IKTWRPRYFLLKNDGTFIGYKERPODY £ QJRESP LNNF SVAJC
sbjct 1 MNDVAIVEEGW LHERGEY IKTWRPRYFLLKNDGTFIGYKERPQDVEQRESPLNNFSVAQC &2

Query &1 LMK TERFRENTFIIRCLOWT TWIERTFHVETPEEREEWATATOTVADGLKRQEEETMOF 128
~ LMETERFRENTFIIRCL TWIERTFHVETPEEREEW TATCTWVADGLKROEEE MODF
sbjct 61 LMKTERPRPNTFIIRCL TWIERTFHWETPEEREEWTTAIGTVADGLKRGEEE-MDF 119
Query 121 RSGESPSDMSGAEEMEVSLAKPKHRVTMNEFEVLELLGKGTFGEVILVKEKATGRYYVAMKI 188
. RSESFSDNSGAEEMEVS LAKPKHRVTMNEFEYLEL LGKGTFEVIL VK EKATGRY VAMKT
sbjct 128 RSGSPSDNSGAEEMEVSLAKPKHRVTMNEFEYLELLGKGTFEXVILVKEKATGRYYAMKI 179

~ LEKEVIVAKDEVAHTLTENRVLONSRHPE LTALKSFJTHORLCFWVME YANGGELFFHLS
sbjct 188  LKKEVIVAKDEWAHTLTEMRVLONSRHPFLTALKYSFJTHDRLCFVMEYANGGELFFHLS 239
Query 241 RERVFSEDRARFYGAEIVSALCYLHSEKMWYRDLELENLMLDKDGHIKITOFGLCKESI 8@

. RERWF EDRARFYGEAEIVSALDYLHSEKNWWYRDLELENLMLDKDGHIKITOFGLCKEGT
sbjct 248 REAVFPEDRARFYGEAEIVSALDYLHSEKMWYRDLELENLMLDKDGHIKITOFGLCKEGI 299

Query 381 MKDGATMKTFCGTPEYLAFEVLEDNDYGRAVDWWGL G WY ERMCGRLP FVIﬁEEKL FEL 368

Query 181 LEKKEVIVAKDEVAHT LTENR\-'L§NSRHF‘F LTALKYSFQTHORLCFVHMEYANGGELFFHLE 248

~ KDGATMKT FCGTPEYLAPEVYLEDNDY GRAVDIWGL GWUIMY EM-CGRLP FYK EXLFEL
sbjct 398 KDGATMKTFCGTPEYLAPEVLEDNDYGRAVWDWRGLGWVVIMY EMVCGRLPFYH EELFEL 359

. ILMEEIRFPRTL PEAKSLLSGLLEKDP LEGESELAK ETMEHRFF A+ TWIWIDVYE KK
sbjct 368 ILMEEIRFPRTLSPEAKSLLSGLLEKDP LEGESEDAKEIMGHRFFASTVIWIDVYEKK 419

Query 41 LSPPFKPQVTSETOTRYFDEEFTAQMITITPFOQDDSMECVDSERRFHFRPQFSYSASGTA 488
~ LEFPFKPOVTSETOTRYFOEEFTACMITITRPRFOQDD+ME WVDSERRFHFPOFSYSASETA
sbjct 428 LSPPFK SETOTRYFDEEFTAGMITITRRDODDTMEGVDSERRFHFPOFSYSASGTA 470

Query 361 ILMEEIRFPRTLGPEAKSLLSG LLKKDPT§RLEGGSEDN{EII’-1§R FEANIVWQDVYEKK 428
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