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Abstract

Satisfactory investigations of the equine foot appear to be limited by the histo
morphological complexity of internal hoof structuresot lamenests considered

to be one of the most debilitating pathologiciéeasesn the horse In most
species,foot lamenessis 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 estdished 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 different species. Despite this knowledge, it
remains unclear how cell proliferation itself is involved in this pathology. So far,
there is controversy regarding the incidencdoaft lamenessn horses, as it is
unclear whether it ifoot lamenesshat tiggers hoof distortions orice-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 isamable that very little physics has
been introduced to enhance our understanding of the disease. In order to develop a
better understanding dioot lamenesswe aim to provide a model dbot
lamenessencompassing anatomy, cell biology and physics to halpal new
evidence for evaluating the incidence of pathological changes within internal
structures of the animal és foot. It i

bridging this gap in knowledge.
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Fifty-four equine hooves were collected and eggirized based upon their
morphology, and tissue sections were harvested from the periople, coronary and
proximal part of lamellae. Markers of progenecity (p63), gabliferation
(PCNA, Ki-67) and differentiation (K14 K10) were used to assess the hoof
growth rate in coronary regions using immunohistochemistry (PCNA7Kp63)

and immunofluorescence (p63 and Kl4or assssing the involvement of
physical forcesin hoof growth, theMicro CT-scans of individual foot were
analysed to highlight differencea the ultrastructure of the feet, for example

differences in dorsal curvatubetween different foot samples.

The results presented in this study confirm previtudings, add evidence that a
high percentage of K67 and p63 positive cells are foundtie proximal part of

the papillaeand 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 generatione tissu

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

As hoof distortim can result from uncontrollegpidermal basal deproliferation
from the epidermal papillae. Aodel of cultured keratinocytes under different
stresses such as stretch, hydrostatessure and/dow oxygenconditions This
revealed that these stresses together i@ith oxygenconditions stimulate cell
differentiation and upregulate keratin levels. Consequently, theding to
changes in their morphology and cell surface aregetfer these results suggests
that cell culture, growth, passage and physical or biological treatnhents
improvedour knowledge of natural cell stimulation and aid our understanding of
how equine progenitor keratinocytes (EPKs) would hypotheticallgores 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 -&7kand p63
abundancet the dermal papillae. laddition, K14 and TUNEL apoptotic cells
localized along the dermal papillae in the coronary hoof region were also found in
0di shedd hooves. Specifically, when t h
0di sheddé hoof) there i s arbyKi-67candep@3s e i n
expression in the quarter regions compared to the dorsal one. Negative hoof
curvatures (i.e. having a clalike shape), however, did not shown any correlation
with Ki-67 and p63 expression in any tissue type, except for K14 expression
leves in the dorsal and quarter regions. These outcomes demonstrated that the
two proteins (p63 and Kb7) participate in hoof growth, and very probably to the
differential growth of the hoof capsule as observed in chronic laminitis. This is
probably througha contribution of sustained level of epidermal basal cell
proliferation. In conclusiorthe 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 mokmenesis. These were confirmed with
behaviour of cultured keratinocytes under different stresses. Additioriady,
difference in the proliferation rates between the dorsal, quarter regions of the hoof
wall are connected to hoof curvaturéghe data givesiew 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 scientifi
fields to ameliorate our werstanding of the equine fodtowever,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 lamenessn ungulate (farm animals)

Foot lamenest a physical impairment of a limb that has a negative effect on the
freedom of movement of the anim@rcher et al., 2010, Whitton, 2016l is
accompanied by clinical signs linked to a disturbance of locomthiat is related

to hoof pathologies that can be caused by infection, environmental and/or genetic
causegO'Callaghan, 2002, Weishaupt, 200Byot lamenessan also manifest in
pain and foot lesions that, in turn, lead to an abnormal(Gagen et al.2002,
Bicalho and Oikonomou, 2013yith undesirable consequences on performance
(Mulling 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 anddr pain that are the result of damage or injury of ligaments,
muscles, nerves or integumg@'Callaghan, 2002, Whitton, 2016&)r could be
due to asymmetric and/or uneven feet promoting the developmeiidoof

lamenesgWiggers et al., 2015)

Virtually all ungulate animals can be affected tmpt lamenesgMurray et al.

1996 Winter, 2008, Ross and Dyson, 2010, Christodoulopoulos, 2B@%ever,

our knowledge concerning the aetiology of the condition is often related to the
economic implications of thenamal in our society{Archer et al., 2010, Bicalho

and Oikonomou, 2013)or this reason, a brief introduction has highlighted the
foot lamenessn cattle and sheep as an example to the economical and societal
importance offoot lamenessFoot lamenesss 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 possibl€Vermunt, 1992) Several different types of lesions can cause
foot lamenessFor example, the majority débot lamenessn 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 necrobacillogidedges et al., 2001, Chegon et al.,
2008, Archer et al., 2010Amory et al. (2008)determined that together, sole
ulcer/sole ulceration and white line diseases account for 58% of lesions, and
digital dermatitis andinterdigital necrobacillosis for 8% of lesions. These lesion
often concern the rear fe@tethbridge, 2009)and present the most important
financial and welfare problems faced by the dairy indugdCallaghan, 2002)

as they are responsible for a drop in reproductive efficacy, eeaks in milk
production, andincreasedculling rates (Murray et al. 1996 Bicalho and
Oikonomou, 2013)Some authors such @sarkson et al. (199&stimated that the
UK prevalence of foolamenessanged from 3&5 cases for every 100 cows per
year. These relatively high figures wetlso found by others, includirtdedges et

al. (2001)with an incidence rate of 68% ahéthbridge (2009ith an incidence
rate of 35% Attention has also been drawn to the significancotf lamenessn
sheep and goats from both welfare and econoraidgigs as most of thefeot
lamenesscases involve similar lesions as those caused by fo@@idton and
Green, 2016) interdigital dermatitis and contagious ovine digital dermatitis
(Winter, 2008) These lesionsfor example footrot and interdigitaledmatitis
represent most common causesfadt lamenessn sheep in the UK, causing
about 80% ofoot lamenes¢Kaler and Green, 2008conomically, in the United
Kingdom, Nieuwhof and Bishop (2005stimated that the financial cost foit

lamenessn 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 fooftétl et al., 1997)as well as cracks and
erosions on the bulbs of theeel that expand beside the internal hoof wall
(Christodoulopoulos, 2009Although male goats are more affected (85%) than
females (67.3%), the hind limbs seem to be the focuisaiflamenessn goats

(62.4% offoot lamenessases) as is observed in t&afiNonga et al., 2009)

Similarly, in horses,foot lamenesds a significant and predominant medical
disorder which accounts for about to $1 billion in losses annually for the equine
industry in the United States of Ameri€aeitzinger et al., 2000/oorman et al.,
2013) In the UK,the maintenance of each horse is estimated to cost about £2660
annually andmuch of this inthe treatment ofoot lamenesgUprichard et al.,
2014) Foot lameness$n the horse is the most prevalent and frequent medical
isue, affecting about 11% of the general equine population in thg@&ss,
2011) and this percent increased significantly in 2012 to 18kétand et al.,
2012)due to for instance ,foot balance, shoeing and trinfhagne subpopulations
however, seem tbe more affected than others as for example it is estimated that
nearly 33% of dressage horses in the UK suffer flooh lamenesgMurray et al.,
2010) The clinical diagnosis ofoot lamenessin the equine population is
subdivided into scores ranging mo0 to 5 depending on the degree of the

condition (Table 11), with 5 being the worst outconfé/agner, 2010)

Lame horses adapt their gait to compensate for the pain originating from damaged
tissues or foot lesion@Jhlir et d., 1997, Weishaupt et al.004, Whitton, 2016)
Accordingly, foot lamenesss considered to be one of the most common signs of
kinetic disorder affecting the musculoskeletal syst@ihitton, 2016) Thus,

horses attempt to manafgot lamenes®y numerous mechanisms, all directed at

4
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unloading the affected limfAlvarez, 2007) The methods of compensatory forces

for loading limbs have been explained Byeishaupt 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 t
diminish the pressure on the fo@Waliye and Marshall, 2016)The most
symmetric compensatory actions are detected in the vertical displacement and
quickening of the head in front limkdeot lamenesgKeegan et al., 2001)As
forelimb foot lamenesss more common than hind limlmot lamenesgKeegan 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 lifolo$ lameness
(Wiggers et al., 2015)The relatively high gevalence of forelimboot lameness
(Keegan et al., 2010)hich reaches to more than 75% of equioet lameness
being found in a forelimb particularly in Thoroughbred horses and 40% in
Standardbred racehors@dalikides et al., 2007)This may be explairkby 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, 201Q)hlir et al. (1997)showed that horses with severe
foot lamenesm the front limb display an untrdeot lamenes# the contralateral

rear limb, whereas horses with a real rear Ifodt lamenesgxhibit an incorrect

foot lamenes#n the ipsilateral front limb. This indicates that the site of the lame
limb may be assumed from thespding oftwo foot lamenes®n a diagonal axis
(Figure }1). In addition Landman et al. (2004)lefined the severity ofoot

lamenesgrades between 0 and 5 as described in Tafile 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: Schematicdrawing showing transferring limb foot lameness

This illustrates A lame hose transfer from true rear limlamenesqdashed ré line), B) lame
horse movement from true front linkmenessFigure modified from{Uhlir et al., 1997)

Table 1-1: Foot lamenesscoring

This is adapted from the American Association of Equine Practitigharglman et al., 2004)

Score Description of lamenessseverity Additional explanation
0 Foot lamenesis not tangible at any
conditions B
. Clinical signs offoot lamenesare Not consistently apparent daog 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 awalk or trot in astraight line
circlinginclines
3 Observing lame horses duringratt Consistently observable
and under all circumstances
- . Marked noddig, hitching or shortened
4 Clinical signs offoot lamenesare
obvious stride
There is minimal weight bearing in
5 Inability to walk or move

motion orduring rest
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Although the aetiology of equin®ot lamenesss still an active research area,
recent efforts have also tried to determine whether the hoof shape is a disposing
factor forfoot lamenesgausing lesions. The investigation of variations between
foot lamenessand nonfoot lamenesaffected horses bpyson 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 ditfer fion

lame horses. It was suggested that hereditary influences and trimming are factors
contributing to the asymmetrical shape of the h@atnch and Pollitt, 2004a,

Kummer et al., 2006)

Coronary regiol

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

This figure shows a concave line occurs clearly on the coronary band (shown in yElgurg
adapted fronfDyson et al., 2011b)

In chronicfoot lamenessthe hoof capsule of the lame foot can be more distorted
than in the nodame 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 foqiRyan, 2013 Drumond et al., 2016)Ihese variations in the
shape of the capsule are triggered by biological sources causing autolysis of the

collagen fibres connecting the epithelium to the b@fRess and Dyson, 2010)
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The role of these fibres is to support and susbthe weight of the horse via the
distal phalanxas well as to maintain the shape of the capsutstantMungall

and Pollitt, 1999, Pollitt, 2016 Another cause that could lead to hoof distortion is
the ability of the foot to produce keratinous mitleproximally (Daradka and
Pollitt, 2009. 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 thamouwnt of keratinous tissuéMilling and Greenough,
2006) A number of chronidoot lamenesstates can be related to sheared heels
causing palmar foot pain and hoof deviat{@hitton, 2016) Sheared heels are
considered as one of the main causegoof lamenessn the equne species,
which resllts from an abnormal stride and persistent uneven weight bearing
(O'Grady and Castelijns, 2011This leads to higher soft tissue strains that

predispose the hoof capsuledeformation Q'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 afabt lameness Most studies have
focused on thediagnostic method and treatment of speciftot lameness
conditions. Conversely, few of them are based on a prospective analysis for
evaluating the risk factors which could leadidot lamenesgroblems.Ross and
Dyson (2010)found that the foot confornian can relate to the score fuot
lamenessthrough 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 lamenesqHolroyd et al., 2013a)although evidences dh proves this is
limited (Parks, 2003, Holroyd et al., 2013a&he hoof conformation seems to be a

two way process whereby the hoof shape is a key facfooifamenesgHolroyd
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et al., 2013b, Whitton, 201@&nd foot deformation can arise as a consecgief

foot lamenesgHolroyd et al., 2013a)However, and as mentioned above, there
has been little evidence showing that malformai®mwne of the predisposing
factors for foot soreness afmbt lamenessDyson et al. (2011ajrew attention to

the fact hat, despite the differences in the shape ofdistal phalanxbetween
horsesis mainly associated with changes in the direction of the dorsal hoof wall
(Figure 13). For example, constant shoeing has an impact on the way in which
the hoof grows and caonyertime; result in a different foot conformation/capsular
shape, which can have an effectfont lamenesgVan Heel et al., 2006, Baxter,

2011)

A

“
.....
.
.

Coronary extensor
Distance: 2-15mm

Hoof thickness

14-22mm \

Sole depth
11-15mm

Dorsal hoof angle
48-54°

Figure 1-3: Schematicshowing(A) normal radiological spacesn comparison with abnormal
ones(B+C)

A) Shows the normal ratios between the parietal surface afisted phalanxand 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) diftilephalanxthese are
consequently affected on the angle ofas margin and is also markedly increased and changing
the hoof capsule. Figure adapted fr(@®merlock and Parks, 2013)
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According toJohnston and Back (200&)e conformation of the hoof wall has a

direct relationship with the loading of the lower limprotecting its optimal

balance. Therefore, the geometrical tendency of the foot components determines

the capacity of internal structures to sustain a loading balance througkitie:
bearingphase of the stride cycl@homa®sn, 1998, Thomason et al., @). In

fact, it seems that the symmetrical orientation of the hoof segments determines the
loading of internal structures throughout tveight bearingof the stride cycle

(Sherlock and Parks, 2013fhus, the hoof conformation of a particular foot is
as®ciated with the unbalanced cyclical loading, and sustaining an adequate
bal ance of stresses can prevent interna

reduce the occurrence faot lamenesgJohnston and Back, 2006)

So far, there has been verylétpublished 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 improgady diagnosis and

treatments ofoot 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 cap@itagulla et al., 2007)which composes

the hoofcapsule of ungulates and the claw of carniv@kemig 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
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for example, thedistal 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, 20E3e
structures are connected to leaxther in order to provide a coherent and resilient

structure within the foofDavies et al., 2004Figure 14).

Superficial digital
flexor tendon

Extensor digital
tendon

Deep digital

- cushion
Perioplic Dermis
Epidermis flexor tendon

Dermis /B
Coronary ; ) . -
Epidermis > Digital

cushion

]-Vasculature

Lamellar d
Vi e
/ Dermis of the
» 4//%///// bulbs of tfh: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: Schematicdrawing of a sagittal sectiorof equine hoof

Schematic diagram illustrates the entire structure ohthree hoof. Figure adapted frofudras
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.Xexpectively).

1.2.1.1 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



Ramzi Ali Agele 2018 Chapterl: Introduction

and lateral palmar/planter digital arteries (Figur®)1(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 phajaiinere are branches

nourishing to the heel bulbs and coronary regiragulla et al., 2007)

Dorsal artery of the 2 P

4

coronary
circumflexartery

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 imdgmbétudy reconstructed by Dr

Craig Sturrock and the information obtained frBodras 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 portidheof
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 lamin@axter, 2011) The terminal branches of the blood
supply erer thedistal phalanX¥rom 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 nfBrgigulla 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, 20Q7)

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 thesdbfamella pass
through thedistal phalanxand 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 lamelléCollins et al., 2004)

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

muscle as well encompassing arteriovenous sl{tiatsd etal., 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 vediBrsagulla 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 v@itishra 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 cartilagesiistal phalanxand the coronary venous
plexus in thecoronary cushion. These anastomoses are drained by the medial and

lateral digital veingPollitt, 2004a)

An additional feature ofthe blood circulation of the equine foot is the
anastomoses of arteries awmdins, which areblood 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 papil@axter, 2011) These anastomoses are able to
withdraw appraimately 50% of the whole limb blood flow, and thus can be
involved in ischemia due to blood flow diversigRollitt and BlakeCaddel,
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 animgDaradka 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 kergtimoducing cells(Pollitt, 1998,
Daradka and Pollitt, 2004The 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 keratinocyRaslitt, 1998, Eurelland
Frappier, 2013)Therefore, cornification or the formation of horinvolves in

the synthesis and exocytosis of intercellular cementing material (keratin), as well
as the apoptosis of keratinocytes once the cement has f¢fraetdinson et al.,

2004)

The hoof capsule is configured by tsteatum corneurwhich is composed of the
perioplic epidermis, the coronary epidermis, and the lamellar epidermis,
respectively(Bowker, 2003) Bertram and Gosline (198 @emonstrated that the
structure of the hooivall 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 surfaeancaster et al., 20)3Each papilla is
situated in a hollow structure at tiserface of the epitheliuniBragulla, 2003,

Konig et al., 2007) These hollowcentred tubes are composed of fibres that are
organized in a vertical helix shafBragulla, 2003) cur vi ng around

axes, and exhibiting an irregular spiral trendwssn the different layers

15
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composing the straturfBragulla and Hirschberg, 20p3n between the hollow
centred tubes, the hoof wall is produced by the proximal basal epideeiisl
which are located between the dermal papi(l2aradka and Pollitt, 2004Figure
1-6). These cells have a broad, flattened shape, with the longest axis being
perpendicular to the orientated tubul@®anks, 1993) The dermeepidermal
junction, (the connection between the distal phalanx and the hoof capsule), varies

considerablyvithin and across speciéBragulla and Hirschberg, 2003

Spinous layer

/‘Corneum layer

t

\ ’ Dermal l’i‘l’mmbu/lar horns

Intertubular horns

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

Figure adapted from the current study illustrated the layenerating the stratum medium of hoof
wall in particularly changes in the shape and size of keratinocytes in coronary fegifiviue
represent thbloodvasculature)

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 capdailagulla, 2003)
(Figure 17). The dermal layer under the hoof wall forms longitudinal folds,
which form the primary and secondary dermal lamellae that are perpendicular to

the capsuléBragulla,2003, Eurell and Frappier, 2013)
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Figure 1-7: Sagittal section of equine fooshowing coronarydermal papillae

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

Hoof capsule growth is related to mitotic activity at the germiagér of the
epidermal cells ofthe periople and coron@ragulla, 203). The hoof wall grows

at a rate of about 0-Imm per day across spec{®&ermunt and Greenough, 1995,
Parks, 2003, Harrison et al., 200@stimated in horse ranged from 0.4028
mm/day(Glade and Salzman, 1985)

Movement within the hoof is enabled llye sequential bindingnbinding of
specific adhesive units (for example heesmosomes) between the hoof and the
secondary epidermal lamellg®@ollitt and Collins, 2013) The adhesive force
between the dermal and epidermal lamellae is provided naturallfhe 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, whicloccurs in layers from the papillae and along the abaxial axis

of the hoof, and develops along the proxitistal 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 lameli@gragulla, 2003)implying that the capsular

wall has toslide in a continuous fashion on the lamellae in the proxdistal
direction (Bragulla and Hirschberg, 2008ragulla, 2003, Pollitt, 2004a)his
evidence was highlighted WBollitt (2010)who demonstrated that the main sites
for cell replication are ahe level of the coronary band or coronét 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 Greenoughi994 Daradka and Pollitt, 2004however, 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 theronary tissuéJones eal., 2004,
Carter et al., 2014) Carter et al., 2011)his 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 on$éh® disease as described by
Kuwano et al. (2002 It is interesting to note, however, thdacCallum et al.
(2002) found increased cellular proliferation in the hooves of cows which were
becoming lame. These results suggested that an augmented ratatiofdetion

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 laminiti@owker, 2003) the connection between

all of the® components is missing.
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1.3.1 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)'he 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 ung{Batdss et al.,

2003, Pollitt, 2004a) The size and distribution of thes&o segments differ
considerably between animal speci@ragulla et al., 2007) The structural

el ement of the hoof wall i s ttkeratihar ny m
ybrous, structur al protein present i n
(Tombolato et al., 2010)This keratinoussubstance is composed of tubular
structures made from dead keratinocytesrell and Frappier, 2013The tubules
descend parallel to the distal phalanx, from the proximal to distal ends of the hoof
(Kasapi and Gosie, 1999, Pollitt, 2004a)These tubular horns are produced by
the highly modified layer of epidermal cells attached to the dermal papillae
(Bragulla and Hirschberg, 2003Yhe density and size of these tubules vary
between the inner and outer regionshobf wall (Reilly et al., 19983)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 thatsamaller and oval near the
outer surfacgStewart, 2013)In addition, Lancaster et al. (2013gported that

there are regional differences in the concentration of tubules between the lateral
and medial aspect of the hoof wall. Tl#ratum mediurmiddle layer is
manifested by a high density of tubular and intertubular horny matéralktt,

2010) This tubular structure enables hoof to transmit ground concussion and load
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bearing forces to the appendicular skeletal systBowker, 2003) The inner
surfaceof the hoof wall contains a lamellar structure ranging frarbp2n in
thickness, and is assembled in such a way that the tubules intersperse between the
lamellae(Tombolato et al., 2010Accordingly, the capsular wall is organized by
three contributory layers (Figure -8 as follows: thestratum externumalso

termed the periople; th&ratum mediumalso called the coronet; and thigatum
lamellatum with the alternativename internun{Bragulla and Hirschberg, 2003,

Pollitt, 2004a, Budraand Sack, 2012, Stewart, 2013)

External layer of th e, :
hoof capsule (periopl€ 2 : 1

Middle layer of the 2
hoof capsule = 2
(coronary horn)

Internal layer of
the hoof capsul
(lamellae)

177 77 7Y Bulb of the heel

Figure 1-8: Schematic drawing showingdorsolateral 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 Biagulla, 2003)

1.3.1.1  The lamellae
The orientations of epidermal lamellae aaeranged fromhe 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 lan{&iaell and
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Frappier, 2013) These structural lamellae are interdigitated with special
expansions, i.e. the primary and secondary dermal lamé@Haditt, 2004a)

(Figure 19). There are around 55800 primary epidermal lamellae in each hoof,
and each lamella has 1200 secondary epidermal lamellae on its external

surface(Pollitt, 2004a)

Figure 1-9: Photomicrographs shownormal 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. Imalgtaéned 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 la(Bimaker,
2003) The hoof capde consists of three layers: the externum, medium, and
internum layergParks, 2003)which are formed from modified epidermal tissue
organised in both laminar and tubular architeciiu@ncaster et al., 201.3Yhe
dermal lamellae area highly vascularist 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 failurehd hooflamellar interface and rotation

of the distal phalanxPollitt, 2004b, Collins et al., 201@ue to, for example, too
strong loads on the fogRamsey et al., 2011Yhis mechanical cause is thought

to be implicated in the variation of hooves shapéh time (Douglas, 1998,
Faramarzi et al., 2011)Inflammation and destruction of the hdafmellar
interface, for instance laminitis, is one of the most debilitating pathological
condition affecting the equine fo@toftus et al., 2009, Pollitt, 2010, We et al.,
2011, Belknap and Geor, 2014Ayhich is thought to be a major reason for
decreasing optimal performance of the athletics h¢rsetter, 2004, Bentley et

al., 2007) The lamellar connection between the distal phalanx and the inner hoof
wall acts by absorbing energy for weight bearing for@adlitt, 2004a, Ramsey et

al., 2011)Figure :10).

Body weight force

Laminar
connectio

Ground reaction force

Figure 1-10: Schematicshowingapplication 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) nawcddone, (DDFT) deep digital

flexor tendon. This figure adapted frqifloyd and Mansmann, 2007, Ramsey, 2011)
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The functionalengagement of the lamellae appeass a resilient attachment
between two comparatively inflexible structures: the hoof wall anddibil
phalanx (Redden, 2003)Studies have shown that losing the stability of the
basement membrane of the hdaellar interface leads to the first stage i
lamellar failure, which occurs before the full onset of lamir{disser and Pollitt,

2011)

1.3.2 Hoof keratin

Keratinocytes from the hoof wall produce specific proteins, called keratins
(Bertram and Gosline, 198Mat are nossoluble proteins present particularly in
the epithelial ti ssues. -hTeh & rcee-plaatadn dt wo
sheets keratins which, when assembled, contain either a high level of sulphur
bonds providing their hardness as for ins&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, McKittrick et al., 201%Yha
triggers the amount of sulphimounds remains unclear hoves (Bragulla and
Homberger, 2009)

The mechanical traits of the capsular wall are essentially based on the
keratinocyte cells and their geometric organizatiBertram and Gosline, 1987,
Eurell and Frappier, 2013Dnce the keratinocytes have lost thentact with the
basement membrane, they start the differentiation process to produce particular
keratins such as K1 and Kl@Bragulla and Homberger, 2009Cornifying
keratinocytes in cornifying epithelium undergo apoptosis to become the
corneocytes in thepper corneum laygBragulla and Homberger, 200@jigure

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 lamininl&iment proteins and 6 microtubule proteins
(Carter et al., 2010b, Pinto, 2012y 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)he keratins are placed at interfaces
between tissue segments, and therefore can be exposed to biophysical stresses
(Pekny and Lane, 200.7An experiment consisting of stretching keratinocytes was
examined byNishimura et al. (2009¥ho demonstrated thas a response there is

a decrease in the number of growing epidermal cells, which seems to promote the
overexpression of the suprabasal keraftaeermar et al., 1993More recently,

and in the same fieldano et al. (20043lemonstrated that mechanictikesching

can stimulate the proliferation rate of human keratinocytes. This mechanism may
contribute to a change in the expression of kerdWiaso et al., 2004)The first

layer of epidermis that connects with the basement membrane expresses two
predomirant keratins K5 (type Itontains basic or neutral with high molecular
weight proteins) and K14 (type ihcludes 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 undifféséed keratinocytes. As these

cells divide, they move upwards, start to differentiate and produce adequate keratin levels in order
to become cornified. Figure adapted fr@magulla and Homberger, 2009)

Some studies have investigated the pivotal rol&eshtin proteins in regulating
the response to cell proliferation signals, and stated their capability to change the
mitotic activty of epidermal cells (Figure-12). This can be controlled through a
complex pattern of phosphorylation and molecular askes{blagin et al., 2007,

Gu and Coulombe, 2G). Bragulla and Homberger (20089ported a correlation
between the expression of K14 and the mitotic activity and the level of
pluripotency of epidermal basal layekl14 (acidig keratin and K5(basig,
kerains are produced together in the basal cells of stratified epithelium only in
proliferating cells but not in differentiating cellByrne et al., 1994)Therefae,

K14 is considered to ban essential component of stratified epitheli{forter et

al., 2000 Bragulla and Homberger, 2009)
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Figure 1-12: Schematicillustrates the regulatory functions of keratins

lllustration representing the mechanism by which keratin filaments are involved in the integrity of
epidermal cells. Figure adapted frgMagin et al., 2007)

1.4 Interactions between théhoof capsule and the distal phalanx

The external morphology of the hoo&psule is indirectly associatedth the
function and shape of the internal segments of the fMofeman et al., 2006)
Despite the fact that studies have documented the role of sequels linked to
mechanical stresses time hoof wall(Hinterhofer et al., 2000, Hinterhofer dt,a

2006, Thomason et al.,, 2002very little work concerning the relationship
between the shape dfstal phalanxand the changes in hoof caps(@¥uz et al.,

2006, Dyson et al., 2011ahas beempublished. 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 thahcaster, 2011 How these
subclinical changes impact the equine foot diree is unclear but given the hoof
lamellar adhesion, any impact on this adhesion may change the capsular shape
over time(Hampson et al., 2013)n this scenario, alteration of the shape of the

hoof could have serious consequences ondis¢al phalanXDyson et al., 2011a)
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for example altering its shape in response to weight loa@ihgmason et al.,

1992, Cruz et al., 2006)

Dyson et al. (2011d)ave drewattention to the fact that, despite differences in the
orientation of thedistal phalanbetween horses, mainly associated with changes
in direction of the dished solar border, the morphology of the distal phalanx is
unaffectedby the external features of the hoof capsule. It is worth noting here that
hoof shape can be altered when trimming ahoeing are consider@dan Heel et

al., 2006) The impact of trimming/shoeing on the hoof capsule shape has been
explained byJohnston and Back (2006yhere they demonstrated that the
formation of the hoof wall is physically connected to the loadingheflower

limb, thus protecting its optimal balance on the gro(iRdmsey 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 ofhe hoof suspensory apparatus

The distal phalanxis attached within the hoof capsule through the suspensory
apparatugPollitt and Collins, 2016)which connectshe entireparietal surface of

the distal phalanx to the lamellar structures of the internal hoof{Rallitt, 2010)
(Figurel-13). Preliminary work on equine lamellar connection was undertaken by
Douglas et al. (1998)ho 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 biomechams of healthy foot pesfmanceand may lead tdoot lamenessf

damagedJohnston and Back, 2006)
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Coronary region
Dermal papillae

Hoof capsule

Figure 1-13: Photographsillustrating the suspensory apparatus of distal phalanx

A, B) equine hoof images were dissected shovifrgg 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 frounalyst

Indeed, the failure of the connection between the epideraminhe and the
underlying basement membrane of the dermal lamellae would weaken the
suspensory apparatus of tistal phalanXEades, 2010)Jnsurprisingly, changes

in the basement membrane of the suspensory tissue have been suggested to signal
the firststep of laminar failuréVisser and Pollitt, 2011While Kyaw-Tanner and

Pollitt (2004)reported that lesions in the basement membrane appear before any
clinical signs offoot lamenessThe dislocation of the distal phalanx, followed by

its rotation, appés 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 thiistal phalanXRedden, 2003 These deflections lead to

impaired blood flow into the bakkayers of the hoof wallHood 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 gEugikes et

al., 2015) A number of hoof shapesam arise from this chronic condition,
including sheared heels, crushed heels, club foot-distged toe, and higheel

foot (Redden, 2003Dyson et al., 2011bfFigure :14). One of these chronic
condition is the lamellar wedge that develops alongside laminitis, and that is an
anatomical displacement of tlaéstal phalanxwithin the hoof capsuléCarter et

al., 20100, is a direct consequence of the failure of the suspersggraratus of

the distal phalanXCollins et al., 2010)However, the molecular events involved

in the lamellar wedge condition are broadly unkndBragulla and Hirschberg,
" AL
J

Figure 1-14: Schematicdrawing illustrate hoof capsule in differentchronic conditions

2003.

Different chronic conditions of hoof capsule (red lind), Al), crushed heels; (B) londished
toe; (C), sheared heels; (D), club foot; (E), kigdel foot. This is adapted frofdaneps 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 lamélagjiles, 201Q)
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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 ofdib&l 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 equinet (Gustas et al., 2001, Faramarzi, 2014)
(Figure 115). Previous studies have highlighted the connection of hoof shape to
the pattern of laminar morphologffhomason et al., 2005, Thomason et al.,
2008) The laminar function as a weight bearing tisamel 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 efforsn the suspensory apparatus of distal phalanx

(Sarratt and Hood2005, Davies et al., 20D7

Proximal

. C t
Medial 0'0”1 L

Palmar

Laminar
connection

EETPr

Dorsal

Quarter

_ Lateral
Distal

Figure 1-15: Schematic drawing illustrating the connection between thdistal phalanx

Schematiadapted fronfThomason 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., 2013TConsequently, a change in tlaenellaemorphology can be
related to the adaptivfenction of the hoof under loadir(§aramarzi 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 wgBowker, 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 nornlysical stres¢BarretoVianna et al., 2013)
Douglas and Thomason (200@¢ported that the rapid changes in spacing,
orientation and curvature of the lamellzan result inosing 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 staligt@dapting for

its mechanical functiofiThomason et al., 2005)t would appear thathis wide

range of modifications ia reflection of the extrinsic shape of the hoof throughout

its developmentthereby the inner structures modified tha&iuctures ad shapes
(Engiles et al., 2015)However, further investigation is essential in order to
undestand the fect and extent of frequent strain on biomechanical traits and

laminar morphologyFaramarzi, 2014
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1.7 Laminitis

Hoof pathologies exist across different speciegluding bovine and ovine
species, often leading to a loss of productivity with important economic loss for
the dairy/meat industrig@dilling et al., 2006, Schopke et al., 2018)has been
estimated thaaround 25% of cattle in the UK, in addition to the rest of the EU,
may be affected by laminitis, with a cost of more tharl B i plerl yeap n
(Mordak and Anthony, 2007)A survey including 113,000 horses stated a
prevalence of 7.1% of laminitis in the UKinckley and Henderson, 1996)
While a prevalence d20.1%wasreported byKatz (2004) Similarly, in the USA
estimated over 15% of horsegreafflicted by laminitis throughout their life with

a cost $181 annually(Moore and Jenne, 2010)

In all specieslaminitis is traditionally linked to hoof deformit@/ermunt and
Greenough, 1994, Engiles et al., 2Q15his pathologyhasdifferent biological
causes involving systematic, metabolic and/or endocrinopathic disorders
(Karikoski et al., 2011, Karikoski etl., 2015, Johnson, 201 ®r physical cause

involving the loading pattern of the fg@tollitt and Visser, 2010)

Laminitis is a catastrophic and destructive disease of the equine foot with a
multifactorial and complicated pathogene@isgiles, 2010, Blknap and Geor,
2017) Patheanatomical changes in laminitis include the dislocation of the close
attachments between thestal phalanyand the inner surface of hoof wall lamellae
leading to severe pain and sinking of the axial skeleton (foui@edden 2003

Lima et al., 2016) There is a significant relationship between the gradeaif

lamenessand 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 ch{Baititt, 2004b)(Figure 116).

Time line for laminitis changes

Developmental phase Acute phase Chronic phase

Hours 0 4 8 24 72 1p Davs 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 l

Thinning and lengthening Atrophy and degeneration
with reduction and of spinous and basal cells
flattening of epithelial cells  of secondary epidermal

l lamina

Mild epithelial hyperplasia

Necrosis of primary dermal layer

Haemorrhage of primary dermal lamina

Swelling, vacuolization and nuclear
pyknosis of secondary epidermal lamina

!

Keratin appearance alteration

Figure 1-16: The different developmental stages of laminitis

Figure updated frorfHood 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 offoot lamenesgMoore et al., 2004)This stage lasts between
8-12hs 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 metallopteinase activity locate@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 ttaheclub
shaped(Floyd and Mansmanr007) During in this stagechanges in cellular
adhesion between the lamellae and the hoof detkminesthe development into

either acute or chronic laminit{€arter et al., 2010a

The second phase (acute) fgiauted to the start of any clinical signs sucHaa
lamenessand foot pain and caendwithin 72hrs when the third phase (chronic)
may beginf there is evidence afistal phalanxotation(Pollitt, 2004b) Although
laminitis can have different causes such as systemic inflammation, sepsis, equine
metabolic syndroméMcGowan, 2010)and mechanical overload, research has
indicated that they all lead to the disconnection between the basal epidermal
lamellar cels and the basement membrane of the lamellar dgiBaides, 2010,
Heymering, 2010, Lima et al., 2016)hree theories exist explaining each the
hemodynamic process leading to ischemia in acute lam{Bisigey et al., 2004)

The first one assumes that ttigital vasoconstricted vessels, causing oedema, are
associated with the development of microvascular thrombi, resulting in ischemia
and severe paifMoore et al., 2004)The second assumption emphasizes that
ischemic necrosis with severe pain arises hess lilood 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 ofdlseular smooth muscle

of the digit, resulting in a constant contractidrhus createsarying grades of
digital ischemigHood et al., 1993, Hinckley et al., 1996, Eades et al., 2002)

this vascular dysfunctions associated with endocrinopathic lamis (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 thdistal phalanxin its position (Pollitt and Collins,
2016) Any failure in this connection produces soreness distinctive foot
lamenesgPollitt, 2004b, [ Laat et al., 2013a)fhe 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, Veser and Pollitt, 2011)The basement membranes are
made of type IV collagen while the main Roollagenous protein is laminin
(LeBleu et al., 2007)Therefore, laminifl and collagen IV play significant roles

in the dermeepidermal attachmerfPollitt, 2004a) Johnson et al. (200Ghowed

that circulatorylevels of collagen IV increased in cases of naturally occurring
laminitis, and that this is certainly related to the activity of matrix
metalloproteinase (MMP) enzym@syawZl anner et al., 2008}-inally, at the cell

level, another feature of acute laminitis is the augmentation in the number of
apoptotic epidermal basal cells identified in the epithelial lam@Hakeiros et al.,
2004) Another laminitic phase, termed the satute phase, canlkow the acute
phase when the displacement of thi&tal phalanxhas not occurre(Moore et al.,
2004) In thiscasethe animal improves progressivaintil there is very little or

no clinical or morphological sign of laminitis or dislocation of thstd phalanx

(Parks and O'Grady, 2003)
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The third laminiticphases known as the chronic phase, which can be considered
after 72hrs with clinical symptoms ranging from permanent, sfaitlameness
continuous foot painand excessivedisintegration of amellar attachments,
recumbence, capsular wall distortion and sloughing of the ha@wadit, 2004b,
Stewart, 2013, Belknap and Geor, 2Q01There are three characteristic features
which appear as a consequence of hoof collapse and the displacementistiath
phalanxwhich are: the rotation of the dorsal wall; the rotation on the mediolateral
side; and sinking of the distal phalaRarks 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 syndro(Beas, 2011) this
condition can develop within-2 days following the onset of the first climic
signs of the sulacute phaseit is also associated with severe pain and a
characteristic gait duetcomplete separation of the distal phaléRarks, 2016)

In this scenario, there is a palpable depression just proximal and around the
circumference of the coron@®arks and O'Grady, 2003)he severity of the case
depends on to whether the anatomieait@ires of laminitis can be compensated or
not. Indeed, compensation may occur in cases wherdigted phalanxdoes not
show excessive displacement or rotat{Bnas, 2011) This type of compensation
can occurnaturally, when horses/ponies change theaitgposture, omweight
bearing ability to remove of the stress applied on the Haafellar interface
(Morrison, 2010) Some features remain visible over time, including diverging the
growth lines from the dorsal to the lateral/medial parts on the dioosdlwall,

and a resulting change in contact angle between the hoof and the (fBtesdrt,

2013)

36



Ramzi Ali Agele 2018 Chapterl: Introduction

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 thdistal phalanXKuwano et al., 2002Pollitt,
2004b) This structure develops as a result of the impaired connection between the
dermis and the epiderm{®ollitt and Collins, 2016 The normal biomechanical
performance of the foot is affected by the lamellar wedge and leads to additional
soreness and funchal disability of the affected horsefot, particularly
distortion in hoof capsule and distal phaldixgiles et al., 2015)n addition to
locomotor dysfunction,abnormal keratinous tissue produced time lamellae
wedgetends to imitate the nature anégmitude of the hodfamellar interface for
recovery of the affected fodqCollins et al., 2010)The separation of theistal
phalanxinside the capsular wall can change the sole shape to become convex
rather than be concave, due ddferential 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 lin@'grady, 2011)It was therefore thoun that a large
guantity of the ectopic white line could be able ultimately to prohibit the straight

and normabrowth ofthe hoof capsul&uwano et al., 200Figure 117).
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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 dapsiule
indicates(*) abnormaltissue, which changed the shape of hoof capsule. Images obtained from
study, but source information includ@éuwano et al., 2002Collins 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 (Betmsey et al.,
2013) Thesepathologicalconditions are dependent on the age of the animal since
the hoof capsel can also adapt its shape to some level of stress preventing hereby
damage or injury of hoof segmentdohnston and Back, 2006pne study by
Franck et al. (2006gvaluated the elastic modulus (the ratio of stress to strain
along the loading direction) ahe bovine the claw allowing an estimation of the
firmness and the stiffness of the dorsal, abaxial and bulb horn wall. Results
demonstrated thahe elasticityof the bulb horn is greater than the capsular wall
horn and that the dorsal wall is stifferaththe abaxial wallSalo 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. (1996ound that the elasticity ohe equine dorsal superficial wall
was highelin comparison tdhatthe lower valuestahe dorsal inner wall, while

the quarters havingitermediate values. The difference in rigidity between the
dorsal surface and inner walls proves that the equine lagpsfute 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 measur@lyan, 2013, Jansova et al., 201Hpweve, 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 thickn€Es)eme et al.,
2015) Finally, the capsular wall being thinner at the quarters may facilitate the
abrasion of both medial and latesadles, whichhappens through weiglearing

(Douglas et al., 1996rRedden, 2003

Additionally, Thomason et al. (2005pund that lower mechanicdbads were
present at the distal part of the laminar junction were as higher loads were present
at the mid and proximal part levelSeometrical 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 st(Ragesey 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 biomechgfiicemason

et al.,, 2002 Ramsey et al.,, 201L.3However, we propose that understanding the
stress components afgrowing 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 betweenhoof 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 challeng€Mordak and Anthony, 2007Yhe hoof capsule of

the equine foot, asvith most biological structures, varies in shape between
animals (Bragulla and Hirschberg, 20p3The hoof shape can change during
specific periodswhere trimming, weight bearing, growth and erosion take place
(Hood et al., 2001) These variations are ceflated to ecological reasons,
includingthe firmness, abrasiveness, or humidity of the grqiadamarzi et al.,
2009, Ramsey et al., 2012hvestigations into the relationship between the distal
parts of the equine foot, the residual stresses appli¢getdoof, as well as its
shape, have illustrated a way by which hoof shape can cl{Betienzani 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 tistthréiah

of the capsular wall, such as it appears in chronically laminitic h¢{irkex] et al.,

1993) As thedistal phalanxrotates, the dorsal coronary dermis is compressed,
resulting inlow oxygenof the coronary tissues, which may be accountable for a
reduced growth rate of the dorsal hoof w@lloore et al., 2004, Morgan et al.,
2016) An increase irthe perfusiorof the solar and toe areas megusechronic
inflammation in these area@®itmeeste 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 resulteffom residual
stresses Vvisible through (Johhseon and Backi u d e
2006) Accordingly, biomechanical loading can challenge the tissues of the foot

(Ramsey et al., 2013Figure 118).
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Figure 1-18 Schematicdrawing illustrating the stresses applied orithe hoof wall

Schematidi agram show (A) application of forces bet
ground reaction on the hoof border, iGot s the
is the | ami noar itse ntshkaostrdssagnagplial dn tssta phalanx(B) stress

applied on the anterior wal/l. C) Shows influer

constituents of ground reaction foriég pwhile (D) resulting movement of the hetlring strides
Figure adapted frorfThomason et al., 1992)

Therefore, consideration of biochemical and biophysical mechanisms present in
the equine foot could provideme prospects for early diagnostidaift lameness
(Johnston and Back, 2006)he mechanical stresluring 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 sdqlEhomason and Peterson, 3)0It seems,
therefore, that the heels and the quarters take an eminent proportion of the stress
in absorbing concussion and upholding bodywe({&atrrey, 1990) This concept

was highlighted in a study yood et al. (2001yvhich pointedto the connectio

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 agpacts
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.

1.10Modelling the set of forces in a growing hoof

If one considers the hoof capsule as a planar surface, therthraesforces
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 (vinich 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
(Bragdla, 2003, Pollitt, P04a, Daradka and Pollitt, 200Budras et al., 2012)
Figure 119 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 orrelated with density of dermal papillae per fas with high

papillary density leads to generate more horny mat@eirison et al., 2007)
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Ground reacti

Figure 1-19: Schematic drawingillustrating 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, (¥ P) second phate, (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
forcesdirection 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 anderlying tissue resists
this growth, producing a force in tlmpposite direction (Figure-20). This is a
factor, whichis significant when determining the growth rate of the hoof wall.
The adhesive force represents the structures and molecules betwesdermal

and epidermallayer thatare necessary to attach the horny capsule to the
underlying tissues, and also allow movement along a stationary s(@Raaeh

and CherkaouRbati, 2014)Figure 120).
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Figure 1-20: Dissection of a hoof capsule.

A) Hoof capsule appears separated atdbiemoepidermal interface (dejientation of tie primary
epidermal lamellae (el) is highlighted. Theidermal lamellae (elyppear white in colour after
semration from dermal lamellae {cicoronary papillae (Qpshow the direction oflermal papillae
(dp) inside the coronary groove (cg), blue arrsmow where the papillae attached to the hoof
capsule prior to dissection. Bjoof appears without a capsular wall,)(coronary regionlmages
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 al{@dligh 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 utbnnected longitudinal slabs, the most dorsal slab should grow
more slowly than the most medial/lateral on@auch and Cherkaciibati,

2014) This highlights the presence of residual stress inside the hoof as the later
grows normally. These residual stses 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 stresséRyan, 2013)Figure 121).
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Figure 1-21: Photosshowing 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 farte
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 Cherkao#tbati, 2014)(Figure £22).

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

A) Showsa | arge contact angle (61.7¢e) of a horse h
force; (grf) ground force or gravity force;. BJhowsa s mal | contact angl e (
projection of forces that are different due to the shape of the hdoftas has comxdave sh
represents the angle between the dorsal surface and the groundywdiilews 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 shdfpbomason et al., 200Ramsey et al., 201.3)n

order to relate the physics to the biology, one needs to measure exactly the
proliferaion index from the coronet and relate such proliferation to the different

physical parameters affecting hoof shape.
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1.11Hypothesis

Recent efforts have tried to determine whether the hoof shape is a disposing factor
to foot lamenesgausing lesions. Thehysical 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 perémce of the foot and
underlining the correlation between hoof conformationfaotilameness

The overarching hypothesis for this work is that hoof shape will have a significant
effect on hoof growth, altered proliferation rates, and pattémreddition, a set of
hypotheses wereonstructed within each experimentdlapterin order to define

the individual experiments and work plan.

1.12Aims

The comprehension of the pathophysiology and progression of hoof distortions is
incomplete, and this limits the efforts to prevent and treat devastating diseases,
such asfoot lamenessand laminitis, successfully. Scientific investigation is
proceeding ab 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 betweemhshape and growth rate and its impact on
foot lamenesslt is possible that the interconnection between the hoof capsule and
the growth rate, with regard to the orientation of dietal phalanxis key. This

study aims to uncover how histological, grossrphological and physical forces

act within and upon the equine hoofitdluencehoof shape. These aims will be
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investigated using a number of methods, including immunohistochemistry (cell
proliferation and apoptosis), tissue composition (basement raemlihickness

and composition, and collagen distribution), gross morphological differences in
whole foot, bone/hoof curvature measurements and angles {@ilcimaging)

and biophysics techniques using culture progenitor keratinocytes to incorporate an
interdisciplinary information regarding hoof growti. 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.

1.130Objectives

Theobjectives of this project we:

1- To compare cell proliferation, keratproductionand cell apoptosis of the

epidermal papilla cells using immunohistochemical methodghis was

performedby labelling proliferation, stem progenitor and apoptotic dells

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 lmomeatures using the micro

CT-scan.

4- To assesthe behaviour of equine progenitor keratinocyteder different
physical or chemical stressetha might have an effect on their

proliferation caphlity and hoof growth. This wasperforned by
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measuring theell proliferation/differentidion using immunofluorescence
and Western blot. Additionally, the pluripotency of progenitor
keratinocytes after isolation arglrification was assessedubjected to

differentiated mediaanddifferentiationmeasurd using Alzarin red stain.

1.13.1 Research plan

In order to achieve the objectives above the experiments were divided into 3
experimental chapters. Chapter 3 investigabtedv the hoof grows from the
coronary region, chapter 4 examinethe behaviour of isolated progenito
keratinocytes lining the dermahbpillae, and chapter 5 studidte biophysics of

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

A. The experiments undertaken ifapter 3 to investigate hoof growth

included:

1. Counting the number of dermal papillae

2. Measuring the diameter of dermal papillae

3. Measuring the changes in celtsilining and inter papillarypsce

4. Measuring the epithelial and hoof wall thicknesses

5. Measuring and assessing the basement membrane zotteeaardount of
collagen fibres attached to the basement membrane

6. Measuring the frequency of stem p63 +ve cells against the papillae length

7. Measuring the frequency of proliferation -B¥ +ve cells against the
papillae length

8. Measuring the frequency of TUNERpoptotic +ve cells against the

papillae length
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B.

10.

11.

The experiments undertaken imapter 4 investigatkthe cell behaviour

under different stresses including:

Assessment of the influence of blebbistatin on cytoskeletal element
EPKs

Assessment ghluripotercy during cell passages and the
transdifferentiability of EPKs

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

Assessmenf the influence stretch &PKs incubated with blebbistatin
Assessmenf 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% ©

Assessment of gene expression under 5% O

Assessment of the impact of insulin on equine hoof culture keratinocytes
Assessment of the PI3k/Akt pathway in cultured keratinocytes treated

with Insulin
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C.

10.

The experiments undertaken inapter 5 investigatkthe physical biology

of hoof growth including:

Evaluation of staining patterns of +ve cells

Assessment of the percentage of proliferation markers PCNA a6d@ Ki
+ve cells, and stem cell progenitor keratinocytes p63

Assessment of theariation between the percentage p63 andKrve

cells

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

Comparisons between 7 and K14 expression levels and the hoof
curvatures

Comparisons between p63 and K&#pression levels and the hoof
curvatures

Assessment of TUNEL apoptotic +ve cells at the dermal coronary region
Assessment of the correlation between the ratio e6Kior p63 to
TUNEL positive cells

Assessment of the influence of the degree of hoof aumyabn
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

52



Ramzi Ali Agele 2018 Chapter2: Material & Methods

2.1 Materials and methods

2.2 Collection of hoof samples

Equine hooves were collected from Tauton slaughterhouse in Barstidtom the

F. Drury and Sons Lt&windon slaughterhousé&thical permission was given by
The School of Veterinary Medicine and Science, University of Nottimgéthical
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) uprighwvdibof

2) concaveof 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 regiofisboth medial and lateral (tissues were extracted from the
dorsal, quarter nthal and lateral for the first thirteen hooves, while the rest from
the five regions that mentioned befordn additional twenty hooves were
collected separatelydur hooves every other month) for cell isolation and culture
cell experiments(Table 21). All hooves were given a unique identification

number.

Table 2-1: The source of hoof collection

Type of horse N. of horse Left forelimb | Right forelimb | Left hind limb Right hind limb
Pony 14 4 4 3 3
Crossbreed 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 wth 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 displdye 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 oartefacts 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; pH7.27.3, Fisher Scientific, UK) fixative
solution was injected through the main arteries (medial and lateral palmer digital
arteries). Tissue samples-T6hm thick) were extracted from area between skin
and hoof capsule and from1Bmm under this agel the perioplic segment and

the coronary segmenfBudras 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 usatttorough

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,amples were placed intphosphate
bufferedsaline (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 RBE immersed into diRD for 1hr.

The samples were dehydrated in a series of graded ethanols at room temperature,
unless otherwise state80% 2X 2hrs 70% 2X 2hrs 90%, 4°C overnight; 95%

2hrs and100% 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 embding station, Leica, Germany).

23.1 Tissue sectioning

Paraffin blocks were trimmednd coveredwith tissue socked with 10% (v/v)
ammonium solution placed on wet ice, then the blocks wermlly sectioned

using a microtome (Leica RM2255 Microsystems, Germany) at 8um and mounted
onto polysine coated microscope slides (Fisher Scientific, UK). A nuimiraf 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 xylenéain, and rehydrated with a series
of alcohol solutions, 100%, 90% and 70% for 5min each and immersed,® dH
for 5min. Sections were dipped in haematoxyh8 mes, washed with tap water
for 5min, stained in eosin for-2min and then in tap water and @M for S5Smin
each. Sections were dalmated in graded ethanol 70%, 90% and 100% for 5min
each and cleared in xylene for 5min before coverslips mounting with DPX

(Sigma, Spain).
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2.3.3 PAS stain

Samples were stained using the Periodic Acid Schiff (PAS) technique (according

to slightly altered manafturers instructions; Periodic Acid Schiff, IVD,
Germany). This protocol consists of two primary staining reagents. Periodic acid
actsto oxidiseofthe 1,2gl ycol s i nto aldehyde groups
reagent, reacts to form a specific redocir which as a consequence of reaction

with  unsubstituted polysaccharides, muaw  glycoproteins, neutral
mucopolysacraides and glyeahnd phospholipids). This stain was utilized for
staining the basement membrane in hoof tissues.

Sections were dewadédy incubation in xylene for 5min, followed by rehydrated

via a series of descending ethanol series (100%; 90%; 70%) for 5min each, then
rinsed in dHO for 5min. Periodic acid2Q0ul agueous solutignwas applied to

each slide followed by immersion in running tap water for 3min then rinsed in
dHFO f or 5 mi n. Sections wer 00u)rdoc ibimiat ed wi
followed by washed with running tap water for 3min and then rinsed Fodbir

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 5Smin each and cleared in xylene for 5min, they

were coverslipsnounted ging DPX (Sigma)
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2.34 Ma s s drichbome stain

Masson trichrome with light green (Polyscience Inc, UK) staining was used to
assess the presence and proportion dageh fibres in hoof tissueswo sets of

sections from throughout the tiss(the area that is close to the basement
membrane and further away from basement membraes) stained in order to

ensure coverage of the tissue.

Initially the manufacturero6s protocol W
60eC wuntil t téde (enqurang askue i adheremoe)l Sections were
deparaffinised by incubation in xylene for 2min, followed by tissue rehydration

via a series of graded ethanol (100%; 90%; 7@8%)min each, then rinsed in

dHFO f or 5 mi n. Sect i on ssolutienrirean moubatbaat t i n
60eC for lhr then washed in tap water
Speci mens were stained with Weigertos i
10min (prepared from mixing Weigrert 6s i
haematoxylin (B) at a ratio 1:1) followed by a wash in running tap water for 5min

and then rinsed in dRD. Biebrich Scarlet Acid Fuchsin solution (200ul) was

added to each slide for 5min and then rinsed ifQIHPhosphotungstic acid/
phosphomolybdic @ was utilized at 5%v/v) for 10min. Light green stain

(200ul) was applied immediately to each slide for 1min followed by rinsing in
dHFO. The differentiation reagent of 104'v) acetic acid was added for 1min. the

slides wererinsed in dHFO, dehydratedn an ascending ethanol 70%, 90% and

100% for 5min each and cleared in xylene for 5min before coversiqsiting

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 preventind) of tissue,
protecting reagents from evaporating.

2) Speci mens were stained with Weigert o
for 2min instead of 10min.

3) The concentration of Biebrich Scarlet Acid Fuchsin solution was decreased
to 10%(v/v) for 30 secods 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 sytematic radom sampling (40XDM 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) andpbecentage mean +

standard error of the meal$EM) were recorded and calculated for each

sample using Excel software (Microsoft Windows, Microsoft Corporation

USA).

2.4 Immunohistochemistry

24.1 Spatial localisation of PCNA

PCNA staining kit (Invitrogen®, USA) was utilized to label proliferating cells.
The sections were incubated at 60eC wun

protocol provided by the manufacturer was followed:
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Sections were deparaffinised in xylene foridfollowed by tissue rehydration

via a series of graded ethanol periods (100%; 90%; #@%%min each, then
rinsed in dHO for 5min.

Antigen retrieval was performed via a digité&ric microwave cooken 10mM
sodium citrate, pH 6.0 for 1min at a diem 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 diHO for 5min.

Specimens were incubated with blocksgution (100 Reagent 1) to each slide

for 10min at room tempature, then the solution was blotted off without rinsing
and incubatedwith primary antibody 100ul Biotinylated mouse ant?tCNA
primary antibody, Dako, UK (Reagent)Zpr 1hr at room temperature ejative
control slideswere treated wittb% (v/v) foetal calf serum (FCS) onlyThen all
slides were rinsed IRBS3X 2min. Streptavidin peroxiddQOpl, Reagent 3) was
applied to each specimen for 10min and then rinse®B® 3X 2min. DAB
chromagen X00ul, Reagent 4) was added to each slide and incubatedioin3
Sections were counterstained with Mayer
stain, blued in tap water then rinsed ifHfor 5min. Sections were dehydrated
using graded ethanols (70% 3min; 90% 3min; 100% 3min), dipped in xylene for

3min, and mountéwith coverslips using DPX mounting medium.

2.4.2 Spatial localisation ofKi-67

In order to trial a further method for assessing cell proliferation, specimens were
incubated with an antibody against-&7 (ab66155, rabbit polyclonakacts with
horse, Abcam, UK) and Leica kit (Leicddov ol i nkE Pol ymer Dete

Novocastra, Leica Biosystems, UK) in order to identify cell division idesmal
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cells of hoof tissuesThe sections were incubated
melted for 15min (ensurindhat 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%; T0¢&min eachand
thenrinsed in dHRO for 5min. Antigen retrieval was performéxy heating in
sodium citrate buffer solution pH.® Antigen retrieval was optimisednd
incubated in the buffer forrdin medium/low hea&nd refreshed buffered and
incubated for Bin medium/high heat, then redaetto and later cooled at room
temperature for 20min and washed with RIHfor 5min. Following antigen
retrieval, the specimens were incubated with peroxidase block for 30min at room
temperature, followed by washing in PBS 2X 5minotBin block (eica were

added to all sections and incubated for 30min. Sections were then incubated with
primary antibody, Ki-67 (Abcam, UK) diluted in5% (v/v) FCS (Sigmg and
covered with parafih for 1hr at room temperature;eljative control slides
received=CSonly. After primary antibody incubation, slides were washed in PBS
(2X 5min).

Three drops of post primary solutiohefca) were applied and incubated for
30min followed by washed with PBS f&min then after three drops of polymer
(Leica) were added and incubated for 30min then washed with fBBSmin.
Sections were stained witbAB chromagen solutiofor 2X 5min, followed by a

wash in HO for5min.Sect i ons wer e counterstained
for 10sec to contrast the blue cof of negative nuclei, blued in tap water, then
rinsed in HO for 5min. Sections werdehydrated with ethanff0% 5min; 90%

5min; 100% 5min) finally dipped in xylene for 3min and mounted with glass

coverdips using DPX mounting medium.
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2.4.3 Spatial localisation of p63

The antibody p63 (Anti p63 antibodsabbit polyclonal [N2C1] Gene TexJSA)

was utilised to visualisstem cells within the horse hoof tissu€arter et al.,
2011) Immunohistochemical staining was performed on the tissue collected,
processedand sectioned as described above (Sections 2.2 and 2.2.1) using p63
antibody GeneTex . Sections were incubated firs
then immediately dewaxed in xylene for 5min, rehydrated via a series of graded
ethanol periods (100% 5mi®0% 5min; 70% 5min) then rinsed in BBI for

5min.

Antigen retrieval was performdaly heatingmicrowave in10mM sodium citrate
buffer solution pH® was apdied for 5min medium highthen reduced to
medium low for 5min and later cooled at room tempeeator 20min followed by
rinsed in HRO for 5min. Specimens were incubated with peroxidase blosikd),

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 f
30min. Sections were then incubated with primary antibody &3¢ Tex
diluted 1:500in 5% (v/v) FCS and covered with parafiim forhd at room
temperature; HMgative catrol slides received FCS onlyollowing primary
antibody incubation, slides weweashed with PBS 2X 5min.

Three dropsof post primary solutionLeica) were applied and incubated for
30min followed by washed with PBf@r 5min then after three drops of polymer
(Leica) were added and incubated for 30min then washed with fBBSmin.
Sedions werestained with DAB chromagen solutidar 2X 5min, followed by a
washinHO f or 5min. Sections were counters

for 10sec, blued in tap water then rinsed FOoHor 5min.
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Sections were dehydrated with ethanol grad&@o 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 usingteysatic random sampling (200)0M 5000

B, Leica, Germany). Five systematic random photomicrographs were taken from
each tissue section. This immunostaining enabled visualisation of proliferating
(stained brown) vs neproliferating cells (stained purple). Every cell was
counted and identifiecs either proliferating or neproliferating sing Fiji J
software (Wikimedia Foundation Inc., USA) thigkentified the brown colour
positive cells first, then identify blue negative cells around and further away from
the dermal papillae

Results were reeded for every photomicrograph and the mesiBM was
calculated for each samplesing Excel softwarend graphs constructagsing

GraphPad software (Prigm

2.5 Statistical analysis

251 H&E

Sections were taken throughout the tissue and three sections photoauhsxfr

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 ofdermal papillae fromdorsal quarters and heels hoof regions
Measurements were calculated using calibrated a Fiji J software. Thirty
measurements were performed on each image (Figlije rBeasuring the space

between basement membrane and cell keratioizdthe 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 latgrahse

These measements were recorded mearSEM and calculated for each sample

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

Schematic diagranillustrates 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 baseemsintane 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 measunment wasrepeated 30 times along the whole thickness of

epidermal coronary regiofscale 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., 2017Prior to scanning, the hooves were thawed at room
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temperature for 48hrs, thetihe examination was performed with a scanner
(Universal Medical Systems, Sutton Bonington Campus, Bioscience buyilding
Phoeni x vO t omensingand spetod Tech@bgie§ GmbH,
Germany) at 125kV and 320mA with a 120um slice thickness (resn)utin
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 softWdiemedia
Foundation Inc., USA) that was ablo analyse 2D stack of images and enabled
3D reconstructionThe 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 Nottinghain and the photomicrgraphs
measued by the author of this thesis.

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

the slices. Thereafter a rectangular field of vehape was selecteigbre 22B.
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Figure 2-2: The procesdor hoof wall thicknesscalculation 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 anedeoést, whichis marked with a

yellow square line. C) lllustrates how vertical lines were setgatbe 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 sge.

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. Thereafteperpendicular linesvere plotted from external

wall surface and grid line to the deepidermal 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 methodsmased 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 thicknessngiCT scan images (Figure32).

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

Illustration 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, whereass(@aysithe 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 photomicrographimage 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 g&atum mediunor the hoof wall.

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

measurements. The method was carried out u$iijigimage J software
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(Wikimedia Foundation Inc., USA), (Figure-3) illustrates the different step
involved in the calculation of hoof wall thicknestratum mediu Both the CT
scanning measurements and the histological photographic measurements were

assessed within this thesis.

253 Change in @ll size

Sections for different horses hoof showing the entire dermal papillae were
selected throughout the tissue and three sections photomicrographedrin thei
entirety (20X Leica). Twenty photomicrographs wetaken 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
measuredalongsidethe lengths of dermal papillae from each tissue section.
Measurements were performdy drawing around thesurface area of entire
keratinocyte ands nuclei, and thewto dimensions of cell and nuclei in thednl

and short axis (Figure-2).

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 mesurementsvere recorded amean+SEMand calculated for each sample

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

Photomicrographimages 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 arxissbelt) 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. lergth results shown in Excel (black arrow). pa=
dermal papillae. Scale bars represent 20um.
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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 photomicrograipigs u
calibrated Fiji J softwareBasement membranéickness meantSEM were
recorded and calculated for each sammeng Excel softare and GraphPad

software (Prism).

2.7 Counting cells of proliferation PCNA, Ki-67 & stemp63

Sections were taken throughout the tissue and three sections photomicrographed
in their entirety (20X, Leica). Five photomicrographs were tdkerach section.

This stain enabled visualisation of proliferating (stained brown) vs- non
proliferating cells (stained purpleEvery cell was manually counted and
identified as either proliferating or nguoliferating and recorded for every
sample. ThemearSEM was determinedising Excelsoftwareand GraphPad

software (Prism).

69



Ramzi Ali Agele 2018 Chapter2: Material & Methods

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 andpé@®iantibody
utilizing an immunofluorescence technique as describedRblgertson et al.
(2008)

Optimisations were carried out to ensure appropriate antigen retrieval. Slides were
i ncubated in the oven at 60eC for 3 0 mi
dewaxing twice in xylene for 3min (including 10sec agitation at each solution
change), thereafter rehydedt using 100%, 90%, 70% ethanol, IHand PBS

with 10sec agitation followed by a 5min incubation for each step. Antigen
retrieval was heated by electric microwaire 10mM sodium citrate buffer
solution pH 6; apied for 18min at mediumiow and later cooledat room
temperature for 20min followed by rinsed in @ for 5Smin. All of the following
incubations are at room temperature.

Sections were prereated with 5%v/v) FCS (Sigmg for 30min to reduce nen
specific binding of the antibody. Thereafter, the slsgvere incubated first with
primary rabbit polyclonal antibody to p63 (G&rex at a diution of 1:500for

1lhr, then washed in PBS 3X 5min. This was followed by an incubation with a
secondary antibody Alexa Fluor 594 goat aatbit IgG (Molecular Prolse Inc.

USA) for 30min used at a dilution of DQ0then washed iPBS3X 5min.

Secondly, sections were further incubated for 1hr in primary mouse monoclonal
antrcytokeratin 14 antibody ([LLO0O2Abcam, UK; 1:50, then washed in PBS 3X

5min and followed byAlexa Fluor 488 rabbit antnouse IgG (Molecular Probes,
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Inc. USA) used at a dilution of 1:1000 then washeB&$%for 3X5min (negative
control slides were received only on both incubation with Alexa Fluor secondary
antibody). Afterwards, specimens wereunterstained 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 Ba,le

Germany).

2.8.2 Epidermal basal of keratin marker 14

Paraffin embedded tissue sectig®@am) of coronary region, were used to identify
spatiall ocal i zation of keratin K14. Slides
30min and then transferred immediately for dewaxing in xylene twice for 3min
each, following that tissue was rehydrated using 100%, 90%, 70% ethaiR@l, dH
and. Antigen retaval wa performed vieelectric microwave, imllOmM sodium
citrate buffer solution pH 6; applied for 18min medium low and later cooled at
room temperature for 20min followed by rinsed inRIHfor 5min. All following
incubations are at room temperature. Sectione weetreated with 5%v/v) FCS
(Sigmg for 30min to reduce nespecific antibody binding. Thereafter, sections
were incubated first with pnary mouse monoclonal ankieratin 14 antibody
(Abcam) at a dilution of 1:50, for 1hr, then washed in PBS 3X 5amid followed

by Alexa Fluor 488 rabbit anthouse IgG secondary dmtidy (Molecular Probés
used at a dilution of 1:50hen washed in PBS 3X 5mineljative control slides
were received onlylexa Fluor secondary antibodiylethyl green was used as a
countestain for nuclei. It was prepared by dissolving 0.686v) Methyl green

(MP Biomedicals, LLC,France) in 0.1M sodium aceta(€orning, USA) and
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adjusted to pH 4.0 with acetic acid. This stain was applied for 1min at room
temperatureand therwashedfor 3X 3min in dHO. 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 acquiredawdtpital camera

on a fluoresceremicroscope (20X, Lei¢gaKeratin expression was measdiin a
semtautomative manner using Imageo and the percentagmeantSEMwere

recorded and calculated for each sampleguBixcel software

2.9 Apoptosis

Cellular poliferation 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. €hTUNEL 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 sampl@fe protocol provided by the
manufacturer was followed for apoptosis assessomny peroxiase staining of
paraffinrembedded tissue.

DNA fragmentation was determined using a commercial kit (Apoptag Peroxidase
kits, ApopTagE, USA). Tissue sections
5min, and rehydrated with a series of alcohol solutions, 100%nain, 95%for

5min and 70%or 3min and washed in PBSr 5min. Specimens were ptesated

with 10mM sodium citrate buffer pH 6 for-8 cycles of 3min each in a

microwave oven (refilled with fresh buffer between cycles), then washedHd dH
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for 5min, andthen treatd with 2Qug/ml (ProteinaseK) for 15min at room
temperature, then washed inf@Mfor 2X 2min.

Endogenous peroxidase was quenched by applying 3.0% hydrogen peroxide
(HFOR) for 5min at room temperature and rinsed RBS for 2X 5min.
Equilibrationbuffer was directly applied to the specimen (75l for each slide) for

at least 10sec at room temperature, then excess liquid was tapped off. Thereatfter,
100l working strengthTdT enzyme(Terminal DeoxynucleotidylTransferase

was added to each slide andubated inahumdi fi ed chamber at 3
The section of negative contrdilssue was not incubated with TdT. Specimens

were placed in a coplifar containing freshly made stoyash buffer, agitated for

15sec, andhenincubated for 10min at rootemperature, followed by washing in

PBSfor 3X 1min.

After warming the aliquot of antligoxigenin at room temperature, 65ul was

applied to each specimen surface area and incubated in a humidified chamber for
30min at room temperature, then washed ABS for 4 X 2 mi n at ro
temper at-pe eox iDA®Bs e s u b-DiamirleerzidirepSigma i on  (
Aldrich, UK) was applied for 10min at room temperature. Slides were washed
three times in dRO for 1min each, and incubated for 5min in KIH Methyl

green wasused to counterstain nuclei (0.5%w/v) Methyl green (MP
Biomedicals) in 0.1M sodium acetgtéorning pH 4.0. This stain was applied for

10min at room temperaturthenwashed 3X in diFO in a coplin jar, by dipping

the slide 10 times each in the first aseicond washes, and for 30sec without
agitation in the third wash, followed by washing the specimen in 3 changes of
100% NButanol (:Butanol, SigmaAldrich, Germany) in a coplin jar dipping the

slide 10 times each in the first and second washes, andskyg 86thout agitation
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in the third wash. Slides were dehydrated using xylen8X 2min, then mounted
under a glass coverslips in RRnounting media (Signja Slides could then be

stored indefinitely at room temperature.

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

Twenty equine hooves were collected in total for cell isolatifour(legs were
regularly collected every two months to perform cell isolation and then cell
culture experiments) from the F. Dyuand Sons Ltd, Swindon slaugrhouse.
Ethical permission was given by The School of Veterinary Medicine and Science
ethical committee. The clinical signs/case histories of tinmals were examined

by official vetsurgeryin the slaghterhouse to confin 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 thorolgiwith 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 recleaned 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 (Bassai® 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 coronarystis. Each piece of coronary tissue
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was trimmed separately to expose the area of interest that contained the dermal
papillae (Figure &5). A number of optimisations were carried out on coronary
hoof tissue until successful isolation of the progenitor keoatites from the
coronary dermal papillae was achieved as described in Figaréltze dermal
papillae tissues (soft tissue) were dissected from the hoof wall (Bau}iwhich

was discarded. The dermal papillae tissues were then rinsed®B&twith 5%

(v/v) antibiotic/antimycotic (Gibco, UK) in 50ml falcon tubes for 1hr.

Thereafter, each piece of dermal tissue was cut into small piece8.Bc28 and
immediately transferred to a 15ml tube containing 0.25% trypsin
ethylenediamintetraaceticacid (EDTApibco, 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 itsebasd this wagarried 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 dissrded and the epidermal tissues separated were transferred
directly to a petri dish containing collagenase digest. Theacandenzymatic

with 0.1% (w/v) collagenase typé (Sigma)wasperformedini ncubat or at
for 2hrs (see Appendix 8.3)The cell sispension and epidermal tissue were
filtered through acell strainer (cell strainer 4 nylon) with 50mltube. A piston

was employedo help the tissue separation and filtered through a cell strainer.
Following cell suspension, the solution was centritbg®t 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 (DMEMF12, 10%(v/v) FCS 1% (v/v) antibiotic/ antimycotic

solution) and approximately 5x i@ells/cnf per flask seededn collagen coated

(tissue culture flasks 25cm?2 screw cajph filter, TPP, Switzerland)Cells were

then incubated overnight ( 3-I8AIC,(UVH % CO2
Sanyo, Japan). Medium wadreshed 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 stepsrder to isolate progenitor
keratinocytesrom 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 ssue. C) Coronary region was removed. D) Coronary region
trimming (d) represents the area of interest that contains the dermal papillae. E) lllustrates how the
dermal papillae (soft tissue) was separated from the hoof wall (hard tissue). F) Soft tissherwa
washed with 5% antibiotic antimitotic in PBS and incubated in falcon tubes for 1hr. G) Tissues
were trimmed into small pieces 0-2%cnf and incubated in 0.25% trypsEDTA for 18hrs. H)

Shows the tissues were transferred for a new petri dish uidhef separation under the
stereomicroscope. |) lllustrates 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 éksue (j1) dermal papillae was then discarded. K) Shows that the
epidermal cells were incubated with 0.1% collagenase-iyf@ 3hrs in an incubator. L) Cell
suspension was filtered using a cell strainer to remove any tissue debris and then seelisd the ¢
in culture flask. M) Photomicrographs illustrate after first day of culturing cells. Scale bar
represents 200um.

76



Ramzi Ali Agele 2018 Chapter2: Material & Methods

All cultured cells were collected ogay 7#9 of culture upon reaching 80%
confluencethe adherent cells were trypsinized with 0.26¢psinEDTA (Gibco,

UK) postseeding and cultured onto a tissue culture flask (Nunc Easy flask 75cm
and 175cm, Thermo Scientific, Denmark) in DMHM?2 to initate second and
third passagesn order to confirm the purification of keratinocytéslated ells

were examined through three passages. Thesecasied at and repeated every
time for eachanimal (N=3). This allowed identifying the maximum pluripotency

on each passage. Additionally, cells were have three types of growing; first one
cells were d@illy 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 dag@from firsttype ofculturing cells

to ensure they still hashaximumpluripotency

2.11Immunofluorescence 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 thewgll plate,and thenwashed with PBS.
Immediately, the culture cells on covepsliwere fixed withd% (w/v) PFA for

10min at room temperature. The PFA was then discarded, and the wells washed
with PBSfor 3X 5min. Thereaftesaponin solution (0.15 % (w/v) Saponin, MP
Biomedicals, LLC, France) was added and incubated on plate shaker (Gyro
rocker, StuartUK) for 1hr. Afterwards, the &oninwas removed and the cells
were incubatedavith protein blocking2% (w/v) BSA (Fisher Santific, USA) for

lhr at room temperature. Thereafter, the cells were incubated first with first

primary antibody, which wernesed and are listed in Table22
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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 incubatedor 1hr at room
temperatureand thercells were washed in PB8r 3X 5min. This wa followed
by incubation with anAlexa Fluor 594 goat antiabbit 1gG diluted 1:1000
(Molecular Probes, Inc. USA)of 30min then washed i®BS for 3X 5min.
different wells wereincubated for 1hr in second primary antibody, which were

used depending on each expeit and are listed in Table32

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-1 U 1/250 Mouse ab8366 Abcam
monoclonal

These antibodies were also dddtin 2% BSA. Afterwards;ells were washed in
PBS 3X5min and then incubated in Alexa Fluor 488 rabbitrantise IgCdiluted
1:1000(Molecular Probes, Inc. USA).

In somewells, FActin was localisedand this was performed adding 2 drops
of F-Actin (Actin Gr e e n E 4 8RBr ofbeestlEgular Probes, USAjor
30min  then washed iInPBS for 3X5min (in all experiments wit
immunofluorescence protocol,ejative control slides were incubated with only

Alexa Fluor secondary antibody).
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Afterwards, fine thumb forceps were used toebally 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 esldde and boundarpf the
coverslipswere sealed with elr 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 acgithmgdtwo

days to ensurgood fluorescence intensity on ffuorescence microscope (40X
Mag. DM 5000 B, Leica, Germany).

The same procedure was carried out orctiks after they wereulturedfor 3 and

5 days. Triplicate experiments were carried out and ten photomicrographs were
taken from each well. Florescemtensity was measured and assessed for each
photomicrograph using ImagPro software(Figure 26), and the percentage

meantSEMwere recordednd calculated for each sample.
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A| Measurements of intensity per cell surface arg¢a
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B I Measurements of nuclear intensik
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C| An example on categorized the daia

Plate FOV measure Day Oxygen HIF1h Area Den./Inten.(R) I(Z:se)n.llnten. nuclei g‘:::s"y R/ ig??::ga ::])&Zimophy Intensity/nuclei .(R) Intensity/nuclei(G)
1 fovl 1 1 1% low 1989.973 21.735 56.61825 2 0.020187  0.049945 1122.663 13.0162327 34.15352244
1 fov2 2 1 1% low 889.8 25.62216 46.88635 2 0.030764  0.057197  600.4064 16.72663547 30.14384974
1 fov3 3 1 1% low 1035.69  27.52022 53.07586 2 0.028691  0.057534  626.8869 16.31696337 28.88761369
2 fov4 4 il 1% low 1063.765  24.85456 41.32585 2 0.024651 0.040983 567.5759 13.17697511 21.20898283
2 fovs 5 il 1% low 1085.346  19.98057 39.80195 il 0.018916 0.037131  812.1059 14.95735086 28.44771795
2 fove 6 1 1% low 1034.481  17.6483 40.54089 2 0.021736  0.053675 794.6945 12.9144726 28.25972311
3 fov7 7 1 1% low 1287.119  23.13255 5157375 2 0.027906  0.070317  909.9088 14.84185651 32.90340286
3 fov8 8 1 1% low 1087.06  27.09663 66.16913 2 0.034693  0.088184  550.0461 13.4765329 33.00922732
3 fovo 9 1 1% low 1036.067  16.97235 43.21327 iL 0.018865 0.047587  861.5385 12.75912691 33.49921485
3  fovl0 10 il 1 low 1259.042  14.55299 49.57666 2 0.012489 0.042726  849.6325 10.04736106 33.3655342

Figure 2-6: Schematic showingneasurement fluorescence imnsity 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.

2.12Osteogenesis diffeentiation

Progenitor keratinocytes were isolatetd cultured as described(i@hapter 2.1
and triplicated each timgN=3). The protocol provided by theanufacturer was
followed for csteogenesis differentiatidistemPro® Osteogenesis Differentiation
Kit, Gibco, UK). After 8 daysin culture (the first passage (P1l)), cells were
washed with PBS and tryipszed using 0.25% trypsiBEDTA (Gibco.

Afterwards, cell viability was determined and total cell density using Trypan blue
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stain (Thermo Scientific, UK)and haemocymeter Cells were seeded into -12

well culture plags at density 5x19 cells/cnf. Cells were committed to the
differentiating protocol to generate osteocytes usingogsigesis differentiation
mediumand incubated at 37°C and 5% £&nhd mediumwas 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, sodiumchrbonate (Sigma
Aldrichand, UK)and 1%(v/v) antibiotic/antimycotigGibco, UK) and 10%(v/v)

FCS, Sigma, UK). After 15 and 19 dags culture cells were fixed using 4%
(w/v) PFA for 10min at room temperature and then washed carefully wig® dH

for 3X 5min. Cells were then staed with 1% (w/v) alizarinad stainpH 4.2for

both plates thatvereincubated with differentiating medium and growth medium
for 10min at room temperature with carefully shaking. Thereafter the stain was
removed and wells were washém 3X 5min with dHO. Immediately images
were taken for the cells directly and images were acquired within the same day

using a digital camera on a fluorescence microscope, (4€i5a).
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2.13The role of insulin in culture keratinocytes

Primary equine keratinocytes waselated from the coronary region acaltured

for8 dayswithme di um ( Dul beccods Modi fied Eagl e
F-12 Ham with Lglutamine, 15 mM HEPES, sodium bicarbonate, and(\i89
antibiotic/antimycotic and 10%v/v) FCS, as desibed in Clapter 2.10
Keratinocytes were trypsinized and seeded intavéR culture plates at a density

of 2x1( cells/well containing glass coverslips for 24hr. Cells were then starved
for 24hrs in medium DMEM-12 containing 1%(v/v) FCS. Thereatfter, cells
were $imulated withbovineinsulin (Sigma, USA)t concentration®.1ugml or
lpgml for 30min, hr, 2hrs 8hrs 24hrs and 48hrs in preparation for
immunostaining. In order to investigate cell proliferation, cells were labelled with
anti-Ki-67 antibody and fokeratin protein using K14 as described previously in
Chapter 2.10. In addition to that, investigations were carried out on cell signalling
pathways conected to cell proliferation.dlls were incubated for a short time and
stimulated by insulin atpg/ml for 30min, 1hr and 2hrsThereafteWesternblot

was utilised as described in Chapter 2.C&ntrol cells remained untreated with

insulin over the experimental times.
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2.14Mechanical cell stretching

Primary equine keratinocytes were isolated froamonaryregion and cultured
withmedi um (Dul beccods Modified-IRaagd ebs M
with L-glutamine, 15mM HEPES, sodium bicanate (SigmaAldrich), and 1%

(v/v) antibiotic/antimycotic(Gibco) and 10%(v/v) FCS (Sigmaas described in
Chapter 2.10Keratinocytes were seeded at a density of 2x&ls/well on six

wel | bexi ble silicone rubber Bi oFl exE
(Flexcell International Corporation, Hillsborough, NC, USA).

Cells were seeded for 24hrs before medtanstretch was applied for two
phenaypes, 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 a65% was applied using 8imnm marble
(Figure 27). The cultures platewere divided into three groups; (Ijcubated

with 20uM Blebbistatin (intbitor of nonmuscle myosin || Abcam, UK) for
24hrs and then removed before mechanical stretch was agghiet;ubated with

the inhibtor whilst undergoing cell stretching3) incubated witlut Blebbistatin

at all. The cell cultures were incubated in a humidifying incubator at 37°C and 5%
CQo.. In addition to applying tension for shorter periods of time 30min, 1hr and
2hrs before cells were prepared for #iMesternblot. 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 extrad as described in Chapter 2fb8 Westernblot or
stained withmmunofluorescencas described in Chapter 2.10. Control cells were
seeded on the same plates and in theesacubator without being subjected to
stretch (Figure ).
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Control cells Collagen coated Flexible bottomed
(Silicone rubber )

Base holding marble BioFlex culture plate Cells stretched

Figure 2-7: Schematicshowing culturing cells in mechanically active environment

The application of mechanical tension on equine keratinocylésred 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 performexh isolated EPKs cultured directly on deformable
BioFlex culture plates preoated with collagen just after isolation. The aim was

to investigate whether the strain oells (i.e. proportional to the stretch) had any
impact on the differentiation/prolifertai on of EPKs. Note that
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
O0stretchoé (i . e. tresshienotmpasgiblei Howaever knowfing theh e s
typical elastic moduli ofcells (1001000Pa, see Table-4), it is possible to

estimate the stress knowing the strain applied. In this context, we shall use the

terms O6stretchd and 6straind in an indi
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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 canceells(Panel) 100500 (Walter et al., 2011)
Mouse embryonic carcinoma stem cells neurorgqP 200 (Spedden et al., 2012
Chick dorsal root ganglion neurons 500 (Spedden et al., 2012
Rat cortical neurons 200 (Spedden et al., 2012
Mouse fibroblastells (NIH3T3) 1001000 (Cai etal., 2013)
Mouse fibroblast cells (Balb/c3T3) 700900 (Sirghi et al., 2008)
Epithelial oral cancer cells (UM1) 6002000 (Zhou et al., 2012)

Therefore, to create a method that mimics what happewso, 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 cidtured
2days in the absence of stretch to allow for cell adherence to theogied

collagen area.

2.14.1 Estimation of strain application at
culture plate

Application of strain wa applied using a miale (Figure 28). The calculations
were performed by Dr. Cyril Rauchot determine the impact of the relative
homogenous dilatignonly 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?, wherer is the marble radius. As a

result, any tangent to the circle in the half spgce0 has a slope determined by:

dy/dx=-x/~/r?- x*. And in pamdi cuhar tamget

(dy/dx),, =-x/4r?-x*>. The snbopies ianl so equal to t

straight hotneod §tohi fyti- @ips+&). In this contex, it is
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possible to determine a system of two equations to find the coordinates for

M = (x1 yl) that are:

?=r? and (y,- e)/(x +R)=-x/r?- x°. To determine the

2r
surface area in red, noteg} one sees thab = fpoxdy where x* +(y-r)y =r2.
Y1

)(12 +(y1 - I’)

Noting DS/ S, the relative dilation one finds:

o . ~22
DS alaQ _
— =2 rxdy - 1
% (5,-1) =1
(V,- elt)I(X, +RIT)=-%/{1- X,

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

findsDS/ S, ~65%.

Figure 2-8: Schematic showing calculation of stretch loading on culture&PKs
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2.15Hydrostatic pressure

Primary equine keratinocytes waselated from the coronary region acaltured

for8 dayswitme di um ( Dul beccods Modi fied Eagl €
F-12 Ham with Lglutamine, 15 mM HEPES, sodium bicarbona8igma
Aldrich) and 1%(v/v) antibiotic/antimycotic (Gibcopnd 10%(v/v) FCS (Sigma
asdescribed before in Chapter 2.10

Keratinocytes were seeded into-@2ll culture plags at the density of 2xf0
cells/well containing glass coverslipgg6mm diameter) for 24hr. Coverslips were
transferred into the cap of a 50ml centrifugbe (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 (Figu#g.2

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
thirdupto50ml (Pa®90. 81) for 1, 3 and 5 days al
incubator at 37°C and 5% GQCFilter caps were then placed on the top of tubes
and sealed with a pafdm membrane to prevent contamination.

The loading hydrostatic pressure was calculated usinfpliogving equation and

Table 25:

- z] 1

== hydrostatic pressure

z= density of a fluid (density of culture medium = 1010kythis was measured

by weighing culture medium at 37°C three times 1, 3 and 5days)

| = gravitational acceleration (9.81/)s

[ height (m)Pressure (Pa)
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Table 2-5: Table showing the calculation ohydrostatic 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) (20cm high)
-zl 1 -zl 1 -zl 1
=1010kg n#*9.81ms(1cm/100) =1010kg nf*9.81ms>(25cm/100) =1010kg nf*9.81ms(50cm/100)
Pressure (Pa)= 99.081 kg/nfs Pressure (Pa)= 495.405 kg/nts Pressure (Pa)= 990.81 kg/nfs

The cells were committed to continuous hydrostatic pressure during the
experimental time. Hydrostatic pressure was performed for\lvetsternblot and
immunofluorescence technique. Immediately, cells were trypsinized and extracted
protein as described inH@apter 2.18or Westernblot and the coverslips were
fixed and proess as described in Chapter 2f@dimmunostaining. Additionally

the relation between hydrostatic pressure and oxygen coraamtraas
calculatedn Appendix 8.5 which was assumed the aomt of oxygerconsumed

per unit of cell surface area

Filter cap

Pressure (Pa)
=990.81 kg/m s*

f50m| culture mediutnl

Pressure (Pa)

Tube —— = 495.405 kg/m s

25ml culture medlmﬁ

Culture medium

Pressure (Pa)

Coverslips = 99,081 kg/on 3

Control cells

Figure 2-9: Schematicillustrating hydrostatic pressure applied on culturing cells

Diagram illustrates how the hydrostatic pressure was appliedcaludilated 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/mwhile the second and third tubes were loaded
hydrostatic pressure at Pa=495.405 kglansl 990.81 kg/m’sespectively.
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2.16Culturing EPKs under low oxygenconditions

Primary equine keratinocytes were isolated from the coronary region and cultured
for8dayswithme di um ( Dul beccods Modi fied Eagl e
F-12 Ham with Lglutamine, 15 mM HEPES, sodium bicarbonate, (Sigma
Aldrich) and 1% (v/v) antibiotic/antimycotic (Gibco) and 10% (v/v) FCS (Sigma)
asdescribed before in Chapter 2.10

Keratinocyts were seeded into 42ell culture plates at the density of 2%10
cells/well containing glass coverslips (16mm diameter) for 24miplicate
experiments were performed usihggh oxygenconditions at 21% oxygen and
low oxygenconditions at thee differentoxygen levels (5%3% and 1% ¢) 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
Westernblot investigatons as described in Chapter 2.18 addition, cells were
incubated ahigh oxygencondition 21% @ and atlow oxygencondition 5% Q

for 5hrs, 1day, 2days, 4days, and 6days for an figat®n into gene expssion

analysis (see Chapter 2)17

2.17RNA extraction and quantification

2.171 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 wee washed withor PBS which was then aspirated. The adherent cells

(Keratinocytes) were then trypsinized and collected using 0.25% trypsin EDTA.
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The cells5 x 10 cells were and centrifuged at 300g for 5min, then the
supernatant was removed and the cells washedfwifPBS and recentrifuged at

300g for 5min, then the supernatant was completspirated

Immediately, a volume of 350pl lysis af RLT Plus was added 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 microcentlrifue
was added to the lysed cells, and mixed by pipetting (without centrifuge).

I nstantl vy, 700¢ | of t he ganypdcipgitatetaan t hen
RNeasy Mni spin column and placed in a 2ml collection tube, then centrifuged at
8000g for 15se, followed by discarding the collection tube plus the solution.
350ul RW1 washing buffer was added to the RNase spin column and centrifuged
at 8000g for 15sec, then the flow through was discarded. Afterwards, for further
DNA removal from RNA, the spin coimn was treatedith DNase | (RNaséree
DNase st, Qiagen, Germany). This procedure was carried out to remove DNA
contamination using DNase digestion following RNA.

DNase | stock solution wafirst prepared using the RNafee DNase st. The
RNeasy spirtolumn membrane was directly incubated with 80ul 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 wadiade 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.foin. Finally, 35ul

of RNAsefree 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 BNsefree

water in oder to elute high concentratiof RNA).

Following RNA extraction, thdinal 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 sethie standard. The samples witl2@0/280 réo reading 1.82.0 were

used in the gPCR. feerwards, dilution of the RNA withuctlease free water was
calculated taobtain0.1ugul total RNA for make reverse transcription. Then, the

eluted RNA samples were stored 8t0 e C.

2.17.2 Reverse transcription and first strand synthesis of RNA samples

RNA extractions from cell cultures were revetsmnscribed using SuperScript®
[l in a single tubeD.1ugul 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 20mM dNTP
mix (Life Technologies, UK), and adequate nuclease free wateratth 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 SuperSdtiphix was
addel to each tube;
SuperScriptIl mix

1) 4 ¢l Rever s e Invitrogem §QA). i pt ase (

2) 1pl of 0.1M Dithiahreitol (Invitrogen, USA).

3) 1ul of RNase Inhibitor (RNase out, 40U, Invitrogen, USA).

4) 1pl of Superscript Il reverse transcriptase (20@UInvitrogen, USA)
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Negative control was receivetie same conditions but without Superscript Ill.
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 wdly fina
deactivated by incubated at 70°C for 15min. The cDNA was then stor2@°at

to be use for PCR and rethe quantitative PCR (qPCR).

2.17.3 PCR

Polymerase chain reaction (PCR) was carried out on cDNA using a thermal cycler
(2720 Thermal Cycler, AB ApplieBiosystems, Singapore). Primers were used to
amplify only equinespecific target genes and the housekeeping gérieso,

2012 Aguiar et al., 2015)In order to amplify each gengené specific primers
(Table 26) were used for PCR amplification and fonagptitative RNA using

gPCR.

Table 2-6: Primers used for gPCR amplification of the ten segments equine keratinocytes
gene, wher ea sActBhale Badsekeeptig genes

Gene Forward primer Reverse primer Amplicon
sizes (bp)

GAPDH 5'f CAATGACCCCTTCATTGACC i 3' 51 GAAGATGGTGATGGCCTTTC i3’ 133
b-Actin 5'1 CGACATCCGTAAGG ACCTGTi3' 51 GTGGACAATGAGGCCAGAAT 13" 192
CD44 5'1 CAGCACCCCTGCGGATGACG i 3' 51 TGGTCTTGGGTGGGGCGAGT i3' 114
CD29 571CCATTGTTCACGTTGTGGAG i3' 51 TTGGCAAATTCCCTTCTGTC i3' 157
Keratin 14 57TACGAGACGGAGCTGAACCT i3’ 51 TGGCCTCTCAGGCTATTCAT 13" 179
Involucrin 571 ACATCACAAAGCGGAAAACC i3’ 5 GAGCTTCTTCTCCTGTTCCA i3’ 97
I nt egr 5TAGTCTGCACATCTTCTTCCTGA i3  57CGCTCCAATCACTATATCTTGC i3’ 122
Vimentin 51 ACGTTCGTCAGCAGTATGAAA 13 51 GTTAGCAGCCTCAGAGAGGTC i3’ 98
HIF-1 & 5TGACAAAGTTCACCAGAGCCTAA i3 5TCATTGACCATATCACTATCCACATC i3’ 69
Keratin 10  57GGTTCAGTGGTGGCTCTTTTA i3 51 CCTAAGCTGCTGCTTCCATAG i3 139

92



Ramzi Ali Agele 2018 Chapter2: Material & Methods

The volumes and final concentrations of constituents uséeiRCR a presented

in Table 27.

Table 2-7: Table showing the final cacentration of constituentsused in PCR reaction

Component Volume Final
concentration
10X PCR Rxn Buffer (-MgCl2) 2.5yl -
dNTPs mix 0.25pl 25mM
MgCI2 lel 50mM
Taq (DNA polymerase) 0.25¢l -
Forward primer 0. 5¢l 10uM
Reverse primer 0. 5¢l 10uM
Template cDNA 1¢0.1pd _
Nuclease free water To 25¢l

The tubes were capped and incubated in a thermal @20 Thermal Cycler,

AB Applied Biosystems, Singaporeen the following program was applied for
PCR amplification:

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

7min, after that cooled down &at@ for 5min.

2.17.4 Agarose gel electrophoresis

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

The mixture was agitated and warnmactrowavecooker atmedium temprature
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settings for 2mi n. The gel was t hen
(ApgmiINancyi 520, Sigma, UK) was added.

Followed cooling, the gel was transferred into aqgdting tray, and a 10 well gel

comb was placed, and then left for 45min to clot and®et gel was placed in

the electrophoresis tank. Running buffEAE buffer) was added into the tank up

to 3mm over the gel, then after the comb was carefully pulled out.

The samples were thgmepared for loadinpy addi ng 8. 5¢l of PC
1 . 5of 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 tartkeand t
electrical current appliedt D V for 60min, afterwards, the gel was cautiously
transferred from the tray and scanned under a UVitilamsinator (Image Quant

300, Germany).

2.17.5 Quantification of target gene mRNA levels

Quantitative reverse transcription polymerase chain reaction -RER) 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 tmplify 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 (bng, 0.2ng,
0.04ng, 0.008ng, and 0.0016ng) in order to create a standard curve to calculate the
efficiency of the primers (Appendix 8.4The final volumes and concentrations of

constituents applied in the gRGvere demonstrated in Table32
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Table 2-8: The volume and fnal concentrationsused in running gPCR protocol

Component Volume for light cycler 96 well ~ Final concentration
2X QuantiFast SYBR 12.5¢l for
Green PCR Master Mix
Forward primer 0. 7¢l 10puM
Reverse primer 0. 7¢l 10puM
Template cDNA 2¢l (1ng) _
RNasefree water To 25¢l

The amplification real time cycler conditions were initiated by a PCR activation

step at 95°C for 5min, and then denaturation {$teép cycling) 95°C for 10sec.

Followed by, 40 cycles (combined, annealing and extension) at 95°C for 10sec

and at 60°C for 3&c (The same primers were used to amplify egsireeific

target genes and the housekeeping genes).

Thereafter, melting curve was analysed using software oftineal cyclers
(LightCycler®480 Softwarerelease 1.5.0, Roach, GermaniheCt (cycle

threshdd) data was transferred to Excel sheet (Ct represents the number of cycles
required for the fluorescent signal to cross the threshold). Followingyéms,
expression values wer e (Paffl@@L)i sed wusing

ACP
( E ) target (control-sample)
target

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

Mathematical equationllistrating 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.

E:arger= efficiency of target gene

E,.: =efficiency of reference gene

&CParge= CP (crossing points) deviation of the contreample of the target gene

&CP,.=CP (crossing points) deviation of the contreample of the reference gene
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2.18Proteins extraction, quantification, andWestern blotting

2.18.1 Proteins extraction

The protocol provided by the manufacturer (RER Nuclear and Cytoplasmic
Extraction Reagents, Thermo Scientific, USA) was followed for nuclear and
cytoplasmic proteins extraction. Cells were gently washed fwittPBS buffer

then incubated with 0.25 tryissEDTA 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 10x£@ells, which equal to 20megll 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 possif@# centrifugation steps were performed at
4°C and the cell samples and extracts were preserved on ice).

100pl of icecold CER | (Cytoplasmic Extraction Reagent | (CER ), Thermo
scientific, USA) was added to the cell pellet and vortex the tube viggronghe
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-acd CER Il (Cytoplasmic
Extraction Reagent Il (CER 1), Therrszientific, USA) was added to the tube
andvortex 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 celinembrane and release of cytoplasmic contents). The

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

Immediately, the insoluble pellet fraction, which contains nuclei, was resuspended
in 50ul of icecold NER (Nuclear Extraction Reagent (NER), Thersoientific,

USA) and continues vortéeng the tube on the highest setting for 15sec every
10min chlling on ice for a total 40min. Thaibe was then centrifuged at 160009
for 10min, and thenthe supernatant (nuclear extract fraction) was immediately
transferred to a clean pohilled labelled tube and placed on ice. The supernatant
volume of both cytolasmic and nuclear extraction wasantified 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 (Coms@as’lus (Bradford)
Assay Kit, ThermeScientific, USA). Preparation of diluted albumin standard
(Thermo Scientific, USA) was first performed by diluting the contents of one
albumin standard ampule into eight rhl5micro-centrifuge tubesEach 1mL
ampule ofalbumin 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 themount of reagent needed was removed and
equilibrate it to room temperature before uspl of each standard or blinded
sample were added into the appropriate microplate wells (Thermo Scientific 96
Well Plates, USA), each diluted standard and sample wagigcdted. 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 themomixer and the absorbance measured at 595nm wavelength with a
plate reader (FLUOstar OPTIMA, BMGABTECH, Germany). Protein
concentration of each sample was determined from the standard cuypicting

the average absorbanéer each albumin standardessus its concentratiom

using Microsoft Excel synchronised with OPTIMA software (OPTIMA,

Germany).

2.18.3 Polyacrylamide gel preparation for protein electrophoresis

Polyacrylamide gel electrophoresis protoomkre followed using the instructions
ofthemanfiact urer (TGXE Fast CaBotREdUSA)r vyl ami d
0.75 mm glass plates (Glass plate®-Rad USA) were first cleaned with dig

and ethanol. Glass plates were vertically assembled, aligned, and held in the
casting standvith spacer plate on topf it, then placed in casting frame, and

tested with dHO to ensure no leaks during the gel casting process.

Acrylamide kit 10% (w/v) SDS contains four solutions-R&solver and B

Resolver; AStacker and BEStacker). Therefore, to prepare one gel, 2ml of
resolver (A) solution was added to 2ml of resolver (B) solution, then, 2ul
N,N,N",N"-tetramethylethané,2d i ami ne (Ul tr aPureE TEMED
USA) and 20ulof freshly madel0% (w/v) ammonium persulphatérisher

Scientific, Belgium) were added and rack

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 wth isopropane to prevent gel dryiagd left for 30min until fully

polymersed. 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 2yl
TEMED and 10l 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 polymerigar 30min. After that, the cast gel was either
used directly or covered with a paper towel wetted withQlldnd 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#) b-mercaptoethanol,
(Sigma, UK), in Laemmli Sample BuffeBIO-RAD, UK), then made up with
water, afterweds were boiledht 100e C f or 7 mi n.
In order to determine the optimum concentration of protein sample, an
optimisation trial was first carried out witlifferent concentrations including 15,
20,25,30,35 and 40ug respectively (Figurg®.
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 Koncentration 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 frameams, after that the electrode assembly was positioned into

electrophoresis chamber assemMyeéterngel tank). Afterwards, 26@50ml of
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running buffer (TrisGlycine SDS Running Buffer, Novex, USA) was added to

the mini tank, and loading guid8ip-Rads 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 alwayaded with 5ul molecular

weight marker ((molecular weight marker 12€®@ 5000 Da) Amer s h
ECLE Rai nb o w8K)and subsequent wells were loaded with samples.
Following sample loading, the chamber assembly was filled with maxifoum

running buffer,and thenthe led was placed and inserted the electrical leads into
power suppl yBi¢g-Fad WSA). Poer wds then applied on the gel

and electrophoresed at constant 200V feb6@Min.

2.18.4 Protein transfer

PVDF membrane (PVDF Transfer Membrane, 0.45fthermo Scientific, USA)
was instantaneously activated by incubation in methanol for 15min prior to
transfer and after that washed with transfer buffer {Gtigcine Buffer,Bio-Rad,
Germany) for 3min. Blotting papers weweetted in transfer buffer. Onceeth
electrophoresis was completed, gaksette was removed from the gel tank and
washed with dpO. The gel was then removed from cassette sandwich by slightly
splitting the two plates of the gel cassette. Thereafter, gel was equilibrated with
transfer buffe and prepared in a blotting paper.

The sandwich was then transferred to electroblotter for protein transfer[Bgmi
Transfer Cell,Bio-Rad USA). Membrane blotting was card out at 25V for
50min. The membrane was carefully removed and tested with daorstain

(BDH Chemicals Ltd Poole, England) for 1min using gswoker (Stuart, UK),
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after that the membrane was first washed with dH20, then in TBSFH{ifisred

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

2.18.5 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 gyooker. After blocking, the
membrane was directly incubatedthwprimary antibody((Table 29) see also

Appendix 86 for specificity of antibodypvernight at 4°C using el mixer.

Table 2-9: Primary antibodies used for Western blot

Antibody Size Working Cat.No. Company
(kDa) solution
dractin 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
PhospheAkt 60 1/1000 Ser473 Cell Signalling
Technology
CD44 82 1/2000 ab157107 Abcam
dxcatenin 92 1/3000 D10A8 Cell Signalling
Technology
HIF-1 U 92 1/3000 ab8366 Abcam

The next day, the membrane was wasf@d3X 5min in TBST, followed by
incubation in a secondary antibody (Tabi®)2for 1hr. The secondary antibody
was diluted with 5% (w/v) skimmed dried milk (Marvel, UK) in TBST.

Thereafter, the membrane was washed it BST 3X 5min each.

Table 2-10: Secondary antibodiesused for Western blot

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

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

linked Antibody Technology
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2.18.6 ECL detection

Luminokbased enhanced chemiluminescent sub:
Maxi mum Sensitivity Substrate, Ther mo S
horseradish peroxidase (HRP) on immunoblots.

This procelure was carried out by first preparing working solution from mixing

equal volume of the stable peroxide solution and the luminol/enhancer solution in

new prechild tube (100pl was used from working solution pef ofrmembrane).
Westernblot membrane wasovered 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 describeGhapter 218.7.

2.18.7 Image acquisition with imager

Westernblotmembrane was placed on the black chemiluminescence exposure box

and close the imager door. The exposure box was connected with a camera
(Photex Camera, Photek HRPGBSU, Germany) and computer. Photic sofeva

was turned on and the O6i mager acquires
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 acquireshages 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 tleeafeach protein in sample was

cal cul ated in relatioictntn o the housekeep
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2.19Measuring hoof angle

All the hooves were given an identification nhumber 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 agle 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 imageshe images were then imported into a Fiji J
software (Wikimedia Foundation In¢ USA) that is able to measure thershl

hoof angle Figure2-11).

File Edit Image Process Analyze Plugins Window Help
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Figure 2-11: The procesdor hoof angle calculation

Schematic diagram illustrates how the images were processed through Fiji saeftedidhen 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.
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2.20Measuring hoof curvature

Themeasurements of hoof curvature from the images emerged from the micro CT
scan were performed by Miss Emily Paul (MR€&le University of Nottinghain

and the gross anatomical measurements by the author of this(Kemse et al.,

2017) Histological datashown in this thesis were compared agaboth of these
measurementslhe procedure was performed using Fiji J software (Wikimedia
Foundation Inc., USA), Figure -22 shows the different step involved in the
calculation of hoof curvature. In addition, tsame 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.
Physicalassessments for the hoof curvature wesaducted 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 212). Using the imagingoftware Fiji J, each mark was performed a set

of coordinates to locatie on the hoof capsule in 20he coordinates were then
imported into Excel and used to determine the curve of the hoof capsule using a
nortlinear polynomial regression. Then, the pwyial 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:

2—

-

[C, represents each point measured at the dorsal hoof wall surface, [y], [x] are the
averages of y and x variablesyhw are the primary and secondary derivatives of y
variables, [x]? is mean square of x variables]
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To redimension the curvature, the dimensioned curvature was multiplied by the

dimensioned factor determined above.

File Edit Image Process Analyze Plugins Window Help
ojz|o| <4 A AlA 0] 2| @omsufur] 4| 4] & ]2 |> |

A

Polygon selections

B of Cunvature (2) - Microsoft Exc
lpe | TOT pagtlou romuss | oo Reiew  View
s * cut Calibri S AN S wrap Text General }f
“— Gacopy~ £
et F Format Painter B I U~ - O-A- = EdMergeaCenter~ BB o 5 % FCHT“GE\SF
Ciipboard 5 Font 5 Alignment Humber
K11 - e | =SUM(H2:H16)/(C16-C2)
A [ c D 3 3 G H ! ] K L

1x ly [xscaled |yscaled |y [y c

2 084 171 0.113937 0.202982| -0.11265 2.345806| 0.353727| 0.042689 x"0 0.1612]

3 174 2.64] 0.236012 0.313376| 0.174432 2.357593| 0.344666| 0.035504 xr1 03793

a 261 333 0354018 0395282 0.453315 2.368998| 0.257058| 0.024956 2 11674

5 343 4.08] 0472024 0484309 0.733544 2.380338| 0.166071] 0015888 <3 0.0161]

6 435 5.1| 0.590031 0.605386| 1.015118 2.391757| 0.103201| 0.009928 xr 0

7 522 591 0.708037 0.701536| 1.208037 2.403196| 0.065069 0.006343 x5 0

8 6.09 6.63| 0.826043 0.787002( 1.582302 2.414596| 0.042428| 0.004074) %6 0

9 6.93 7.59| 0.93998 0.900957 1.858041 2.425602| 0.029085| 0.003004)

10 783 8.52| 1.062055 1.011351 2.154866 2.437395| 0.020126| 0.001985| [c (x=0)
| 267 9.48| 1.175992 1.125306| 2.433202 2.448401| 0.014711| 0.001466) <c

12 951 10.62| 1.289929 1.260628| 2.712793 2.459407| 0.011031| 0.001145

13| 1038 11.43| 1.407935 1356777 3.003691 2.470807| 0.008382| 0.000305|

16| 1128 1245 153001 1477854 3.306035 2.482595| 0.006448 0.00066

15| 1212 13.95| 1.643947 1.655309| 3.589521 2.493605| 0.005136| 0.000563)

16| 1202 15.27| 1766022 1812597 3.894649 2.505398| 0.004092| 0.000438

17| 1289  16.08| 1.884028 1908747 4.130974 2.516797| 0003331 -0.00314

18

19

20| |25

2

2

2 2

2 "8 =09992

2 /

26| |15

27 + Seriest

;g A ——Faly.(seriest)

30

31

;2| |°°

33

34

= o

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) lllustration CT scan image.
C, D) Represent duplicate image at first, thertical lineswasset 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)®ws 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) coordinaiescbta

using Excel.
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The same method as described above was applied to measure the curvature of
distal phalanxwere each image imported to Fiji image J. Then, the image was
cropped down to the extensor process on the right tajistdl phalanxo solar

margin on the bottom oflistal 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 histologicabddt

assessed in this thesis.

2.21 Statistical analysis

Results are presented as meaEM using Excel softwareand all graphs were
created using GraphPad software (Pr&mData obtained from counting PCNA,
p63 and Ki67 proliferating cells using immunohistochemistry and the data
calculatedfrom 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 homogeneityin the OneWay ANOVA test, the effects of
dorsal hoof angle (hoof angle was asared using a Fiji)Jand its interaction on

the mean percentage of PCNA, p63 or@i positive proliferating cells in each
region of the equine foot (dorsal, quarter medial, quarteralateeel medial and

heel lateral) were calculated. Hoof curvature (hoof curvature was measured from
acquired CTimages using a Fiji J softwagrand its relation to the percentage of
PCNA, p63 or Ki67 positive proliferating cells in each region were eatdd

using nonlinear 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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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(Hamridk, 2001, van Asperen, 2010)hich is consequence of the
adaptive development of the mammalian limb accompanying with the
modification of foraging behaviour@Hamrick, 2001, van Asperen, 2012)he
equine hoof was reported as the most complicated mammalian integumentary
structure that can be considered an intemperate exposition of claw or nail
morphogenesigWu et al., 2004) This complexityis specified entirely by the
epithelial tissue of theetmalpapillae that is located between soft tissue attaching
weight bearing animal and hard tissue attaching hoof cafsbhtemason et al.,
1992 Bragulla and Hirschberg, 2003The dermal papillae constitute the middle
hoof layer that is one of the bioliegl materials recognised as being the most
resistant to fracture@Kasapi and Gosline, 1997, Wang, 2Q18he developing
equine hoof dermal papillae exhibit some particular individualities which are
relatively different from evetoed cattle or pigs and astly 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., 20@®)d the avian cla@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(Boajulla

and Hirschberg, 2@). 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, 199&urell and Frappre 2013) and also to those in the
primate nail(Maiolino et al., 2016)These particular digital end structures can be
outlined to certainstructures thatis enable to adapt to withstand different
mechanical forces. As a consequent, this leads to gerecataified layer which
provides mechanicatesistance, for instance thgistal compartmentf the
common mammalgBragulla and Hirschberg, 20P3As an example, equine
capsular wall has a high rate of keratinizatievhich produceshorn tubules
(Reilly et al., 1998a, Eurell and Frappier, 2018he function of these tubules,
therefore, has a great influence on the mechanical features of corneous structures
by having long dermabapillae, whichincrease the surface area of keratin
production(Bragulla, 2@3). This supports the idea of the primary function of a
papillary body to enhance the supply of nutrients in the epidd€Hirischberg et

al., 2001, Bragulla, 2003Y he ultimate forms of the hoof wall are mainly defined

by the conformation of the inteda between dermal and epiderrtissue, which

is represented in hoof wall by dermal papill@éanrick, 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 hslehpe (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). Consequentyydefect of

these fibres can cause a detachment between the dermal and epidermal connection
and then separation of the distal phaldhis now well recognised from a variety

of studies, that the bulk of the keratinised hoof wall (stratum medium) is

geneated by the stratum basale which covers and lining the dermal papillae
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(Bragulla and Hirschberg, 200®aradka and Pollitt, 2004&urell and Frappier,
2013) The inter tubular horn is generated by interpapillary stratum basale and the
tubular horn is genated by the stratum basal lining the dermal papilla=ach,

1980, Dellmann and Eurell, 199Burell and Frappier, 2013)his combination of
tubular and intertubular horn growth proximodistally forms the bulk of hoof wall
which is either being worn off drimmed at the sole surface bord&urell 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
previausly byLeach (1980)and then byaradka and Pollitt (20Q4vho studied

the cell division and hoof growth in ponies via injection cbrébmo2 -6
deoxyuridine (BRdU). The latter study showed that the highest percentage of
proliferating cells (12.04%+1.59) a8 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(8el®o et al., 2007yhilst

also labelling proliferating cells in the coronary heefion (Carter etal., 2011,
Linardi et al., 201h However, research on the question has been frequently been
restricted to limited comparisons between cell division and specific diseases for
example laminitigDe Laat et al., 2013b, Carter et al., 2049 such it is still not
known about how hoof growth or in relation to determining where in the capsular
wall, epidermal cell proliferation happens.dddition,there are no investigations

on the mitotic cell number present along the length of the pepillas 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 newells that mature and keratinizelding
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consistently to the length of capsular wall, which might in turn have further
impacts upon the integrity of the equine td&cause knowledge of the hoof wall
growth rate is a requirement to understanding its structure and function, the
investigation of the coronet, in particular the regispecific 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 gms from the coronet not from the lamellé@ragulla,

2003, Daradka and Pollitt, 2004inardi et al., 201p 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/deaengotic 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 mit#its. 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
appearghe 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 papilld®ve an impact on the progenitor &@mocytes via
increased cell proliferation. This was defined and subdivided into mini hypotheses

for the different experiments:

1. An increasednumber of dermal papillae/nfwill increase the surface
areaavailablefor the potentialproduction of equine howhaterial.

2. Physical forces borne from changing cell size/cell volumnéch in turn
applytension 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. izl
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 pximal papillagthus enablinghe 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
detemine 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 wikaly factors would hypothetically
develop during hoof growth allowing basal keratinocytes to adapt their function.
In order to achieve thesdjectives, concentrating on the coronary dermgllia&

of the equine fogtthe following techniques were used

Histology and staining with different histeemical and immunohistochemical

staining including

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

2. PAS gain for measurement of theasement zone ani evaluate the
integrity of the basement membrane.

3. Massonods st aithe anfount of collagess fiberd ahthe dermo
epidermal junction.

4. Immunostaining techniques to measure the proportion of proliferating cells

using Kr67 and p63 antibodies and apoptosis using TUNEL assay.
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3.4 Results
3.4.1 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 31 also full results are shown in Chapter 5 with full analysis). The
hoof capsule had distinctly concave shape to the dorsal wall. The case histories
of the animals were unknown; consequently, all of those hooves taken from
horses had suspectddot lamenessand underwent analysis to detect the
biological and physical effects on the h@afsule. 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 hoofndormation 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 fimot lamenessThe wll data obtained from

the analysis of hoof shape, which involved measuring hoof angle, and hoof
curvature and comparing to thdistal phalanmeasurements are presented

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

Figure 3-1: Equine foot showa 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 featuressing H&E. Examination of tissue samples stained Wi&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 umbee stratum mediunFigure 32pe+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 wasogary tissue (stratum medium)
(Figure 32co+co), 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 (Figur2t@+tul). Finally, some parts

of proximal lamellae (stratum ietnum)wereobserved in most sectioned tissues
(Figure 32la+lal).

In this study, stratum medium ismportant,as it constitutes the main hoof wall
and the cell population of this part of stratum medium controls hoof growth. This
study revealed that normaiterdigitaton between dermal and epidernigsues

were clearly observed in area attached the epidermal tissue to underling dermal
tissue(Figure 32i). Additionally, at the coronaryegion numerous perioplic and
coronary dermis were invaginated andipafed under the epidermis 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 (Figure2pa+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) Slomn@nary region whiclis appeared clearly in
stitched photomicrographsvhile (B) represents thboof sagittal section marked with red line
showing the site otoronary regionwhereas (*) the asterisk mark illustrates the areahwrs
situated between (pe, pefieriople(stratum externum) and (co, col) the coronary region (stratum
medium), while (la, 1al) represents the proximal part of lamellae (stratum internum), in addition (i)
signifies the interdigitation between dermal and epidermal tissue, the black arrows refahed
thickness of epithelium, furthermore (pa, pal) shows the long finger shape dermal papillae,
likenedto 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 counte@nd uncounted the oneathwas not the same in Figure3B. This

results revealed that there were no significant difference between the numbers of

papillae ineach hoof region (dorsah=7, 19.93+0.86/(mf)), (quarter; n=15,

22.15+0.69/(mr)) and (heeln=15, 20.38+1.11/(mA)) (Figure 33).
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