
Fig. 118

Fig. 119

Fig. 120
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Cells of the distal stratum spinosum. c - deposit of

material in intercellular space; gj - gap junction;

i-intercellular line in intercellular space;

v - membrane-coating granule. X 45,000.

Junction between two cells of the distal stratum spinosum.

c - deposit of material in intercellular space;

gj - gap junction; arrowheads - type 3 junction.

Notice the proximity of the type 3 junction to the gap

junction. X 66,600.

Cell-cell junctions between cells of the distal stratum

s inosum. gj - gap junction; arrowheads - type 3 junction.

Notice the proximity of the type 3 junction to the gap

junction. X 54,000.





Fig. 121

Fig. 122

.... 121 -

Junction between two cells of the distal stratum spinosum.

b - intercellular line of desmosome. gj - gap junction;

i-intercellular line in intercellular space; t - tono

f~laments; arrowheads - type 3 junction. X 97,500.

Junction between the stratum spinosum. (S5) and stratum

corneum (5C). c - deposit of granular material in inter

cellular space. X 55,800.

Inset - junction between the stratum spinosum (8S) and

stratum corneum (SC). arrow - area of close membrane

apposition (gap junction?). X 54,000.





Fig. 123

Fig. 124
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Junction between two cells of the stratum corneum.

i-intercellular line in intercellular space.

arrowheads - type 3 junctions. X 72,000.

Cells .of the stratum corneum.· arrowheads - dense amorphous

material within fully keratinized cells. X 15,600.





Fig. 125

Fig. 126

- 123 -

Junction between cells of the stratum corneum near the

transition from the stratum spinosum. Acid phosphatase

reaction product is located on the cytoplasmic side of the

inner plasma membrane of the cells. Arrows - acid

phosphatase reaction product associated with type 3 junctions.

X 45,000.

Cells of thes.tratum corneum located two or three cells

further away from the stratum spinosum than those shown in

Figure 125. The reaction product for acid phosphatase is now

present in the intercellular area except that of the type

3 junction (arrows). a - irregular deposit of acid phosphatase

located within the cytoplasm. X,45,OOO.







Fig. 130
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Cells of the p~esumptive tubule cortex and cells of the

stratum basale situated in the proximal third of the

dermal papilla of the outer stratum medium (see diagram

below). L - lipid; g - glycogen-like deposits; arrowhead 

annular gap junctions. X 6,800.
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Fig. 131
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Basal and suprabasa1 cells adjacent to the distal end of

a dermal papilla of the inner stratum medium (see

location on diagram below). d - dermal papilla; arrowheads 

annular gap junctions. X 6,000.
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Fig. 132
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A basal cell adjacent to the dermal papil1ao

bl - basal lamina; arrow - pinocytotic vesicles; arrow

heads - processes from basal cells. X 18,000.



Fig. 132
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A basal cell adjacent to the dermal papillae

bl - basal lamina; arrow - pinocytotic vesicles; arrow

heads - processes from basal cells. X 18,000.



Fig. 133

Fig. 134

Fig~ 135
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Portion of a cell from the stratum basale lining the dermal

papilla. G ~ Golgi complex; L - lipid; c - cilium;

rer - rough endoplasmic reticulum; arrowhead - fibrous

lamina of nucleus. X 36,000.

Portion of a cell from the stratum basale lining the dermal

papilla. G. - Golgi complex; m - microtubules; 2 

lysosome-like vesicle. X 36~OOO.

Two membrane-bound, lysosome-like vesicles (2) found near

the nucleus (N) of basal cells lining the distal dermal

papilla. These vesicles have laminae in their matrix

(arrows). arrowheads - fibrous lamina of nucleus.

X 54,000.





Figo 136

Fig. 137

Fig. 138

Fig. 139
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Cell of th,e stratum basa1e lining the dermal papilla with

a membrane-bound, lysosome-like vesicle (2) containing

laminae in its matrix (arrow) abutting a degenerating

mitochondria. X 50,400.

Cell of the stratum b,asa1e lining the dermal papilla.

A - annular gap' junction; L - lysosome-like structure;

2 - membrane-bound'lysosome-1ike structure. X 45,000.

Cell of the stratum basa1e 1in,ing the dermal papilla with

annular gap junction- (A) enveloped by a single membrane (a).

Arrows indicate a deposit of material attached to the inner

membrane. Note the disorganized internal structure of

annular gap junction. X 109,000.

Junction between a, basal and suprabasal cell lining a dermal

papilla. D - desmosome; gj - gap junction; arrowhead 

electron dense material associated with gap junction.

X 41,400.







Fig. 142
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Presumptive tubule cortex cells showing a progressive

accumulation of tonofibrils from those located closer

to the dermal papilla (~ight) to those located nearer to

the intertubular horn (left). ,X 5,000.





Fig. 143
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Presumptive tubule cortex cells showing a progressive

accumulation of tonofi1aments from those cells near the

dermal papilla (right) to those located nearer to the

intertub,ular horn (left). These cells are located nearer

to the intertubular horn than'those shown in Figure 142.

A - nucleus of a cell laying. adjacent to the fully

keratinized intertubular horn; arrows - round, electron

dense bodies in partially keratinized cells. X 5,100.







Fig. 147
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Micrograph of the epidermal cells comprising the proximal

portion of the primary lamella. D - dermis; L - lipid.

X 4,800.





Fig. 148
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Cells of the stratum spinosum of the primary lamella

located just distal to those shown in Figure 147.

Notice the progressive increase in tonofilaments from

those cells. located- nearer to the stratum basale (top)

to those located more distally (bottom). arrowheads

annular gap junctions. X 4,800.





Fig. 149
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Cells of "the stratum spinosum located just distal to those

shQwn in Figure 148. arrowheads - annular gap junctions.

X 4,900. Inset: annular gap junction enveloped by a

single membrane. X 64,800.





Fig. 150
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Electron micrograph of a section through the proximal

portion of a lamella cut in the same orientation and position

as that shown in Figure 53. X 3,000.





Fig. 151
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Fig. 152
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Cells of the secondary epidermal lamella located between

the tip of the secondary dermal lamella (D) and the

oprimary lamella (1). Star - wedge-shaped basal cells

of the secon~ary epidermal lamella. X 3,300.





Fig. 153
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Basal cell of mid-wall secondary epidermal lamella.

G -.Golgi complex; L - lipid; a. - actin filaments;

arrowhea~ - fibrous lamina of nucleus; stars - plicae

between cells. X 18,000.





Fig. 154
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Basal cell of a mid-wall secondary lamella.

arrow - fibrous lamina of nucleus; star - plicae

between cells. X 16,800.





Fig. 155

Fig. 156

Fig. 158
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Annular gap junction found in a basal cell of a

secondary epidermal lamella. X 50,400.

Lysosome-like structure, with laminae in its matrix, found

in a suprabasal cell of a ~econdary epidermal lamella.

X 117,000.

Lysosome-like structure, with laminae in its matrix, from

a suprabasal cell of a secondary epidermal lamella.

X 156,000.

Junction between a basal cell of the secondary epidermal

lamellae and the dermis (n). arrowhead - sub-basal

dense plaque of hemidesmosome. X 36,000.





Fig. 159

Fig. 160

Fig. 161
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Gap junction (gj) joining two suprabasal cells of a

secondary epidermal lamella. X 78,000.

Unidentified structures found in the cytoplasm of some

suprabasal cells of secondary epidermal lamellae.

X 34,200.

Junction between a partially cornified suprabasal cell

of the secondary ep~dermal lamella (2) and a fully

keratinized cell of a primary lamella (1). b - inter

cellular line of desmosome. X 72,000.





Fig. 162

- 144 -

Junction between the suprabasal cells of the secondary

epidermal lamellae and a cell of the primary epidermal

lamella. star - intercellular material, found between

primary and secondary epidermal lamellae, containing

small rounded structures of'various diameter. and density.

2 - lysosome-like vesicles in cytoplasm of suprabasal cell.

X 20,000.





Fig. 163
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Junction between the primary and secondary epidermal

lamellae. arrows - material present in the intercellular

space between primary and secondary epidermal lamellae;

2 - lysosome-like vesicle in suprabasal cell of secondary

lamellae. X 19,800.





PART II: HOOF WALL MECHANICS
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INTRODUCTION

The functional demands iInposed on the musculoskeletal system of the

horse are immense. In the forelimb of a galloping Thoroughbred, for

example, m.aximum vertical concussive forces of approximately 2,000

*pounds (lbs) have been reported (Geary, 1975) while in the trotting

Standardbred these forces approach 1,050 pounds (Quddus ~ aI, 1978).

The forelimb of a galloping horse is on the ground for approximately

0.1 second (Geary, 1975), that of the trotting Standardbred for 0.12 -

0.15 second (Fredricson and Drevemo, 1972; Quddus et al,1978) and during

this time the hoof, and in particular the hoof wall, must accommodate,

and ultimately resist, the forces of concussion.

It is well established that the hoof w.al1 changes form during weight-

bearing (Gloag, 1849; Lungwitz, 1891; Knezevic, 1962; Hair, 1973;

Fischerleitner, 1974a,b). This form change is believed to result from

a compromise. between complex force changes occurring internally within

the epidermal hoof c.apsule and external compressive forces acting against

the limb from the ground.

A considerable number of factors may modify the expression of

natural functioning of the hoof wall (Knezevic, 1962, 1963; Hair, 1973;

Fischerleitner, 1974a): quality (mechanical properties) of hoof wall

material; the form (shape) of the hoof; shoeing; type of ground surface

changes in limb loading resulting from the use of different gaits. As

*The English system of u.nits rather than the metric system of units will
be used in the mechanics section. Conversion factors: inch x 2.54 =
centimeter,· pound force x.4.45 = Newton.
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mentioned in the General Introduction, water content, pigmentation and

tubule number and type are the primary factors which have been fmplicated

in influencing hoof quality. In this part of the thesis an attempt will

be made to correlate mechanical properties of the hoof wall with these

three factors.

Few studies have reported measurements of the mechanical properties

of equine hoof wall material. The Ph.D. thesis of Butler (1976) and a

later paper using data from this thesis (Butler and Hintz, 1977) did

include information on the lack of correlation between gelatin supple

mentation in the diet and hoof strength of ponies. However, in these

works, hoof specimens were only compressed in one direction, parallel to

the direction of the tubules.

Goodspeed~al (1970) did not find <significant differences in

tensile strength of horse hooves following gelatin supplementation. In

reading this short work it was difficult to understand what part of the

wall they were sampling and, as well, the sampling and testing procedures

were not fully described.

Factors influencing hoof quality

Water content

In human skin, water content is recognized as a major factor in

maintaining flexibility of the stratum corneum (Blank, 1952; Middleton,

1968). Kligman (l964') and Van Duzee (1978) concluded that increased

water content of the stratum corneum of skin lowered the m.odulus of

elasticity (rigidity) of this tissue. Fraser et al (1972) believed that

the rigidity modulus of keratin is inversely related to the water content
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of the fiber. Water may directly affect the stability of the a-helical

microfibrils of the keratin fiber (Wainwright et aI, 1976).

The flexibility and strength of the horse hoof has also been

related to moisture content, although this information is derived

primaril.y from the practical observations of farriers and veterinarians

(Lambert, 1966, 1969; Wiseman, 1973; Emery et aI, 1977) rather than

controlled experimentation. Butler and Hintz (1977) have suggested that

any biomechanical model of equine hoof wall must account for the presence

of moisture. Stress-strain curves of moist and dry hoof specimens

presented in their work suggest that differences in. tissue strength may

be related to moisture content. However, an analysis of the effect of

moisture content on strength was not made and only data from moist

specimens was considered in their work.

A difference in water content is known to exist within the wall.

More interior portions of the 'Wall have a greater moisture level (Lambert,

1966; Emery et aI, 1977). Lambert (1966, 1971) theorized that the spring-

like action of the wall was due to the interaction between the dry outer

wall and the mOist inner wall area acting as a bonded whole. He believed

that if the hoof lacked sufficient moisture to soften and expand the

inner tubules the spring-like action of this inner area would be increased.

Lungwitz (1891) found that, in a horse with dry hoof horn, there was a

'reduced amount of deformation of the hoof during weight-bearing. Both

Emery .!! al (1977) and Lalllbert (1966) believed that if the hoof had
.

excessive moisture the tubules would become sodden and would have a weak

spring-like action, causing the hoof to lose its ability. to. hold its size
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and shape under stress. Horse hooves are thought to change in size as

the moisture content varies (Wiseman, 1973).

Despite the importance attributed to water content of hooves, no

previous work has measured the amount of water present within specific

locations of the wall. Others (Miyaki et .al, 1974; Butler and Hintz,

1977) have measured· only the water content of samples of the entire wall

width (i.e., from the stratum internum to the exterior of the wall).

Butler and Hintz fI977) found that the average postmortem values for

moisture of the mid-toe region of the wall was 27.8 + 0.2%. These values

are similar to those published by Miyaki etal (1974) who reported an

average value of 27.3 + 5.9% water content for the hoof wall of 78

Thoroughbreds.

Butler and Hintz (1977)/have suggested that further research is

needed to determine factors other than moisture content which affect hoof

strength.

Pigmentation

Pigmentation has been traditionally iInplicated as an. important factor

in the durability and strength of horse hooves (Dollar, 1898; Wiseman,

*1973) • However, Dinger etal (1973) did not find significant differences

in penetration hardness between pigmented and nonpigmented hooves from

the same animal and Weiser eta! (1965) did not find differences in the--
chemical composition of pigmented and unpigmented hooves. Miyakiet a1

* One white foot, buy him!
Two white feet, try him!
Three white feet, deny him!
Four white feet and a white nose
Take off his hide and feed it to the crows.

(An old lyri.c reported in Wiseman, 1973).
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(1974) reported that there was not a significant difference in water

content of pigmented and unpigmented hooves.

Only Butler (1976) has attempted, altho~gh unsuccesfully, to measure

the ability of white and black hooves to resist abrasion.

Indirect evidence that the strength of pigmented and unpigmented

hoof wall material does not differ is shown in horses with·both black

and white portions of the hoof wall. If these portions were substantially

different in strength a shear force would be produced between them when

the wall was subjected to stress, thus, theoretically, predisposing to

cracks and buckling in this portion of the wall. How-ever these break

dows are rarely seen at this black-white junction.

Tubular versus intertubular horn

The relative importance of tubular horn versus intertubular horn in

determining the mechanical properties of the stratum medium of the horse

hoof is not known. Klema (1937) suggested that intertubular horn gave

the" tissue mechanical stability. Nickel (1938a, b) believed that tubules

were respbnsible for the rigidity in hoof and that the extensive inter

tubular horn functioned in distributing the concussive force to the

tubules. A schematic representation of Nickel's theory of force

distribution in the wall is shown in Figure 164. In essence, Nickel was

suggesting" that the hoof is a two phase material in which. the intertubular

horn reduces the shear between the tubules and dampens the effect of

concussion, thus preventing fraying, while the tubules give this tissue

strength in resisting deformation.

Rhinoceros horn is strikingly similar to horse hoof, consisting of
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laminae of cells arranged concentrically around a medulla (Ryder, 1962).

These laminae are comparable to the tubules of the horse hoof, but they

do not have the alternating highly organized strata of cells which are

believed by Nickel (1938a,b) to characterize the cortex of the horse

hoof tubule. As well, in rhinoceros horn, the intertubular horn is

reduced, being found mainly in the corner interstices rather than between

the flat interfaces between tubules. Ryder (1962) attributed the fraying

of rhinoceros horn to the lack of intertubular material. He also

proposed that the development, of tubules in hooves and rhinoceros horn

was associated with the need to provide rigidity and strength in these

structures.

Nickel (l938a,b) synthesized a rather elaborate and unsubstantiated

(since he did not actually do mechanical testing) explanation of function

of the different tubule types based on morphological studies of hoof

using.polarized light. Wilkens (1964) correctly pointed out the

inapplicability of extrapolation of morphology to function in Nickel's

work, but nevertheless, Nickel's ideas are of theoretical interest.

Nickel (1938) classified the hoof tubules into two general types,

*'vorwiegen steilspiralig gewickelten , (steep spiralled tUbule) and

**'vorwiegen flachspiulig gewick~lten' (flatly spiralled tubule) types

based on the predotninant zone of cortical cells (see Fig. 11). These

correspond to the type 3 and type.2 tubules, respectively, described in

the Anatomy Introduction part of this thesis. Nickel recogriized three

*Literal translation- predominantly steep spiralled layered tubules.

**Literal translation - predominantly flat spiralled layered tubules.
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distinct zones within the cortical cell population of each tubule,

based upon the orientation of the long axis of these elongate cells:

the middle zone had a steeply spiralled cell population while the outer

and inner zones were flatly spiralled. Each zone consisted of alternating

layers of left and right spiralling cell cylinders. The steeply spiralled

tubule had a narrow zone of two cell layers interiorly, a middle zone of

six layers ani an outer zone of two layers (Fig. II:B). The flatly

spiralled tubule was made up of two inner and two middle cell layers

surrounded by a wide outer cell zone of six layers (Fig. 11:A). Nickel

recognized that many intermediate forms of tubule existed within the

equine hoof and presumed that all tubules increased the resiliency of the

tissue. He believed that they accomplished. this by changes in the

transverse diameter and slope of the cortical cell layer in compr.ession.

Steeply spiralled tubules, which are found interior to the inter

mediate zone, were presumed. to counteract compression in the· direction

of the tubules more effectively than flatly spiralled tubules because

cells of the many-layered middle z<one. would resist the force directly,

firstly because of the steep orientation of these cells and secondly

because expansion of the zone would be limited by the outer zone which

would act as a girdle to prevent expansion. Despite this limitation to

expansion, Nickel (1938a) .believed that these cells would undergo more

radial expansion than the shallow spiralled tubule type.

The shallow spiralled tubules al:e distributed exterior to the

intermediate zone. Nickel (1938a,b) presumed that they would be

ineffective in resisting vertical compression since they had a narrow
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middle layer, and the flatly oriented cells of the larger outer zone

would not provide the force to resist vertical concussion but would,

instead, be elastic. The horizontally directed cells of the outer zone

were believed to provide some resistance to horizontal stress.

Wilkins (1964) provided a description of tubule morphologYt also

using polarizing optics,which did not tot.ally concur with that of

Nickel (1938a,b). He could not distinguish distinct layers in the

cortex, but did notice that there were zones where cells and tonofibrils

within cells had similar, although not identical, orientation. Neither

Wilkens (1964) nor Nickel (1938a,b) quantified the concentration of

the different tubule types present in the stratum medium.

No previous work has. ex8lllined the relationship between structure

and function of the hoof wall using quantitative morphological and

mechanical engineering techniques. This knowledge is of importance for

two' reasons. Firstly, there has been difficulty in establishing a

mechanical model of the horse limb because of the complexities of this

structure a.ndbecause the mechanical properties of itsbiomaterials,

such as that of the hoof wall, are not known (Parker, 1973; Butler and

Hintz, 1977). Secondly, fnhusbandryof this species we may change the

safety margin of the hoof wall material. It. then becomes our respon- .

sibility to investigate the possible limitations of this structure so

that we may care for our horses with greater understanding.

The purpose of the Mechanics section of this thesis is to determine

the interrelationships between water content, pigmentation, tubule type

and number and the mechanical properties of normal equine hoof wall

material.
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Fig. 164 Schematic diagram of theoretical method of dispersion of

tensile stress in inner wall during weightbearing (redrawn

from Nickel, 1938a).' a - tension stress from lamellae

during weightbearing; b - tension stress in the inter

tubular horn; c -radial.compression of the hoof tubules

resulting fr.om tension in the intertubular· horn;

d - axial tension in the tubule cortex resulting from radial

·compression.
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MATERIALS AND METHODS

Animals (Table 2)

Clinically normal hooves of the right forelimb of eighteen adult

horses were obtained from the Western College of Veterinary Medicine

(WCVM) post mortem room or from an abbatoir (Alsask Processors, Edmonton,

Alberta, Canada). Each hoof was obtained by disarticulation of the distal

limb at the metacarpophalangeal joint.

Horses obtained from theWCVM were killed by an overdose of sodium

pentabarbitol and then exsanguinated by cutting the carotid artery, while

those at.the abattoir were shot in the head and then exsanguinated.

Hooves were not frozen prior to cutting and were kept in sealed

plastic bags to prevent desiccation. Compression tests were carried out

within 3-4 days of d.eath.

*Cuttins of specimens

The dorsalmost part of the wall was cut with a band saw into two

vertical columns 1-2 centimeter's in width (Fig. 165:A,B). Thecolumns

were then removed by cutting through the dermis with a scalpel. A

horizontal cut was made with a single edged razor blade approximately two

centimeters below the junction of the wall with the skin to ensure that

all the dermal papillae were removed. The sole remaining attached to the

wall was' also removed using a razor blade.

Each hoof column was mounted onto a 3 centimeter by 10 centilneter

plexiglass sheet using Lepages 5 minute epoxy glue. After air drying

for ten to fifteen minutes to allow the glue to polymerize, these columns

* S.ee Appendix A for preliminary. tests used to evaluate' specimen cutting
techniques.
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were sectioned on a Gillings-Hamco Thin Sectioning Machine (Hamco Machines,

Inc., Rochester, N.Y.) fitted with a 0.0175 inch (0.45 mm) diamond

industrial blade (Fig. 166). This machine is equipped with a stage to

which the plexiglass sheet could be attached. The long axis of the stage

was oriented perpendicular to the blade and the magnitude of movement of

the stage. was· monitored by a dial .guage. Parallel cuts through the

tissue can be made with accuracy. After cutting the specimen in one

plane it was removed from the plexiglass, remounted, and then cut in a

different orthogonal plane. Cuts 1n.all three orthogonal planes were

completed to produce the 5.60 millimeter square hoof specimens used for

compression testing.

The blade was cooled and the hoof specimen was kept moist by a

*continuous stream of distilled water • After cutting, the specimens

were removed from the plexiglas.s sheet by applying moderate· pressure to

the tissue and then measured ,weighed and placed in sealed .. glass vials

until testing.

Most columns were wide enough to allow two rows of side by side

specimens to be cut from each column (Fig. 165). Specimens within each

row were labelled consecutively from proximal to distal extent of the row.

A completely labelled specimen would therefore include horse number,

column, specimen number, and row (e.g., 17Al[2]). Specimens within each

column were either sampled from the inner or outer portion of the wall

(Fig. 167).

* The importance of preventing desicca.tion of the specimens at all stages
of the preparation and testing is shown by observations presented in
Appendices D and E.
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Compression tests

Compression testing was done immediately after specimen cutting was

completed for an individual hoof. Hoof specimens were coated with Type

Z5 silicone compound (G.C. Electronics, Rockford, Illinois, U.S.A. 61101)

to reduce specimen desiccation and to allow the specimen to expand freely

when being compressed.

*Compression tests on hoof samples were carried out at room temperature

using an InstronUniversal Testing Machine, Floor Model TT-D (Instron Ltd.,

High Wycombe, Bucks, England) (Fig. 168). This machine easily meets the

requirements for the study of mechanical properties as specified by

Mohsenin (1968). Load measurement accuracy in all ranges is better than

o. 5%~_ (Zoerb, 1967).

The machine produces a force-deform.ation curve at a given loading

rate with a chart recorder driven synchronously with respect to the cross-

head. Figure 169 shows a typical chart record obtained from compressing

a rigid material.

Two mechanical properties were determined from most hoof specimens:

modulus of elasticity (E); and proportional limit (P.L.) The modulus of

elasticity is the slope of the initial straight line portion of the force-

deformation curve. The magnitude ofE is a measure of the stiffness or

rigidity of the material (Wainwright et al., 1976). Correlation of this

modulus with other characteristics of the stress-strain curve allow a

precise prediction of the behaviour -of the material under various

conditions of stress (Abendshein and Hyatt, 1970).

* In human stratum corneum the modulus of elasticity was found to be
independent. of temperature (Reiger and Deem, 1974; van Duzee, 1978).
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The proportional limit is that point on the force-deformation curve

where the line becomes nonlinear (Fig .. 169:PL) (Mohsenin, 1968).. This

beginning of the yield region is generally agreed to be that point where

the a-helical arrangement of the keratin microfibril breaks down (Fraser

et al .. , 1972) ..

A chart speed of 10 inches per minute, a loading scale range of 0

to 100 pounds, and a crosshead speed of 0.05 inches per minute were used

for determination of the modulus of elasticity and proportional limit.

This crosshead speed 'was the same as that used by Butler (1976) and

Butler and Hintz (1977). Since speed of compression is believed to

affect hoof E measuretnents (Butler and Hintz, 1977) and is known to

affect the E<o£ other b-iological material such as bone (McElhaney, 1966),

this crosshead< sp.eed was maintained for all hoof wall measurem.ent.s.

Most specimens were cOlllpressed sequentially in the vertical, lateral

and interior-exterior directions (Fig. 170). These spectmens were

subj.ected to a force of approximately 30 pounds (outer specimens) or 15

pounds (inner specimens), loads which were less than the proportional

limit of the tissue.

Two control experiments had been carried out prior to the decision

to load these specimens in these directions: the effect of repeated

loading on E (Appendix B); the effect of changing the loading sequence on

E(Appendix C).. Since the specimens were loaded three times and since

work hardening may therefore occur in these spectmens, the second and

third (lateral and interior-exterior) measurements lllay potentially be

affected. No significant change (p < 0.05) was found in the E values of
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specimens which were loaded repeatedly (Appendix B), nor in control

specimens which were loaded vertically first rather than laterally first

(Appendix C). Any differences between the E values of these three

directions were therefore considered real and not a byproduct of work

hardening.

Following loading in the three directions, specimens were compressed

a fourth time to a full scale load in either the lateral or vertical

directions to obtain the proportional limit.

Study of the mechanical properties of hoof wall material is difficult

because test of specimens obtained by invasive sampling techniques, such

as those used in this thesis, may not truly represent the capabilities

or limitations of the tissue in vivo. Alternatively, such a problem may

be approached by a theoretical structural analysis of a model of hoof wall.

In the structural analysis of isotropic materials of a shell-like

form, such as the hoof wall, three equations are needed to completely

describe the stress-strain relations within the tissue (this presumes that

there is no shear stress) (Vinson and Chou, 1975). It was originally

thought that such an analysis could be carried out on hoof specimens.

However, these stress-strain relations are different for anisotropic

material (Vinson and Chou, 1975) and their analysis consequently becomes

complex and unwieldly. Since., in preliminary experiments, hoof specimens

were found to be anisotropic, it was decided 'not to attempt a structural

analysis.

Despite this limitation, important information can be obtained from

excised hoof wall material which may potentially be extrapolated to

predict behaviour of the complete wall.
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Count.ing and classifying tubules

Hoof specimens were sectioned so that their tubules were cut in

cross section. A complete description of thehistolog.ical techniques

used is presented in the Materials and Methods part of the Anatomy

section. These thick (14-16 micron) sections were stained for'1-5

minutes in Eosin so as to preferentially stain the cortex of the inner

stratum medium tubules, and so that the eosinophilic tubule medulla

'Would stand out more distinctly, thus making counting easier.

Tubules were counted by projecting the image from histological

slides onto a sheet of white paper using a Bausch and Lomb camera lucida.

This projector was fitted with two polarizing filters. An outline of

the section was first traced onto the paper and each tubule was then

marked individually onto the paper.

For the outer stratum medium no distinction was made between the

variation in tubule diameter of the type 3 tubule type and therefore only

a total tubule count was made.

In the inner stratum medium the type 2 tubules were identified by

their large diameter and eosinophilic cortex cells. Most of the type 1

tubules were removed in the cutting procedures.

Tubules in the intermediate zone were designated as inner type 2

tubules if at least half of their cortex width stained with Eosin. This

was determined by alternately using polarized and no~l optics since

Eosin cannot·be seen in polarized light and tubule diameter is not clear

in unpolarized light. A total of 116,167 tubules were counted and

classified from 254 specimens.
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Water content

Hoof specimens obtained from the right foreleg hooves of a five year

old·male Thoroughbred and a 25 year old female Thoroughbred were analyzed

to see if a gradient in water content existed between the interior and

exterior portions of the stratum medium. Each hoof wall was sectioned

into five columns with a band saw (Fig. l71:A). Care was taken to ensure

that the cuts were parallel to the direction of the hoof tubules. Each

column was divided into samples one centimeter-in height, beginning with

a cut 0.5. centimeter from 'the proximal limit of the stratuminternum

(Fig. 17l:B). Cutting was done with razor blades driven into the tissue

with a hammer. The samples were labelled in consecutive numerical order

(Fig. 171:.B). The dermis and stratum internum were removed from each

of these samples and four sections were then collected (Fig. 17l:C).

Section one included only the inner predominantly unpigmented region of

the hoof. This section contained only type 2 tubules. Section" two

included tubules of the intermediate zone. Section three included most

of the wall exterior to the intermediate zone. Section four was composed

of the outermost parts of the stratum medium.

To aid in identification of these four regions, a thin slice of hoof

was taken. from each sample and put into Eosin for 30 seconds. Eosin

selectively stained the type 2 tubules of the inner wall. This section

was placed beside the sample to allow verification of the areas cut.

Cutting was done with the aid of a dissecting microscope to ensure

accuracy.
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Water content versus modulus of elasticity (E)

Two different methods were used to analyze the effect of water content

on strength of hoof tissue. In the first method samples which had been

used in compression testing were cut in half at right angles to the

tubule direction. Half of the specimen was used in tubule classif~cation

and counting and the other half was dried and the total percentage of

water (by weight) was determined. These data were used in a regression

analysis of the correlation between water content, E"and tubule number.

In the second method, outer hoof wall specimens from horses 19, 110,

112 and 113 were immersed in distilled:water or dried in an attempt to

modify their water content. This was possible because these outer wall

specimens did not change·their form when their water content was mani-

pulated (see Appendices D,E). These and unmodified specimens from the

same animal were compressed in all three orthogonal directi,ons and then

vacuum dried to obtain total water content.

Manipulation of the water content of inner wall specimens was not

done because of their limited moisture gain (capability when immersed in

water and the rapid deformation which occurred in these specimens when

they were air dried for only short periods (see Appendices D,E).

Hoof specimens were weighed on a Mettler K67 balance which has an

accuracy of 0.1 milligram. oThey were dried at 60 C for at least five days

under 26:"28 pounds vacuUltl, using a Precision vacuum drier, Model 19

(Precision Scientific Co., Chicago, U.S.A.).
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Statistics

The dependence of the modulus of elasticity on both specimen water

content and tubule number was investigated by using a multiple regression

analysis. The assumptions and criteria for using regression analysis

are found in Snedecor and Cochran (1967).

In the multiple linear regression equation, Y = a + blXl + b2X2,

Y = modulus of elasticity, Xl = % water content, and X2 = tubule number

per specimen. The symbols bl and b
2

represent regression coefficients

of Xl and X2 respectively, while 'a' is a constant.

Since the Y value of vertically loaded inner wall specimens obtained

from this regression analysis showed a moderately high regression

dependency (0.64) on tubule number, a multiple linear regression analysis

\dththree independent variables (water content, number of outer tubules,

number of inner tub~les) was carried out to analyze the effect of the two

tubule types on Y, the modulus of elasticity. The equation for this

111Ultiple regression is: Y = a + blXl + b3X3 + b4X4, where Xl = % water

content, X3 = number of outer tubules per" specimen, andX4 = number of

inner tubules per specimen. The symbols. b
l

, b
3

and b4 are the regression

coefficients of Xl' X3 and X4 respectively and 'a'is aconstant.

Variables were rescaled to standard score (standard normal variate, Z)

so as to eliminate the bias caused by the different magnitudes of these

variables: Z = X-u = measurement value - mean of sample population
cr standard deviation

Only results derived from rescaled measurement data are presented in

the Results section, while the regression equations of unsealed measure-

ments is presented in Appendix G. These latter regression equations can
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be used for prediction of the effect of changing the independent X

variables on the modulus of elasticity, Y.

To test the significance of the regression coefficients, the value

*t was calculated for each coefficient. Since this value follows the

t-distribution, we can evaluate the significance of effect of each X

variable on Y. A significant t value indicates that the regression

coefficient of the variable accurately represents the dependence of

Y on X. In Table 6a single asterisk was used to indicate the signi-

ficance of t at probabilities between 0.05 and 0.01 and two asterisks

indicate probabilities equal to or less than 0.01.

Ninety-five percent confidence limits 'Were found for each coefficient

(95% confidence limits = regression coefficient + to.OS [standard error]).

These limits indicate that in 95% of the samples the confidence interval

will cover the true population percentage. The confidence interval is

narrower in populations of greater size (Snedecor and Cochran, 1976).

Regression coefficients derived from combined data from outer and inner

wall specimens (' outer + inner' in Table 6) will be used to make con-

elusions on the effect of the two independent variables on Y.

* t = regression coefficient/standard error.
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RESULTS

Stress-strain curve: general description

The stress-strain curve of fresh hoof specimens was similar to that

*shown in Figure· 172 • A linear relationship between stress and strain

resulted in a straight line segment of the curve (Fig. 172:A taB).

Repeatable E measurements could be obtained only if the maximum loading

force was less than the proportional limit (Fig. l72:B).

If the load was increased beyond .the proportional limit, the slope of

the curve decreased until a second straight line portion was obtained

(Fig. 172:C). The second straight line portion could be extended up to

a full scale load of 500 pounds without a change in slope. When specimens

were fully loaded to 500 pounds the tissue was permanently deformed. A

rupture point was not obtained 'in any of the specimens examined· in this

thesis.

Hoof color and loading direction versus E (rigidity)

Outer wall

The values of vertical, lateral and interior-exterior E measurements

of black hooves were not significantly different(p < 0.05) from those of

white hooves (Table 3). Using additional vertical E values (Table 4),
/

still no significant difference (p <0.05) was found·between black and

white hooves.

* Specimens frozen for two days had the same shape of stress-strain .curve
as that of fresh specimens. However, these samples were found to have
significantly lower E values (Appendix F). When specimens were frozen
at -2S

o
C for more than 4.days a change was seen in the curve: a small

'bump' occurred at the initial part of the curve (Fig. 172: inset,
arrowhead).
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Using all data from black and white hooves, it was found that

lateral E values were significantly greater (p < 0.05) than both vertical

E and interior-exterior E measurements. Vertical E measurements were

significantly greater (p < 0.05) than interior-exterior E measurements.

Inner wall

The values of vertical, lateral and interior-exterior E measurements

of black hooves was not significantly different (p < 0.05) from those of

white hooves (Table 5).

Using all data from black and white hooves it was found that lateral

E values did not differ significantly (p < 0.05) from vertical E measure

ments. Lateral E measurements and vertical E measurements were signifi

cantly greater in value (p < 0.05) than interior-exterior E measurements.

Outer wallE versus inner wall E

The values of vertical, lateral and interior-exterior Emeasurements

of outer specimens were significantly greater (p < 0.05) than those of

the inner wall. The average modulus of .elasticity values of the inner

wall specimens, expressed as a·percentage of the average outer wall

specimens, were 65.2% (vertical), 51.7% (lateral) and 51.0% (interior

exterior).

Tubule number and water content versus E (Table 6)

Combined data of outer and inner wall (outer + inner)

The tvalue of all multiple linear regression coefficients, except

b
i

of laterally loaded specimens,was· significant (p < 0.01).

In laterally and interior-exteriorly loaded hoof specimens the
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multiple regression coefficient b
2

of the variable for water content was

approximately four and three times greater, respectively, and opposite

in sign to the regression coefficient b
l

of the variable for tubule

number. This clearly showed that values of Y, the modulus of elasticity,

were more influenced by water content than by tubule number of the

specimen. The coefficients of water content were negative, thus demon-

strating that~ater content levels were inversely related to Y values.

In vertically loaded specimens water content and tubule number had

regression coefficients of comparable magnitude, thus indicating that

the two variables had approximately equal influence on Y.

The regression coefficient of tubule number, bl , for vertically

loaded specimens wasapprox1mately two times larger than that of specimens

loaded in the other two directions. However, the regression coefficient

for water in vertically loaded specimens was lower in value than that of

lateral or interior-exteriorly loaded specimens.

Outer wall, inner wall

When outer wall and inner wall samples were treated separately the

confidence limits for most coefficients were wide because of the small

sample size, thus reducing the power for comparison of· regression

coefficients of different loading directions.

However, it was still evident in interior-exteriorly loaded specimens

that water content was a major inf1uence.on Y. This conclusion could be

made because of the relatively narrow confidence limits and significant t
\

values of these coefficients.
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Water content, tubule number and type, versus E of inner wall specimens

In only the vertically loaded inner wall specimens was a moderately

high and reliable correlation between tubule number and E observed (Table

6). The regression coefficients t 95% confidence intervals and t values

are presented in Table 7 for standard scores data of water content and

tubule number and type of these vertically loaded inner wall specimens.

In a multiple linear regression analysis of the effect of the

independent variables, inner and outer tubule types, on the dependent

variable t water content t a regression coefficient of 0.920 was found for

the .type 2 tubules and a coefficient of -0.02 for type 3 tubules. This

indicates that type 2 tubules and/or the area of the wall associated

with these tubules are related to water content.

Outer.wall and inner wall proportional li.mit (Table 8)

The proportional limit of the outer wall specimens was significantly

greater (p < 0.05) than that for inner wall specimens.

The proportional limit for outer wall specimens loaded laterally was

significantly greater (1' < 0.05) than that from vertically loaded speciniens.

No significant difference (1' < 0.05) was found between inner wall specimens

loaded vertically and those loaded laterally.

Water content

Outer wall samples had significantly less (1' < 0.05) water content,

by weight, than inner wall samples (Table 9). Black and white hooves did

not have significantly different (1' <: 0.05) water content. A decreasing

gradient of water was found from the interior to exterior portions of the

wall (Table 10).



-° 169 -

E of specimens with modified water content (Table 11)

The E value of all specimens imInersedin water was significantly

lower (p < 0.05) than that of unmodified specimens. The E value of all

dried specimens was significantly greater (p < 0.05) than that of unmodified

specimens except for the vertical E values of 112 and 113, where the dried

specimens had a lo~er E value.

In specimens whose water content was modified, the total change in

value of E, E(dried)-E(H20), for vertically loaded specimens was signifi

cantly less (p < 0.05) than that of the other two directions (Table 12),

as would be expected if the multiple linear regression coefficients

presented in Table 6 were correct. These equations· predicted that

manipulating water content would have more effect on laterally and interior

exteriorly loaded specimens than on vertically loaded·· specimens.

In Table 13 the experimental and predicted E values of modified

specimens are presented. Predicted values were calculated from the 'outer

+ inner' equations presented in Appendix G. It should be remembered that

experimental values were obtained from specimens which may have been

manipulated to a water content out of their normal physiological range.
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Fig. 165 Diagram of areas 0.£ the hoof wall excised for compression

testing experiments. Columns from the wall, such as

columns A and B shown in this diagram, were removed.

Each column was then cut so as to provide two rows of side

by side specinlens such as ~s shown on the leftpart of the

diagram. Specinlens were then labelled consecutively from

the coronary border to the bearing surface of the wall.

Fig. 166 The Gillings-Hamco Thin Sectioning Machine used in cutting

hoof wall specimens. Scale 1:4.
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Fig. 167 Location of specimens of inner and outer stratum medium

sampled for compression testing. The inner wall sample

was composed of the inner stratum medium, intermediate

zone and some of the outer stratum medium. Outer wall

specimens were made up of only the third tubule type and

the associated intertubular horn.
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Fig. 168 Photograph of the Instron Universal Testing Machine,

Floor Model TT-D. Scale 1:20.
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Fig. 169 A typical stress-strain curve obtained from compressing a

rigid material. F - force; ~L - change in length of

specimen; PL - proportional limit. The straight line

portion accentuated in this diagram is that portion of the

line used to determine E, the modulus of elasticity:

E = a/€ where a= Force/(width X depth of specimen)

and € = ~L/original length of specimen.

Fig. 170 Directions of specimen loading. Vert. - vertical load;

Lat. - lateral load; Int.-ext. - interior to exterior load.
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Fig. 171 Diagrams illustrating areas sampled for determination of

water content. A - total wall showing location of five

columns sampled- from each right foreleg hoof; B - sagittal

section through wall showing how each column was cut into

samples one centimeter in height; C - cross section through

wall from the stratum internum (bottom) to exterior of wall

(top) showing how each s-ample was cut into four sections.

The toned area represents the inner stratum medium.
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Fig. 172 Force-deformation curve of a fresh outer wall hoof specimen

from horse I3 loaded past the proportional lim~t (B).

A to B - straight line portion from which E was evaluated;"

C - straight line portion obtained from loading specimen

beyond the proportional limit. a - 100 pounds scale.

Crosshead speed" 0.05 inch/min. Chart speed 10 inch/min.

Inset: the initial part of a stress-strain curve of an

outer wall specimen previously frozen for more than four

days show~ng the 'bump' (arrowhead) characteristic of

previously frozen specimens.
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Comparative keratinization: hoof, skin, nail

Keratinization is a specific process of cell differentiation in

*which stabilized fibrous keratin filaments and non-fibrous matrix protein

are synthesized within each cell. Concomitantly, there is catabolism of

most other cell organelles, formation of a modified plasma membrane, and

transformation and/or neogenesis of intercellular junctions. Such

changes occur as the cell is progressively pushed from its origin in the

germinative lClyer, the stratumbasale,into the overlying stratum

spinosum, stratumgranulosum (if present) and stratum corneum. Specialized

parts of the epidermis, such as hooves, nails and claws, are formed via

modifications to this basic process of keratinization•.

The keratinization of the stratum medium and stratum internum of the

hoof wall differs from that of nail and .skin (Table 14, Fig. 113).

Unlike skin, hoof and nail do not have a stratum granulosum, nor do their

keratinized cells desquamate. Both these tissues have 'type 3' Junctions.

Hoof is unique from both skin and nail because cells of its stratum

spinosuni have annular gap junctions, non-laminated mentbrane-coating

granules and, in the stratum medium, large intercellular invaginations.

Although skin, nail and' hoof contain lysosome-likestrtictures, those of

hoof frequently contain internal laminae (Figs. 105, 156, 157). Despite

differences in their mode/of keratinization, the fully keratinized cells

of the 'stratum corneum of nail and hoof are nearly identical in

morphology.

* Keratins are a type of protein produced by epithelial cells and usually
retained within the cell (Mercer etal, 1964). The macromolecular
structure and site of formation orkeratin is still not known with
certainty (De Bersaques, 1976).
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The functional capabilities of keratinized tissue are very much

dependent on the mode of keratinization. For example, the acquisition

of the granular layer in evolution of mammalian skin is believed to be

related to an increased pliability of this organ (Spearman, 1964).

Rigid epidermal structures such as hoof and nail must also be characterized

by a keratinization process which ultimately adapts them to their particular

functi~n. 'How do keratohyalin granules, membrane-coating granules (MeG),

lysosomes and cell-cell junctions contribute to the keratinization

process and influence the mechanical stability of the tissue?

Keratohyalin granules

T-wotypes of keratin, hard and soft, have been identified by

morphological and histochemical criteria· (Giroud and Leblond, 1934, 1951),

although this classification is considered to be an oversimplification

(Matoltsy,' 1962; Barrnett and Sognnaes, 1962).

In formation of hard keratin, cells do not produce keratohyalin

(therefore there is no .stratum granu1osum), nor do they desquamate

after becoming fully keratinized. Most hard keratins, except hair

cuticle, give an a-keratin X-ray diffraction pattern (Fraser et aI, 1972).

Hoof,horn.s , nail, claws and the cuticle and cortical cells of hair are

all considered hard keratins (Matoltsy, 1962; Barrnett and Sognnaes., 1962;

Baden, 1970).

Soft keratin forming cells, such as those of the epidermis, do

exhibit a stratum granulosumin.· their development and, when fully formed,

usually undergo continuous, spontaneous desquamation of their outer cell

_population. They typically exhibit a a-keratin X-ray diffraction pattern

(Fraser et aI, 1972).
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In the horse, the stratum medium of the hoof wall is composed of

a-keratin CObel, 1948), and is therefore considered a hard keratin, but

the skin, stratum externum of the hoof wall t and ergot and chestnut,

structures homologous to the hoof, have a stratum granulosum (Obel, 1948;

Larsson et aI, 1956) and are considered soft keratin. In embryonic hoof,

a stratum granulosum is present in the stratum medium (Ernst, 1954).

The keratinization of the primate nail, a structure homologous to

the hoof wall of the horse (Trautmann and Febiger, 1952), also involves

formation of a granular layer in the embryo (Lewis, 1954; Hashimoto et aI,

1966), but not in the adult (Roth, 1967; Hashimoto, 1971a,b,f;Zaiasand

Alvarez, 1968).

Little is known about the importance of keratohyalin in the

keratinization process, nor the contribution of keratohyalin to the

mechanical stability of the intracellular filament-matrix systetn of each

fully keratinized cell. However, .most soft keratins are physically quite

soft. Hard keratins are generally distributed in structures which require

some mechanical rigidity and strength and it is therefore logical for the

hoof wall and nail to be composed of hard keratin.

Membrane-coating granules (MGG)

In hoof, MCG aggregated at the periphery of all partially keratinized

cells except thoseof the secondary lamellae and, subsequently, granular

material was found in the intercellular space~:, It is plausible that they,

like MeG of skin and nail (Hashimoto, 1971b,f), discharge their contents

into the intercellular space by exocytosis.

The·MCG of hoof do not have internal laminae. Non-laminated MCG have
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not been described for normal epidermis (Squier et aI, 1978), but they

are present in nonkeratinizing oral epithelium, where they have a dense

amorphous core (Squier and Rooney, 1976; Squier, 1977). Squier ~al

(1978) described non-laminated MCG in hyperkeratotic skin lesions of

Kyrle-F1egel disease which were similar in size and shape to typical MCG.

Membrane-coating granules of skin were shown to extrude their

contents into the intercellular space between cells of the stratum

granulosum. and· to apparently establish a barrier to intercellular movement

of horseradish peroxidase (Schreiner and Wolff, 1969; Squier., 1973; Elias

and Friend, 1975; Squier et al~ 1978) and colloidal lanthanum (Squier and

Rooney, 1976; Elias etal, 1977a). A permeability barrier to intercellular

tracers was also found in non-keratinizing oral epithelium (Squier, 1973;

Squier and Rooney, 1976) whereMCG arenon-la.mi.nated (Squire, 1977).

In mammalian epidermis a hydrophobic barrier is believed to be

established in the stratum granulosum (Elias and Friend, 1975; Elias et

aI, 1977a; Schreiner and Wolff, 1969). It is believed that extrusion of

the contents of MeG into thein·terce11ular space is important in establishing

this barrier to water loss (Brody, 1966; Elias and Friend, 1975; Elias ~ aI,

I977a; Schreiner and Wolff, 1969, 1971). Lipids derived from MeG are

believed to contribute to the hydrophobic barrier within the stratum

corneum (Elias et aI, 1977b), since lipid solvents remove the barrier to

transepidermal water loss (Scheuplein and Blank, 1977).

Hashimoto (197Ia) has shown that the intercellular spaces between

completely keratinized cells of the nail plate are permeable 'to lanthanum.

He found tracer in desmosomes, gap junctions and intercellular cement. It
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therefore appears that the permeability barrier of human nail is not as

well formed as that of skin. This is supported by evidence which

indicates that the' flux of water across the nail plate is ten times

greater than across epidermis (Burch and Winson~ 1946).

In horse hoof~ in which the stratum corneum is ultrastructurally

similar to nail, a decreasing gradient of water exists from the dermis

to the exterior wall. It is therefore probable that water movement

similar to that in the nail is possible and that the amount of water

contained in individual wall portions is related to its distance from the

dermis.

In skin,MCG have been shown to contain hydrolytic enzymes (Wolff

and Holubar, 1967; Braun-Falc.o and Rupee, 1967; Weinstock and Wilgram.,

1970; Jarrett~ 1973;H!0nigslllann et al~ 1974; Takaki, 1974; Gonzalez et aI,

1976; Kurosumi, 1977) which, when deposited in the intercellular space,

are believed to be involved in the breakdown or transformation of

desmosollles (Weinstock and Wilgram., 1970; Gonzalez et aI, 1976; Raknerud,

1975). Eisen et al (1964) found acid phosphatase reactipn product

localized within desmosomes of the stratum corneum.

In hoo~ and nail (Hashimoto, 1971a,b) desmosomes do not exhibit major

alterations in morphology following extrusion of MCG, although in hoof an

intercellular dense line is.formed·in these junctions and in the inter

cellular space.

Acid phosphatase reaction product was not found at the ultrastructural

level in MCG of hoof, but whether this was due to the few number of horses

examined (2) and the difficulties inherent in ultrastructural localization
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of this enzyme or reflected a true absence of activity was not determined.

However, in horse skin which was incubated in the same medium as hoof

tissue, acid phosphatase reaction product was found in the MCG.

Following discharge of MCG in both nail (Hashimoto, 1971a) and hoof,

type 3 junctions ('narrow junction' of Hashimoto, 1971a) were seen, thus

sugge.sting that contents of the MCG are contributing to the ·formation of

these junctions.

It has been suggested that discharged contents of MCG act as inter

cellular cement in skin (Matoltsy and Parakkal, 1965) and nail (Hashi.m.oto,

197Ia,b,c). An argument liill be made later in the Discussion that lack

of MCG, and therefore lack of intercellular material from these MCG, may

facilitate movement of the primary lamellae past the secondary lamellae

in the stratum internum. The exocytosis of the contents of these

structures usually occurs in cell populations of the hoof in which the

cells are believed to be strongly adherent, such as cells of the inter

tubular horn and cells forming the cortex of the tubule.

Lysosomes

The function of lysosomes in keratinizing epithelia is not yet

definitiv~ly established. In hoof, m.embrane-bound, lysosome-like vesicles

appear to be involved in two cytological events: (1) destruction of

annular gap junctions, (2) destruction or degradation of organelles.

Destruction of annular gap junctions

Annular gap junctions have been found in a variety of tissues (see

Larsen, 1977a). It was not previously known how annular gap junctions

were degraded following their internalization (Perissel et aI, 1976).--
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Espey and Stutts (1972) and Albertini et al (1975) hypothesized that

annular gap junctions were destroyed by autophagy, but did not present

proof of this. Larsen and Tung U978} have shown acid phosphatase

activity within the cytoplasm of annular gap junctions which they

believed could be related to the degradation of these structures and any

organelles contained within them.

In this thesis it was shown that some annular gap junctions within

cells of the mid-stratum spinosum of the stratum medium. and primary

lamellae of the stratum internum were enveloped by a single membrane

(Figs.lll,112, 138, 149 [inset]) and were apparently being degraded.

Other partially degraded annular gap junctions were abutted by membrane-

bound lysosome-likevesicles (Fig. 108).

Annular gap junctions in 'Various stages of degradation were found in

the upper balfof the stratumspinosum of the intertubular horn and

primary lamellae, an area where punctate staining for acid phosphatase
-

was seen at the histological level. In the distal half of the stratum

spinosum, membrane-bound annular gap junctions were very rarely observed,

although small annular gap junctions were still present. Histochemical

reaction for acid phosphatase was not found in the distal half of the

stratum spinosum.

This evidence suggests that lysosomal. acid phosphatase may be

involved in degradation of annular gap junctions and that some specific

autophagic process is taking place to destroy these internalized annular

gap junctions. Ultrastructural localization of acid phosphatase was not

specific enough in the stratum spinosumto supply additional evidence for

this opinion.
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It is interesting that the cell would go through such an energy

consuming proce~s in order to destroy annular gap junctions at a stage

in keratinization when its metabolic potential is becoming more limited.

It is possible that intact annular gap junctions may interfere with the

final stages of keratinization or that the breakdoWn products of their

catabolism are needed in keratinization

Destruction of organelles

Evidence was presented in this thesis that lysosome-like structures

may be involved in the destruction of some organelles. Membrane-bound,

lysosome-like vesicles were found abutting degenerating mitochondria

(Fig. 1.36) and lysosome-like structures enveloping membranous debris

(Fig. 137) were found in some cells.

However, most organelles were not destroyed by these tnethods .

Following accumulation of numerous small vesicles within the cytoplasm

of cells of the mid stratum spinosum (Fig. lOT), organelles, including the

small vesicles themselves, began to disintegrate and tonofibrils began

to increase in number. It can only be conjectured that the small vesicles

contained and released hydrolytic enzymes which began the degradation of

organelles since no supportive evidence for this theory was presented in

this thesis. In skin, organelles are believed to be destrQyed in the

upper stra~um spinosum and stratum granulosum layers due to the release

of hydrolytic lysosomal enzymes, but the exact fate of organelles in skin,

as in hoof, is unknown (Montagna and Parakkal, 1974; Matoltsy,1976).
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Hashimoto (197la) found that gap junctions were present between

cells of the stratum corneum and upper stratum spinosum of nail and were

almost as numerous as desmosomes in spinous cells discharging MCG. The

number of gap junctions. decreased after discharge of the MCG.

Desmosomes

Few structural changes were seen in desmosomesof the stratum basale

and stratum spinosum of the hoof. However, following discharge of MeG in

the distal stratum spinosum, an intercellular electron dense line was

formed (Fig. l17:b) which was not previously found in these junctional

specializations (Fig. 115). This line apparently persists in the stratum

corneum.

In skin, such an intercellular line is found in most desmosomes

(Zelickson, 1967; Raknerud,1975).Desmosome transformation also begins

following deposition of MCG.materialin the intercellular space, but this

results in breakdown or transformation of the desmosome and loss of the

intercellular line (Raknerud, 1975). This transformation may result from

the action of hydrolytic contents· of theMCG (Weinstock and Wilgram, 1970;

Raknerud, 1975; Gonzalez et aI, 1976).

In skin (Hashimoto, 1971d) and nail (Hashimoto, 1971f) desmosomes

were permeable to lanthanum. Acid pho.sphatasereaction has been found

localized within desmosomes of the stratum corneum of skin (Eisen et aI,

1964). It is possible that penetration of hydrolytic enzymes into the

desmosomes of skin could cause the intercellular contact to be disrupted

and allow desquamation since these are the only junctional specializations

joining cells of the stratum corneum.
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In hoof there is formation of both the intercellular line and type 3

junctions prior to deposition of acid phosphatase into the intercellular

space. In the stratum corneum neither type 3 junctions nor the inter

cellular line area of the desmosome and regular intercellular space

exhibit reaction for acid phosphatase (Fig .. 127). This may indicate that

the contents of the MeG of the hoof contribute a material to the inter

cellular space and to type 3 junctions which is not permeable to acid

phosphatase. This material may act as an intercellular cement, as has

been previously suggested for nail (Hashimoto, 1971a,b) and contribute to

the mechanical stability of the tissue. The function of acid phosphatase

in the intercellu1arspace of. hoof. is not known.

Gap junctions

It is believed that one main function of gap junctions in embryonic

and adult .tissueis to provide· the structural basis for intimate and

direct two-way communication between cells via regulatory and signaling

substances (Staehelin, 1974). Ions and perhaps low molecular weight

substances are believed to pass between adjoining cells (Furschpan and

Potter, 1968; McNutt and Weinstein, 1970; Bennett,l973; Staehelin, 1974;

Gilula, 1977). These substances could. potentially control movement, rate

of division and differentiation, and response to hormones (S taehelin , 1974).

As well, gap junctions, which are low resistance junctions, are believed to

mediate electronic coupling (Bennett, 1973; Staehelin, 1974) although

supporting evidence for this is largely inductive and circumstantial

(Bennett, 1973). In nonexcitable tissue, such as hoof, the function of

ionic coupling via gap junctions is unclear (Lawrence et aI, 1978).
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However, gap junctions are believed to be important in cell-cell adhesion.

Gap junctions are not common in normal mammalian epidermis but, when

present, are usually small and located in the stratum spinosutll or stratum

granulosum. They are not found in the stratum corneum (Hashimoto, 1971a;

Eliaset aI, 1977a).

Annular gap junctions have not previously been described in normal

epidermis, but have been found in the wool follicle (Orwin et aI, 1973),

virus infected human skin (Vreeswijk et aI, 1977) and in psoriatic epider

mis of human beings (Caputoet~al, 1978).

The exact mode of formation of annular gap junctions is not clear

and the functional importance of interiorization of gap junctions is

obscure (Espey and Stutts, 1972; Merk etal, 1973; Orwin eta!, 1973;

Taylor and Yeager, 1975<;Letourneau etal, 1975; Marquart, 1977). The

significance of the unilateral electron lucent zone associated l1ith

annular gap junctions is not yet known (Perisselet aI, 1976).

Most authors who have described completely interiorized annular

gap junctions (see Larsen, 1977a) have also found processes invaginating

from one cell- into another involving areas of gap junction attachment.

Espey and Stutts (1972). Merk.et al (1973) and Larsen and Tung (1978)

believed that such cytoplasmic processes from one cell into another

were 'phagocytized' by the invaded cell. Albertini et al (1975) suggested

that these processes constricted at their base and became detached from

the cell surface to become spherical cytoplasmic inclusions. This may

be the method by which similar processes between spinous cells of the

hoof became interiorized since evidence of such constrictions was found

(Fig. 91).



- 188 -

Some authors suggested that annular gap junctions were free in the

cytoplasm because these junctions were not infiltrated by an extracellular

tracer (lanthanum) (Garant, 1972; Merk et aI, 1973; Orwin et al. 1973;

Albertini and Anderson, 1974b; Albertini ~ aI, 1975; Letourneau et aI,

1975; Perissel et aI, 1976). In hoof, some annular gap junctions were not

infiltrated with lanthanum (Fig. 94).

Espey and Stutts (1972), Merk et al (1973) and Vreeswijk et a1 (1977)

showed, via serial sectioning, that some annular gap junctions were

independent of the plasmalennna and were floating free in the cytoplasm.

Adams and Hertig (1969a), Enders (1973) and Albertini and Anderson (1974b)

suggested that the circular shape of these inclusions as well as the depth

of cytoplasm at which they were found was indirect evidence that annular

gap junctions were free in the cytoplasm. This same argument can also be

used to support the contention that annular gap junctions of cells from

the equine hoof are also completely interiorized.

Double, triple and quadruple annular gap junctions. similar to

those seen in the stratum spinosum of the hoof, have been described

previously in non-epide:r:mal tissue (Kallenbach, 1970; Garant, 1972; Espey

and Stutts, 1972; Merketal, 1973; Albertini and Anderson, 1974b;

Connell and Christensen, 1975; Shimono and Clementi, 1976; Larsen and Tung,

1978). Espey and Stutts (1972) believed that the cytoplasm in the inner

most spherical structure had been transferred from one cell to another

two or three times. Garant (1972) believed that these multiple gap

junction arrangements were formed· by secondary·invaginations of gap

junction-bound processes.
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, Garant (1972), Espey and Stutts (1972), Merk et a1 (1972, 1973),

Albertini et al (1975) and Larsen and Tung (1978) suggested that

interiorization of gap junctions may be a means of disposi.ng of junctional

membrane from the cell surface, thereby removing an area of strong inter-

cellular attachment. Gap junctions are believed to be very stable

structures (Cobb and Bennett, 1969; Goodenough, 1976) and it is not

known if they can be dismantled in situ (Albertini et aI, 1975). In the

hoof it is unlikely that gap junctions act as an important physical

barrier against separation because of the few gap junctions seen in

partially or fully keratinized tissues. In the stratum internum, which

is subjected to stress, few gap junctions were observed and it is likely

that the numerous desmosomes present in this tissue are responsible for

cell-cell adhesions.

Formation of both annular gap junctions and the circular profiles of

membrane (Fig. 98) seen in the hoof wall cells may be a means of disposing

of plasma membrane in response to· cell volume or shape changes occurring

in keratinization. In nail, it has been reported that 'redundant' plasma

membrane of the upper spinous cells was invaginated deeply·into the

cytoplasm (Hashimoto, 1971b) although it was not clear if this membrane

was free from the plasmalemma. since neither lanthanum infiltration nor

serial sectioning were done. If interiorization represents a method of

reducing the amount of membrane present in cells of the hoof it is a

quite elaborate and interesting method, but why it occurs primarily at

sites of gap junction. attachment remains enigmatic.

Vreeswijk et a1 (1977) believed that the stimulation of basal

epidermal cell mitosis in human skin by the pox virus Moluscum contagiosum
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resulted in excision of cell processes via formation of interiorized

annular gap junctions. However, not all epidermal tissues with increased

mitotic activity exhibit annular gap junctions. In tape stripped or sand

paper removed epidermis, where there is known to be an increase in

mitotic activity of basal cells (Pinkus, 1951, 1952; Hunter etal, 1956;

Bertsch, 1976), annular gap j unctions have not been described.

In equine hoof, annular gap junctions were not frequently seen near

proliferating basal cells, .but increased in number as cells were pushed

distally to form the stratum. spinosum.. In this stratum mitotic figures

were rare. It is therefore unlikely that annular gap junctions are

related directly to mitotic activity.

If interiorization.of gap junctions allows 11lobility of cells, then

the greatest abundance of annular gap junctions should occur where there

is cell movement (Albertini et aI, 1975). Cells of the stratum spinosum

of the intertubular horn located near the stratumbasale change both their

form and their spatial relationship to other keratinocytes. It is likely

that cells of this atea possess some mobility. Tonofibrils of these cells

also become more specifically aligned. It could, therefore, be that

interiorization of gap junctions is used to facilitate cell movement and

perhaps also to reorganize desmosome arrangements by budding off appro

priate interdesmosomal areas, thus·drawing.the desmosomes closer to one

another. Increase in size ·of desmosomes which was observed and the electron

lucent zone in some desmos011les (Fig. ll5:arrowheads) may be indirect proof

of this latter phenomenon. Campbell and Campbell (1971) have suggested

that desmosomes of the stratum spinosum of skin do not form de novo, but

rather arise from fragmentation or fusion of existing des11losomes.
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Formation and movement of the wall

Stratum medium

The hi.stological and ultrastructural morphology of keratinization

of tubular and intertubular cells of the equine hoof wall presented in

this thesis ha.s provided evidence in support of Trautmann and Fiebiger's

(1952) theory of the mode of formation of the stratum medium of the equine

hoof wall (see Anatomy Introduction, pages 5 to 7).

Intertubular horn cells keratinize progressively as they a.re pushed

distally from a stratum basa1e which has a large number of dividing cells.

The sequence and method of keratiniz.ation are similar" to that of most hard

keratins.

The. morphology of the presumptive tubule cortex cells is also consis-

tent with Trautmannand·Fiebiger'stheories. They believe that presumpti.ve

tubule cortex cells move distally and progressively keratinize. They did

not know the mitotic.pattern of the basal cell population lining the dermal

papilla and therefore could not predict where the presumptive tubule cortex

cells were being formed •
.

Dividing cells were found in the stratum basale lining the proximal

half of the dermal papilla (Fig. 47) and it is likely that the cells

generated in this area are added to the presumptive intertubular horn

cell population in a staggered manner (Fig. 174). Because of their

staggered origin from the stratum basale, adjacent cells would be at

different stages of keratinization: those nearest the intertubular horn

would be the most advanced in keratinization, while those nearest the

stratum basale of the dermal papilla would be the least keratinized

(Fig. 114). This pattern of cell movement and keratinization conforms to
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the basic concept of tubule formation given by Trautmann and Fiebiger

(1952) and also explains the apparent progression of keratinization from

the basal cell layer of the dermal papilla to the intertubular horn.

Some newly formed cells could also be directed along the' basal

lamina.. Migrating epidermal cells, such as those involved in wound

repair, are usually characterized by a loosening of intercellular

connections via widely dilated intercellular spaces, few desmosomes,

many microvilli, disruption of hemidesmosome contact with the basal

lamina (Krawczyk and Wilgram, 1973; Briggaman and Wheeler, 1975), and

elongation of the cells in the direction of migration (Gibbins, 1968;

Croft and Tarin, 1970). Basal cells in the distal half of the dermal

papilla were shown to exhibit many .of these characteristics. These cells

also contained annular gap junctions, and a variety of membrane-bound

vesicles which were.more characteristic. of partially keratinized spinous

cells. It is not possible to describe migration of these cells based

upon the data presented in this thesis. However, since basal cells

forming the tip' of the dermal papilla did not show mitotic activity,

and since material is presumably being deposited within the medullary

cavity, migrating basal cells from the distal half of the dermal papilla

could be the source of this material. The relatively straight basal

lamina in this area (Fig. 40) could facilitate movement of these cells.

Stratum internum
-

Stump (1966) suggested that the basal cells of the secondary

epidermal lamellae were non-mobile since there was extensive plication

between cells and since he did not observe areas where the membrane of
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adjacent cells were not closely apposed. He also found an extensive

desmosome network between basal and suprabasal cells (Stump, 1966).

Stump (1966) believed basal cells to be quiescent since they had few

organelles and a number of tonofibrils in the cytoplasm.

The evidence presented in this thesis supports Stump's (1966)

opinion that. the basal cells are not mobile. The junctions between

suprabasal cells and bet-ween suprabasal and basal cells were well

established and there -was no ultrastructural evidence that breakdown of

these junctions was occurring nor that the basal cells were mobile.

Since basal and immediately suprabasal cells are securely joined,

and since the cells of the suprabasal cell population are joined by an

extensive desmosome network, it is likely that suprabasal cells are also

non-mobile. This is further supported by the lack of ultrastructural

evidence showing disruption of the connections between basal and ... supra

basal cells.

It, was shown at the ultrastructural level that cells of the primary

and secondary lalIlellae were· joined by desmosomesand that a considerable

amount of intercellular material was present at this junction (Figs 162,

163). Since the wall must accept impressive levels of tension stress,

the desmosomes probably act to transfer this stress to the. primary

lamellae. If the primary lamellae are moving distally the desmosomes may

stagger the responsibility for accepting this stress and allow other

desmosomes to be broken -without weakening the material. The debris in

the intercellular space may be the result of such destruction and perhaps

shearing of one cell population past another.
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It is important that no MeG were observed in suprabasal cells of

the secondary lamellae located near the primary lamellae. The extrusion

of MeG contents in other portions of the hoof wall occurs in locations

where cells remain attached to one another. This material may, therefore,

be acting as a type of intercellular cement, as had been suggested by

Mat.oltsyand Parakkal (1965) and Hashimoto (197la,b,c) or cause trans

formation of cell-cell contact areas, such as type 3 junctions, which may

be important points of adhesion between cells. No type 3 junctions were

observed in ·secondary lamellae nor between secondary and primary lamellae.

If the primary lamellae were moving distally it would be important that

such points of adherence not be established with the secondary lamellae.

Also, MeG are needed in the final stages of keratinization of most

mammalian epidermis and their absence in cells of the secondary epidermal

lamellae is'a strong indication tha.t there is not a progressive keratin

ization from the basal cells of the secondary epidermal. lamella to the

fully keratinized cells of the primary epidermal lamella.

In summary, all morphological evidence suggests that the primary

epidermal lamellae move distally past stationary cells of the secondary

epidermal lamella. Since these cells are also being subjected to tensile

stress it is likely that the desmosome connections joining the two are

staggered so as to allow the cells to move distally and still support

load.
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Movement of the primate nail plate

*The methods by which the nail plate both remains attached to the

underlying tissue, and yet glides forward are as yet unknown. It is

unlikely that the nail plate merely glides forward over the nail bed

epidermis (Jarrett and Spearman, 1966; Hashimoto, 1971a) since these two

structures are firmly adherent (Zaias, 1965; Jarrett and Spearman, 1966;

Samman, 1972). Avulsion of the nail plate usually results in removal of

most of the nail bed epidermis (Zaias, 1965) and it is thought that this

is caused because of the more tenacious bond between the horny layers of

the nail bed and the nail plate than between the nail bed epidermis and

dermis (Zaias, 1965).

Samman (l972) and Hashimoto (1971a) theorized that the epidermis of .

the nail bed was generated proximally and moved forward with the growth

of the nail and while doing so may add cells to the ventral portion of

the nail plate. Norton (1971) did show some limited distal movement of

cells from the nail matrix into .the adjacent·nail bed area which he

believed could allow for movement of the nail plate distally. Contrarily,

it has been shown that, in human nail (Zaias, 1967) and primate (monkey)

nail (Zaias, 1965, 1968), the nail plate grows distally over the stationary

nail bed epidermis.

*' Detailed homo10gies.between nail and hoof have not yet been established.
In human nail, the nail bed epidermis has longitudinal ridges which
project into the dermis (Zaias, 1965; Montagna and Parakkal, 1974)
which are probably homologous to primary lamellae of equine hoof.
The nail bed epidermis may be homologous to the inner stratum medium
and lamellae of the horse hoof and the nail plate homologous to the
outer stratum medium. '
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Model of hoof wall function

The limbs of the horse are specialized for cursorial locomotion.

Their unguligrade structure requires that the hoof, and in particular

the hoof wall, accept considerable stress. Interpretation of hoof wall

function necessitates an understanding of the morphology of the wall,

the complexities of external and internal forces affecting the wall, and

the response of the wall to these forces •

.External forces acting on the hoof

Vertical and horizontal components of forces acting on the hoof have

been measured in the Standardbred (Quddus et aI, 1978), Thoroughbred

(Geary, 1975; Pratt and O'Connor, 1976; Bartel et al,1978; Schryver et

aI, 1978; Rooney et aI, 1978) and other horse breeds (BjC5rk, 1958). The

basic pattern. of these forces within the stance phase was similar in all

studies and is shown in Figure 179.

The magnitude of vertical forces in gait are speed dependent,with

faster gaits characterized· by greater forces (Pratt and O'Connor, 1976).

Maximum vertical forces, expressed as a fraction of body weight are 0.6

for. the walk (Schryver ~ aI, 1978), 0.9-1.0 for the trot (Quddus et aI,

1978; Schryver et aI, 1978) and 1.75 for the gallop (Rooneyet aI, 1978).

Horizontal forces in the.walk and trot are approximately equal

(Schryver at aI, 1978). In the forelimb and hind limb the horizontal

forces of breaking (deceleration) and propulsion are approximately equal

in a horse moving at constant velocity (pratt and O'Connor, 1976; Bartel

et ai, 1978), but in an accelerating horse the total propulsive portion

of <the horizontal force must be greater in value than the breaking force
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(Bartelet aI, 1978).

In a walking or trotting horse, heel-off occurs just after the hoof

experiences its peak propulsive force (Schryver et aI, 1978). When the

heel lifts off, the toe must be bearing the entire force bet'Ween the leg

and the ground (Parker, 1973). In a cantering horse the peak in the

vertical force occurs just before the time at which the horizontal force

changes from a breaking to a propelling force (Pratt and O'Connor, 1976).

The exact point of action of the resultant of the load applied by

the ground to the bottom of the hoof is not known (Parker, 1973).

Bartel et al (1978) have shown that it is unlikely that the external

force acting on the hoof passes towards the toe during the support phase.

They have clearly demonstrated that the point of application of the

resultant force with respect to the hoof remains constant during the

support phase until just before toe off when it moves rapidly to the toe

(Bartel et aI, 1978). This resultant always remains in front of the coffin

joint while the hoof is flat on the ground (Parker, 1973; Schryver et aI,

1978).

Deformation of the hoof wall

The·overall shape of the wall is probably very efficient in resisting

bending since it somewhat resembles a cone, which is known to be highly

stable to bending about any axis (Wainwrightet aI, 1976). Such

stabilization would be important when the hoof is loaded asymmetrically

such as when the animal changes direction (Hair, 1973) or negotiates

curves of racetracks (Fredricson et aI, 1975). Many horses 'toe in' or

'toe out' and some.preferentially load one or more limbs in a way similar
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to handedness of human beings (Bjorck, 1958).

Interestingly, the forelimb hooves are more cone shaped than those

of the hind limbs and are known to support 60 percent of the weight while

the animal is standing (Kruger, 1941; Rettenmaier, 1950; Bjork, 1958).

During high speed locomotion the heel and angl.e of the wall are

usually the first structures of the hoof to experience impact in both

Thoroughbreds (Rooney et aI, 1978) and in Standardbreds (Fredricson etal,

1975). At lower speed gaits, hooves may be placed flatly on the ground

without heel-first contact (Schryver et aI, 1978).

When the hoof is flat on the ground and subjected to weight-bearing,

the hoof wall near the bearing surface expands with increased load
/

(Lungwitz, 1891; Habacher, 1919; Knezevic, 1962; Hair, 1973; Fischerleitner,

1974a;Rooney et aI, 1978). These expansions are greater at the angle of

the wall than at the toe.

Some authors believe that this greater expansion is due to the wall

being forced out by expansion of the heels, frog, bar, ·and digital cushion

(Lungwitz, 1891; Sack and Habel, 1977). However, as pointed out by

Parker (1973), if a horse is shod, working on a relatively hard surface

withnorma1.hoof placement, the frog only contacts the ground for a brief

instant at the beginning of the support phase when the load on the hoof

is small (Rooney, 1969). Draft horses are shod with the frog off the

ground (Sack and Habel, 1977). It is thought that shoeing inhibits the

natural expansion of the heels (Lungwitz, 1891; Knezevic, 1962; Marks et aI,

1971), reduces the surface area of ground contact, and transmits the

concussion to the wall more directly (Marks et aI, 1971).
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Fischerleitner (1974a) suggested that the downward movement of PII

during weightbearing forced the lateral cartilages outward and thus

contributed to movement of the wall.

The relative importance of these factors in dissipating and

redirecting forces of impact is not yet conclusively established.

It is known from x-ray studies that the third phalanx (PIlI) sinks

slightly and undergoes a downward rotation in weightbearing (Galli, 1911;

Fischerleitner, 1974a) (Fig. 175). This rotation occurs around the

rostralmost part of PIlI (Fig. l75:X) and results in the simultaneous

movement of the dorsal hoof wall (Fig. 175), thus producing a dorso

convexity of the mid-wall of the toe (Mair, 1973; Fischerleitner, 1974a).

Lungwitz (1891) showed that. the coronary band area was pulled down and

in while the hoof was bearing weight (Fig. 176).

Of great importance was the observation by Fischerleitner (1974a)

of a high correlation (0.85) b~tween movement of the outer wall and

movement of PIlI, thus· conclusively establishing that the wall and third

phalanx act as a synchronized unit. His study therefore verified the

cOImllon1y held belief that virtually all the concussive force passing

through the limb was transferred from PIlI to collagenous strands coursing

to the stratum internum of the wall and that, consequently, the wall

suspends the weight of the horse (Parker, 1973; Sack and Habel, 1977).

Important .. indirect evidence on the direction of tension imposed on

the stratum internum during weightbearing is found in horses with acute

laminitis. In this disease the strength of the secondary epidermal

lamellae is believed to be reduced because of the marked reduction in the
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number of tonofibrils within cells of these lamellae (Obel, 1948).

Consequently, the secondary epidermal lamellae become over-stretched and

become oriented parallel to the primary lamellae. This suggests that the

tension is directed from the secondary lamellae interiorly towards PIlI.

In addition to tension str~in from the lamellae, the hoof wall

must also be subjected to substantial compressive stress from the

reaction of the wall with the ground. This force likely moves vertically

through the wall and probably decreases in magnitude (decays) closer to

the coronary border.

A third stress to which hoof wall material is sUbjected is that

resulting from changes in hoof wall form during weightbearing. Mair (1973),

using tri-direction strain gauges (rosettes), showed that the toe wall

near the bearing surface was SUbjected to lateral compressive strain.

This strain was found to be proportional to the load acting on the hoof.

Biomechanical analysis of the equine digit

Parker (1973) and Bartel ~al (1978) presented comparable free body

*diagrams of forces acting on the third phalanx, but did not include the

forces from the hoof wall ... lamellae -collagen - bone functional unit iIi

their analysis. This is an important error in their analysis. A re-

examination of forces acting on PIlI shall be made here since it is critical

to understand the biomechanics of a bone which has been shown to be

intimately associated with. hoof wall function.

* A fre.ebody diagram is a simplified representation ofa biomechanical
system isolated from its surroundings showing external forces acting
on the system (Miller and Nelson, 1973).
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Forces acting on PIlI - a reanalysis

It is likely that four external forces act on PIlI during mid-

stance (Fig. 177): (1) force from the stratum internum of the wall, FL;

(2) force from the tendon of m. digitorum profundus (deep digital flexor)

muscle, FnnF ; (3) force from the second phalanx passing through the

distal interphalangeal (coffin) joint, Fe; (4) force from the sole, FS•

It is believed that the common digital extensor muscle does not act

during the support phase {Parker, 1973) and it has been accordingly left

out of the free body diagram. As well, Parker (1973) theorized that the

distal navicular ligament (Fig. 2:n) was loaded only during the swing.

phase and was not a factor to be included in the analysis of PIlI statics.

The distal limb motion of the horse is assumed to be planar (Parker, 1973;

Bartel et aI, 1978) and, therefore, the effects of the collateral ligament

system of the distal interphalangeal j oint were ignored in the analysis.

The free body diagram of the equine digit is shown in Figure 177.

The biomechanical model of the equine digit assumes a coplanar,

nonconcurrent, nonparallel force system in static equilibrium. A two

dimensional analysis is made of the digit at stage e of the stance phase

(Fig. l78:C) when it is being subjected to maximum vertical force. For

this system to be in static equilibrium the following equations must be

true:

EF. = 0 (sum of the vector forces in the x plane must = 0)
x

EF = 0 (sum of the vector forces in the y plane must = 0)
y *EMC =0 (sum of moments around coffin joint must = 0)

* A moment (M) is a measure of the tendency of a force to produce a
rotation about a point or axis (Miller and Nelson, 1973).
Moment = force times perpendicular distance (r) from point of axis
of rotation to the line of action of the force.
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EF
X

= FLx + Fex + FDDFx + FSx = 0

EFy = FLy + Fey + FDDFy + FSy = 0

tMe = rLFL + rDDFFDDF + rSFs = 0

Bartel et al (1978), Schryver et a1 (1978) and Parker (1973) have

shown that f?rces in the deep digital flexor tendon, FDDF , are greatest

in m1d-stance> when the metacarpophalangeal joint is at its most extended

position (Fig .. 179). At this point of the stance phase the force acting

on the hoof wall from the ground is also maximum and,since it is trans

ferred through the wall to PIlI, the magnitud~ of FL would be substantial.

The peak load in the d.eep digital flexor tendon is predicted to be about

one-half body weight in a walking horse and about equal to body weight in

a trotting horse (Bartel et aI, 1978). These values are comparable to

measured values of vertical ground force acting on the limb.

If the. system. is in equilibrium then the moments around the coffin

joint,Me,should equal zero. It is likely that the force FS is small

since sole material is weak and could not withstand substantial loads.

It therefore becomes evident that the moments rLFL and rDDFFDDF must have

opposite rotational effects. Consequently, the force FL must be a major

contributor to the stabilization of PIlI in weightbearing.

Even when the horse is standing, the force FL must be imp.ortant since

disruption, in laminitis, of the bone-collagen-stratum internum unit can

cause PIlI to rotate down and penetrate the sole (Adams, 1974).

Anatomical evidence presented in this thesis has demonstrated that

tonofi1aments in the core of the secondary lamellae and in primary

lamellae are oriented horizontally. Those of the primary lamellae are
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directed towards PIlI. Theoretically, it would seem that such a tono

fibril network would adapt the tissue for accepting the tensile stress

F
L

if, indeed, the tonofibrils are structures adapted to taking tensile

stress. Two problems exist with this interpretation. Firstly, if the

tensile stress is directed interiorly towards PIlI, why are most

secondary lamellae and the tonofilaments within cells of the secondary

lamellae oriented at right angles to both the primary lamellae and the

stress? Secondly, if basal cells of the lamellae are accepting horizon

tally directed stress, why are the tonofibrils and microtubules of these

cells oriented vertically rather than in series with those of the other

cells of the secondary epidermal lamellae? Answers to these·problems

must await future research. However, it can be speculated that. secondary

lamellae from adjacent pritnary lamellae may be joined to each other via

collagen of the dermal lamellae to stabilize the stratum internu~ during

bending or asymmetrical loading of the wall.

Mechanical properties of hoof wall material

Morphology.of the stratum medium - a brief review

The fully keratinized equine hoof wall has been shown to be a

complex epidermal structure primarily composed of cells containing

a-keratin filaments and non-fibrous interfilamentous matrix. These cells

are joined by two types of junctional specializations, desmosomes and

'type 3' Junctions, and, perhaps, by intercellular material which is

deposited by exocytosis of contents of membrane-coating granules (MeG)

during keratinization. The ultrastructural morphology of cells from the
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inner and outer stratum medium does not differ.

Fully keratinized cells of the stratum medium of hoof closely

resemble those of primate nail. In nail, deposition of intercellular

material fromMCG does not establish a barrier to water movement.

It is likely that, in equine ho.of, such a permeability barrier to water

is also lacking.

The histological organization of keratinized cells within the

stratum medium is complex. This stratum is composed of numerous parallel

tubules, each of which is composed of a long cylindrical cavity

surrounded by cortical cells, and an intertubular horn formed of in.ter

weav.ing cell populations. A more detailed description of the histo

logical anatomy is given on pages 5 to 7.

The.biomechanical evidence presented here has shown that the hoof

wall is probably subjected to stress from three sources: (1) tensile

stress from the lamellae; (2) compressive stress from ground force,

and (3) stress resulting from changes in the total form of the wall.

What characteristics of the wall material allow it to function so

effectively?

Like most biological tissues (Fung, 1968; Wainwright et aI, 1976),

the hoof wall material is nonhomogeneous and anisotropic. Italso

consists of at least two phases: the hard keratinized intertubular

and tubular horn; and the medulla of each tubule. How do these charac

teristics adapt the hoof to its function?

Holes in a material tend to weaken the material in tension because



- 205 -

*each hole acts as a stress raiser (Evans and Bang, 1967; Wainwright

et aI, 1976). In bone, for example, the Haversian canals and lacunae

act as stress raisers (Currey, 1962; Evans and Bang, 1967) which weaken

the mater.ial in tensile loading (Evans and Bang, 1967; Currey, 1970).

As well, these spaces reduce the amount of osseous material available

for supporting and resisting a load and therefore weaken the bone

(Evans, 1978).

The capacity ofa material for storage of energy in the elastic

range is known as resilience (Mohsenin, 1968). Stress raisers reduce

the resilience of the material (Currey, 1962; Wainwright et al, 1976).

Resilience is as important a property as static strength in the normal

functioning of bone (Wainwright et aI, 1976). In impact loading of

material the ability to absorb strain energy.would make the tissue more

resistant to cracks, while greater static strength with low resilience

would predispose to cracks. Therefore, a rigid material subjected to

dynamic impact loading, such as hoof wall, must cOI1lpromise between the

need for rigid strength and protection from failure.

Vertically loaded specimens

In vertically loaded specimens the correlation of tubule number

with modulus of elasticity gave a regression coeffieient of moderate

value. Thi-s value was approximately ttdce as great as tubule number

* Because a space (e.g., medulla of each tubule) does not support stress,
the distribution of force around the hole will be concentrated. This
phenomenon is called stress raising and the space responsible for it
is called a stress raiser. The effect of stress raising is considerably
more important in tensile rather than in compressive.stress (Wainwright
~ ai, 1976).
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coefficients for specimens loaded in the other two directions·. If the

tubules were acting as rigid struts,as suggested by Nickel (1938a,b),

then such an influence of tubule number on E would be eJCpected in vertical

loading. If the hoof wall was considered a fiber (tubule) - matrix

(intertubular horn) cotnposite material such struts would not be important

in lateral or interior-eJCterior loading since, when either tensile or

compressive stress is applied at right angles to the tubules, they

would contribute little or nothing to the strength or stiffness, and the

matrix alone would dictate the deformational behaviour of this>material

(Wainwright et aI, 1976).

In vertically loaded spec1tn.ens the stress raising effect of the

medulla of each tubule would not be great since the forces are compressive

and directed parallel to the tubule. If the tubules··were bent while

being· compressed a mo.re significant stress raising effect may occur

(Wainwrightet aI, 1976), thus reemphasizing the need to resist bending----
in this tissue. It is therefore important that the tubules are parallel

and straight throughout the wall.

If tubules act as stress raisers in vertical loading then inner wall

specimens, which hav~ fewer tubules, should have a greater resilience

than outer wall specitnens. Although resilience was not determined for

each hoof specimen in this thesis it is evident from data of proportional

limit and modulus of elasticity that the outer wall specimens loaded in

both vertical and lateral directions have a resilience which is I 1/2' - 2

times greater than inner wall specimens. However, the low E values in

inner wall specimens may also be due to their significantly higher water

content.
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The outer wall specimens can therefore abs0r'b energy in the vertical

direction more effectively than inner wall specimens. Since this part

of the wall has a vertical E value of twice that of the inner wall, it is

likely that it would effectively resist and absorb compressive forces from

the ground. Outer wall specimens therefore have mechanical properties

of compromise: they are fairly rigid, and therefore can resist the

substantial vertical forces to which they are subjected, and they can

absorb energy, and therefore protect against cracking.

Comparable vertical E values of black and white hoof specimens, such

as those obtained in this thesis, would therefore be expected since, if

black hooves were 'stronger' (higher E), it would predispose them to

cracking, unless·they also had greater resilience. No. difference was

found in the water content of black and white hooves in this thesis or in

a previous wo~k (Miyaki et aI, 1974).

The average modulus of elasticity values of vertically loaded hoof

wall specimens reported previously (Butler and Hintz, 1977) are comparable

to those obtained in this thesis. Butler and Hintz (1977) reported an

average E value of approximately 54,700 pounds per square inch. These

authors also reported that the E values of hoof wall specimens sampled

near the sale were significantly greater than those for specimens sampled

near the coronary border. In Butler's (1976) Ph.D. thesis, from which

these data were extracted, a diagram was presented which showed that

coronary border samples probably included the end of the dermal papillae.

This would explain the low E values and higher water content values

obtained for these specimens (Butler and Hintz, 1977).
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Laterally loaded specimens

Laterally loaded outer wall specimens have approximately the same

resilience as vertically loaded outer wall specimens as deduced ftom

their E and proportional limit values, but the E of laterally loaded

specimens is significantly higher. It is therefore unlikely that tubules

act as stress raisers in laterally compressed specimens for, if theydi'd,

their resilience and E values should be less than that of vertically

loaded specimens. Also, as mentioned previously, the effect of stress

raisers is more important in tension than in compression. What charac-

teristics contribute to the greater rigidity of laterally loaded specimens?

Lateral versus vertical loading

Effect. of tubules

In vertically loaded specimens there is a reduction in·the amount of

tissue present because of the medullary spaces of each tubule. However,

in laterally loaded specimens the tubules are not acting as simple voids.

Instead, tubules are'streamlined because of their elliptical shape so as

to reduce the effect of laterally directed forces. As well, their cortex

is thickened at the tip of the longitudinal axis of the medulla (Nickel,

1938a), thereby buttressing the tubule at that point where the greatest

stress would occur if the tubule was compressed horizontally along its

longitudinal axis or if it was subjected to tension along its minor axis
~

(see Chapter 2.7, Elastic Stress Concentrations, in Wainwright et aI, 1976).

However, because of the decay in tension stresses from the lamellae

exteriorly,. it is unlikely that these tensile forces are substantial.
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The elliptical tubules therefore appear to be designed to minimize the

effect of lateral compression scress. Mair (1973), using strain gauge

rosettes, showed that a lateral compressive strain was affecting the hoof

wall near the bearing surface of the toe.

The stresses produced by compression or tension would be directed

horizontally. Tonofilaments of the cortex cells of the outer wall

tubules are oriented horizontally (Nickel, 1938a,b; Wilkens, 1964) and

thus should effectively counteract the stress.

The greater rigidity of laterally loaded specimens may therefore be

influenced by the organization and morphology of the tubules. However,

another factor, water content, has been shown to be a major influence on

lateral E measurements.

Effect of water· content

It has been·shown by regression analysis (see regression equations,

Table 6) that the rigidity of laterally and interior-exteriorly loaded

specimens was not well correlated to the number of tubules present, but

was negatively influenced by water content, more so than vertically loaded

specimens. This was further substantiated in experiments in which the

water content of the specimens was modified.

If the water content of the specimen is low, as has been shown in

outer wall-specimens, it would affect the laterally loaded spec~en E

value more so than the vertically loaded specimen. Therefore, in specimens

with low water content, •the lateral E values should be substantially

higher than vertical E values.

In specimens with high water content the laterally loaded specimens
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would be influenced more than the vertically loaded specimens and would t

therefore, be relatively weaker ", In inner wall specimens, which have a

high water content, vertical and lateral E values were not significantly

different, thus probably reflecting the greater influence of water on the

E of laterally loaded specimens.

The anisotropic behaviour of hoof wall specimens is therefore

related to water content. But what in these specimens is being influenced

by water content? Ultrastructural evidence presented in this thesis has

shown that it is possible. that the intercellular space is permeable to

water and that the moisture content of each specimen is probably related

to its distance from the moist dermis. Wainwright etal(1976)·and Fraser

etal (1972) suggested that the keratin fibers of most keratinoc.ytes were

weakened by water, but such interpretation isdiff1cultand can only be

speculative in hoof cells because-it is not known even if the water pene

trates into each cell to reach the keratin fibrils. The effect of water

on hoof keratin is afso not known.

The organization of keratin may be important in determining the

mechanical anisotropy of the tissue. However,·in hoof, a major problem

still to be resolved is the difficulty in studying and describing the

complex interweaving of tonofibrils within cells of the tubular and inter

tubular horn. Polarizing optics have only given limited information

(Nickel, 1938a,bj. Wilkens, 1964). Little is known about the relationship

betweenphysic.al properties of keratinized tissues and the composition and

arrangement of keratin protein they contain (Fraseretal, 1972).

Forslind (1970) believed that the hardness of nail was due, in part, to

the ultrastructural arrangement of keratin fibrils. Differences in
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physical properties of hooves of sheep appear to be related to the

packing pattern of the tonofibrils and the amount and composition of

matrix (Fraser et aI, 1972).

The total filament-matrix complex of each cell, rather than solely

the fibrillar complex, is thought to be important in understanding the

structural stability of the horny layer (Fraser et aI, 1972; Matoltsy,

1975). The fibrous a-kerat.in filaments are thought to impart flexi

bility and elastic recovery to the horny layer (Matoltsy, 1975, 1976).

Interior-exteriorly loaded specimens

The E value of specimens loaded interior-exteriorly was primarily

influenced by water content as shown by the large negative regression

coefficient (-0.796) associated with this variable. Since there is a

decreasinggradient.of.'Water from the interior to exterior portions of

these specimens, they would be compressed on the side which had a high

water content. This side would readily deform upon compression loading

and would, therefore t give the low E values obtained in specimens loaded

in this direction.

Compression tests such as those carried out on inner wall specimens

may not simulate real stress loads occurring in vivo, but did clearly

show that inner wall specimens are very much weaker than outer wall

specimens in compression.

The tension within the inner wall must be substantial because of

its proximity to the lamellae. It is possible that the medulla of each

tubule in the inner wall will act as a stress raiser because this part

of the wall is in tension. This may also be the reason for the low
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number of tubules present in the inner wall.

Tubules located interior to the water line have a wider cortex,

but a medulla of compa.rable size to that of the outer wall tubules.

As well, tonofilaments of most cells in the tubule cortex are oriented

vertically although in the exteriormost cell layers most are oriented

horizontally (Nickel, 1938a,b; Wilkens, 1964). Nickel (1938a,b)

theorized that tension in the intertubular horn acted to compress these

tubules from all parts of the circumference, thereby forcing the tubule

cortex cells to be subjected to tension in the direction of the tubules

(Fig. 164). This would be a plausible and very interesting way of

redirecting tension stress before it reached the medulla. Any stress

raising effect would therefore be·minimized.

If the mechanical strength of keratin is lowered by water then it

would be expected that the inner wall would not be adapted for resisting

appreciable tension stress. It may be that the apparently rigid tubules

are responsible for absorbing some of 'the stress. These tubules would

dampen the effect of tension as it is transferrEd exteriorly to increasingly

rigid hoof wall material.
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Fig. 173 Diagram of the ultrastructural changes occurring in the

keratinization of the equine hoof wall stratum medium

(intertubular horn). Compare this diagram to that of the

keratinization of skin shown in Figure 20, page 34.

A - annular gap junction; BL - basal lamina; D - desmosome;

F - tonofilaments; G - Golgi complex; H - hemidesmosomes;

N - nucleus; V - aggregation of empty appearing vesicles

in cytoplasm; gj - gap junction; m - mitochondria;

mcg -,membrane-coating granules; mvb - multivesicular bodies;

r - ribosomes; rer - rough endoplasmic reticulum;

1 - invagination fr~m one cell into another, involving area

of gap junction attachment; 2 - annular gap junction abutted

by lysosome-like vesicle; 3 - type 3 junction; 4 - degenerating

annular gap junction within single membrane.
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Fig. 174 Diagrammatic representation of direction of migration

(arrowheads) of presumptive tubule cortex cells from the

stratum basale (SB) of the upper part of the dermal

papilla (star). Because of their staggered origin from the

stratum basale,. there appears to be a gradation in the degree

of cell keratinization radially~-from the dermal papilla to

the intertubular horn (IT).



IT
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Fig. 175 Outline of positional changes in the second phalanx (PII),

third pha+anx "(FIll) and distal sesamoid (N) bones and

hoof wall which result from weightbearing (redrawn from

Fischerleitner, 1974a). X - axis about which PIlI rotates

during weightbearing. before loading

after loading

Fig. 176 Schematic diagram of a dorsal view of the hoof showing the

apparent inward movement of the coronary border area during

weightbearing (dashed line) (redrawn from Lungwitz, 1891).
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Fig. 177 Free body diagram of forces acting on the third phalanx

(PIlI) of the equine digit. The axis of rotation is the

stationary point C, representing the point where the second

(PII) and third (PIlI) phalanges articulate. FC - compressive

stress from the second phalanx; FnnF - tensile stress from

the .tendon of the flexor digitorum profundus; FL - tensile

stress from the stratum internum of the wall; FS - compressive

stress from the sale. Forces are not drawn to scale.

Sagittal section through digito
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Fig. 178 Schematic diagram of major position phases of distal

forelimb of a running horse from the beginning (A) to

end (E) of the stance phase.

Fig~ 179 Horizontal (FH) and vertical forces (FV) on the hoof of

a walking horse during the stance phase. Values for FH

situated above the x-axis are decelerating forces, those

below it are accelerating forces. Dashed line represents

the predicted force on the DDFT (from Bartel ·et aI, 1978).

Time is measured as a fraction of the stance phase.
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Breed, age, sex and cause of death of horses sampled for

electron microscopy (EM)

Horse Breed
Age

(years) Sex Gause of death

1 Quarterhorse 17 *Female Euthanized (pharyngeal
paralysis)

2

3

4

Thoroughbred

Thoroughbred

Quarterhorse

7

6

12

Female

Male
castrate

Male
castrate

Euthanized (ruptured
flexor tendons)

Euthanized (chronic
osselets, fetlock
chips, bowed tendon)

Unknown

5

6

7

8

*

Shetland pony

Arabian

Shetland pony

Shetland pony

5 Male

5 Female

2 Male

2 Female

Anesthetic death

Unknown

Euthanized for teaching
purposes

Euthanized for teaching
purposes

Euthanasia was carried out using an overdose of sodium pentibarbitol.
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Breed, age, sex and hoof color of horses used in compression

testing experiments. Only horse 16 was shod.

*Sex Age

MC 2

F 7

M 5

F 16

Horse 11

II

12

13

14

IS

16

17

18

19

110

III

112

113

114

lIS

116

117

118

Standardbred X

Thoroughbred

Quarterhorse

Thoroughbred

Quarterhor.se

Thoroughbred

Quarterhorse

Thoroughbred

Thoroughbred

Me

F

F

3

3

3

3

B

B

B & W

W

B

W

B

W

W

B

W

W

B

B

B & W

B

* M = male, F = female, Me = male castrate.

** B = black, ·W = white, B &W= half black, half white hoof.
Only black hooves which were pigmented from the most exterior part
of the stratum medium to the intermediate zone were used (the inner
stratum medium is usually not pigmented). The Kodak Gray Scale
(Eastman Kodak Co., N.Y., publication No. Q-13) ratings of 18-20
were used as criteria for black specimens.
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TABLE 3 Average modulus of elasticity (E) values of outer wall

specimens from. black (*) and white hooves loaded in the

vertical, lateral and interior-exterior directions.

Horse & E (lbs/in2)
Column II II samples Vertical E Lateral E

*19 13 60,944 90,251

110 29 55,397 85,852

III 17 53,921 77,821

113 A 17 63,148 88,737

114 A 16 49,433 80,174

*115 A 18 49,403 56,185

*116 A 22 56,191 77,207

117 *A(l) 7 39",672 66,472

117 Bel) 7 37,778 68,666

*118 A&B 20 51,205 72,396

Total 166 Av. 51,709 76,385

Black 80 Av. 51,483 72,502

White 86 Av. 51,935 80,250

Inter.-ext. E

52,630

47,040

42,681

51,721

43,591

40,559

51,141

38,601

45,249

40,789

45,400

44,744

46,056
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2Average modulus of elasticity (E) values (lbs/in ) of outer

wall specimens from black and white hooves los.ded in the

vertical direction.

Horse &
Column!1

14

15 B

17

19

115 A

116 A

117 A

Black

II samples E

9 47,705

4 51,337

7 67,274

13 60,944

18 49,403

22 56,191

7 39,672

White

Horse & # samples E
Columnll

15 B 5 52,461

18 8 51,965

110 A,B 29 55,397

III A,B 17 53,921

113 A 17 63,148

114 A 16 49,433

117 B 16 37,778

118 20 51,205

Total 100 Av. 52,966 Total 99 Av. 52,015
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TABLE 5 Average modulus of elasticity (E) values of inner wall

specimens from. black (*) and white hooves loaded in the

vertical, lateral and interior-exterior directions.

Horse &
Column II

III B

-114 B

*115 A

*116 B

*117 A

117 B

Total

IF samples Vertical E

7 37,823

17 33,752

16 36,765

18 36,277

7 30,274

6 30,100

71 Av. 34,165

E (lbs/in2)

Lateral E

42.,382

28,752

35,428

43,566

43,967

44,443

39,156

Inter.-ext. E

23,076

19,978

22,142

24,475

28,193

20,995

23,143

Black 41 Av. 34,439

White 30 Av. 33,892

40,987

38,526

24,937

21,350
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TABLE 6 Regression coefficient and t values of tubule number ('01)

and water content (b
2

) variables from a multiple linear

regression analysis of hoof specimens from the outer wall

(16 horses), inner wall (9 horses), and combined data of

outer and inner wall, 'outer + inner', (25 horses). The

significance of t at probabilities between 0.05 and 0.01

is indicated by one asterisk and probabilities equal to

or less than 0.01 is indicated by two asterisks.

Vertical E

Outer + inner 0.473+.263

t

**3.71 -0.520+.263

t

**-4.08

b1

Outer + inne~ 0.182+.224

Outer wall

Inner wall

Outer wall

Inner wall

0.534+.538

0.637+.568

0.127+.605

0.202+.826

2.12

*2.59

Lateral E

t

1.67

0.448

0.564

-0.·449+.538

0.332+.568

b
2

-0.794+.224

-0.445+.605

-0.718+.826

-1.79

1.35

t

**-7.31

-1.56

-2.01

Interior-EXterior E

bl

OUter + inner 0.261+.164

t

**3.28

b2

-0.796+.164

t

**-9.99'

Outer wall.

Inner wall

0.450+.394

0.419+.685

*2.43

1.41

-0.808+.394

-0.886+.685

**-4.37

**-2.98
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Regression coefficients and t values for multiple

linear regression analys.is of water content, outer

tubule number, and inner tubule number versus

vertical E.

Coefficient t

bl (water content)

b3 (outer tubules)

b4 (inner tubules)

1.298 + .939

0.686 + .374

-0.463 + .941

*3.19

**4.23

-1.13
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TABLE 8 Vertical (Vert.) and lateral (J,.at.) proportional limi.ts (P.L.)

for inner and outer hoof wall specimens.

Outer wall

Vert. P.L.
Horse /1 (lbs) /1 samples

III 42.8 3

114 41.8 8

115 36.3 9

116 42.9 9

117 41.5 7

118 38.5 14

Av. 40.6 Total 50

Lat. P.L.
(lbs) II samples

67.5 4

54.6 9

54.4 11

41.6 7

47.3 6
--,-

Av. 53.1 Total 37

Inner wall

Vert. P.L. Lat. P.L.
Horse {I (lbs) II samples (lbs) II samples

III 21.1 5 27.0 2

114 20.6 9 22.3 8

115 21.3 8 22.0 8

116 21.5 10 24.0 9

117 20.1 7 33.2 7

Av. 20.9' Total 39 Av. 25.5 Total 34
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TABLE 9 Percentage of water content, by weight, of black (*) and white

outer and inner wall samples used in compression testing.

Outer wall Inner wall

Horse II % water II samples % water II samples

19* 18.5 13

III 21.2 8 29.9 9

113 18.3 17

114 20.5 16 30.5 ,18

115* 21.8 18 28.7 16

116* 19.1 22 28.4 19

117* 19.8 7 22.7 7

117 19.1 4 25.4 7

118* 21.5 19

Av. 20.0 Total 124 Av. 27.6 Total 76

- Black

White

20.1

19.8

79

45

26.6

28.6

42

34
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TABLE 10 Percentage of water content, by weight, of hoof specimens

from the interior to exterior (sections 1-4) of the hoof

wall of five hoof columns of a 5 year old male Thoroughbred

(Horse /11) and a 25 year old female Thoroughbred (Horse /12).

The number of specimens used is given in brackets after

column headings.

Section

Horse fl1

Column

1

2

3

4

C med. (2)

32.8

29.3

24.0

22.1

B med. (6)

33.4

27.9

20.7

17.0

A (8)

34.4

30.4

21.2

14.6

B lat. (6)

32.7

28.3

20.7

14.7

C lat. (3)

33.8

29.8

22.7

15.9

Horse li2

Section Column

C med. (3) B med. (6) A (8) B lat. (6) C lat. (3)

1 33.5 33.8 32.9 32.9 32.9

2 31.0 28.9 26.3 27.0 28.6

3 24.0 19.0 17.0 17.2 21.0

4. 18.4 12.9 10.9 11.5 15.2
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TABLE 11 Vertical, lateral and interior-exterior E values· (loslin2)

of wetted (H20), unmodified (Unmod.) and dried outer wall

specimens.

Horse II

19

II0

112

I13

Condition
of sample

II samples (%H2O) Vertical E Lateral E Int.-ext. E

5 HZO(22.5) 61,206 78,769 41,361

6 Unmod. (18.• 5) 64,986 88,328 52,404

6 Dried (10.5) 74,280 151,403 87,092

16 H2O(25.0) 36,284 65,385 33,291

16 Unmod.(21.2) 53,064 95,061 52,357

6 H2O(27.S) 36,290 42,829 23,076

10 Unmod.(24.0) 38,169 46,727 27,653

6 Dried (19.7) 35,320 56,448 31,792

9 H2O(Z3.1) 48,382 58,159 35,844

17 Unmod. (18.3) 63,148 84,758 51,716

8 Dried (15.5) 53,483 90,149 59,774
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TABLE 12 The change in E value, E (dried) - E (H20), and water content

of vertically, laterally and interior-exteriorly loaded outer

wall specimens whose water content had been manipulated.

Change in E (lbs/in2)

Horse II Change in H2O (%)

19 12.0

II0* 3.8

112 7.8

113 7.6

Vertical Lateral Int.-ext.

13,074 72,634 45,731

16,780 29,676 19,066

-970** 13,619 8,716

5,101 31,990 23,930

* not dried.
** This value is negativebecause·E (H20) was greater than E (dried).
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TABLE 13 Experimental and predicted (in brackets} E values Clbs/in
2

)

of unmodified and modified (immersed in H20, dried) specimens

*from horses 110, 112 and 113. The predicted values are

derived from the 'outer + inner' equation presented in

AppendixG.

Unmodified

Horse # Vertical E

110 53,064 (66,703)

112 38,169 (43,647)

113 63,148 (51,291)

Horse # Vertical E

"110 36,284 (6l,790)

112 36,290 (39,121)

113 48,382 (45,094)

Horse # Vertical E

112 35,320 (49,207)

113 53-,483 (54,911)

Lateral E

95,061 (81,696)

46,727 (56,939)

84,758 (78,578)

Immersed in H20

Lateral E

65,\385 (67,404)

42,829 (43,775)

58,159 (60,474)

Dried

Lateral E

56,448 (73,111)

90,149 (89,108)

Int.-ext. E

52,357 (52,583)

27,653 (34,l42)

51,716 (47,082)

Int.-ext. E

33,291 (44,071)

23,076 (26,302)

35,844 (36,330)

Int.-ext. E

31,792 (43,774)

59,774 (53,354)

* Similar predicted E values cannot be made for 19 because a tubule
count.was not made of specimens from this horse.
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Comparative keratinizationo£ hoof, nail and skin - a

brief sunnnary of cytological differences.

***Hoof *Nail **Skin

Intercellular invaginations

Annular gap junctions

Lysosomes with internal
laminae

MCG (non-laminated)

'Type 3' junctions

Keratinized cells
do not desquamate

*

MeG (laminated)

'Narrow junctions'

Keratinized cells
do not desquamate

MeG (laminated)

Keratohyalin

Keratinized cells
desquamate

from Hashimoto (l970b, 1971a,b,e,f).

** from references cited in Keratinization of mammalian epidermis
- a.reviewin the Anatomy Introduction part of this thesis.

*** from data presented in this thesis.
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APPENDIX A - Cutting.of hoof specimens - preliminary results

Hoof specimens from horses II, 12 and 13 were used for these

preliminary experiments. The hoof wall was sectioned into 10 columns

with a band saw, using the same procedure as was shown in Figure l71:A.

The columns were cut into approximately square blocks using a razor

blade driven into the tissue with a small hammer. The stratum internum

was trimmed from each specimen and then the specimen was made as square

or rectangular as possible using razor blades.

Even with careful cutting, it was difficult to obtain parallel

surfaces and, consequently, in compression testing, some specimens were

not loaded evenly. The specimens were not made exactly equal in size.

Since size measurements are incorporated into the equations of stress

and strain in calculation of E, it isnct usually necessary or standard

practice to~have samples of equal size and shape unless these samples

exhibit a size or shape dependent deformation when subjected to compression

(Poisson's effect).

Results of these tests are given in Table 15. Substantial differences

in strength were found in some immediately adjacent specimens. Therefore,

the techniques used in these preliminary studies were judged as

unacceptable.

Initi~lly, two factors were believed to contribute to the variability

in these results: poor specimen cutting techniques, and Poisson's effect.

Consequently, a second cutting technique was developed and the specimen

size was standardized. The cutting technique is described in pages 155
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to 156 of the text.

Selection of the standard specimen size was based upon other

considerations as well. Firstly, a specimen size was needed which

would minimize the effect of the natural curvature of the wall and yet

be large enough to test on the Instron Universal Testing Machine without

danger of the crosshead touching the load cell. Secondly, the size

chosen had to be small enough to allow sampling of the wall of most

adult horses and to allow specific regions of the wall to be selectively

sampled. Thirdly, the specimen had to be square so that it could be

tested in any of the three orthogonal directions.

Subsequent testing of machine-cut, standard-sized hoof specimens

showed less variability between adjacent specimens and thus this

procedure was conSidered to be acceptable for use.



TABLE 15 2Modulus of e1acticity values (lbs/in ) of hoof specimens cut using the first, unacceptable

cutting technique

Horse # Sample #

II 1

3

5

E med.

43,455

40,583

Dmed.

30,300

41,667

37,333

C med.

47,059

39,222

Column

B med. A B lat. C lat. D lat. E lat.

31,091 23,474 33,909 22,636 43,143 31,519

37,000 29,867 32,357 42,353 28,036

37,357 25,423 49,908 17,217 39,235 22,333

12 1

2

3

4

5

6

13 1

2

3

4

81,989 46,028 79,507 93,962

70,146 55,339 47,366 87,214 129,636

92,061 51,390 65,894 84,305 63,025 N
U1

71,129 59,719 68,651 0

I

55,451 33,142 83,149

72,886 45,678

25,274 35,491 18,948 13,920 22,866

33,921 24,217 35,118 18,772

36,981 32,946 24,554 23,494

25,262
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APPENDIX B - The effect of repeated loading on E

It was necessary to test for possible work hardening effects which

may evolve in the tissue during consecutive loading experiJnents. Two

types of control experiments were carried out ..

In the first control experiment outer wall specimens from horse IS

were tested three times in the vertical loading direction. The third test

was done on specimens air dried for two hours following the initial two
\

loads. The E values of these three tests were not significantly different

(p < 0.05) (Table 16). It was therefore concluded that outer wall specimens

could be loaded at least three times without significantly changing their

vertical E value and that air drying these specimens for two hours did not

affect E..

The second control experiments were· designed to test the possible work

hardening effects resul~ing.from experimental loading of the outer and

inner hoof wall specimens in three different. directions.. This was done by

loading the specimens to their yield point in either the lateral or vertical

direction after they had been previously loaded in the three orthogonal

directions (vertical, lateral, interior-exterior). For ea~h specimen, the

vertical or lateral E value of the control was then compared to the vertical

or lateral E value, respectively, of the routine loading sequence to see if

there was a change inE.

The results (Table l7) showed that no significant difference (p < O.OS)

was found in either vertical or lateral E values of either inner or outer

specimens.

It was therefore concluded that work hardening was not affecting E

values of repeatedly loaded specimens and that, therefore, the exper:i:mental

methods utilizing repeated loading were valid.
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TABLE 16 The effect of repeated loading and air drying on vertical E

*measurements of outer wall specimens. All measurements

are in pounds per square inch.

Specimen II Test f/l Test fl2 Test 113 (air dried)

IS

B lat. 1 52,838 52,109 51,671

B lat. 2 55,951 52,330 53,247

B lat. 3 44,689 45,589 51,149

B lat. 5 51,869 53,755 59,775

B med. 1 47,500 50,035 40,107

B med. 2 53,225 51,366 56,235

B med. 3 45,188 48,967 46,631

B med. 4 59,091 59,952 60,850

B med. 5 57,300 58,573 55,208

C lat. 1 49,404 48,.314 51,806

C lat. 2 41,303 39,752 48,394

C lat. 3 55,064 59,488 53,416

C lat. 4 43,757 44,002 42,686

C med. 1 41,703 40,223 40,976

C .med. 2 49,021 46,955 48,047

Cmed. 3 30,743 30,915 31,676

C med. 4 40,110 41,660 41,771

C med. 5 33,975 33,090 34,220

Average 47,374 47,615 47,724

* Specimens were cut in same way as those used in the measurement
of water content (Fig. 171:A,B) •
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TABLE 17 Comparison of E values of specimens loaded to the yield point

in either vertical or lateral directions, E (yield), with E

values of similar loads in the vertica1-1atera1-interior...

exterior loading sequence, E (sequence).

Outer wall

Horse &
Column If

I14 A(l)

A(2)

I16 A(l)

I17 A(l)

Bel)

/I samples

7

8

11

7

7

Loading
direction

vertical

lateral

vertical

vertical

vertical

E (sequence)

47,330

81,112

55,920

39,672

37,778

E (yield)

48,014

80,142

59,132

44,991

43,364

Total 40 Average 52,362

Inner wall

55,129

Horse &
Column If

I14 B(l)

B(2)

I16 B(l)

B(2)

I17 A(2)

B(2)

/I samples

9

9

10

9

7

7

Loading
direction

vertical

lateral

vertical

lateral

vertical

vertical

E (sequence)

33,752

26,136

36,149

42,261

30,274

30,100

E (yield)

32,444

26,760

34,416

41,058

32,070

30,476

Total 51 Average 33,112 32,871
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APPENDIX C - The effect ·of difference in loading sequence on·themodulus

of. elasticity

Hoof specimens from adjacent columns of horses 19, 110 and 112 were

loaded in one of two different loading sequences, vertical-lateral

interior-exterior, or lateral-vertical-interior-exterior, in order to

evaluate the effect of different loading sequences on E.

E measurements of specimens loaded vertically, laterally and then

interior-exteriorly (vert.-lat.) did not differ significantly (p < 0.05)

from those in innnediatelyadjacent rows which were loaded. laterally,

vertically andinterior-exteriorly (lat.-vert.) (Table 18). These

results show that the. significantly different values obtained for vertical

and lateral E values in the text do not result from a work hardening

effect.
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TABLE 18 The E values of specimens loaded in vertical, lateral and

interior-exterior directions. Two different loa.ding

sequences were used: vertical-lateral-interior-exterior

(vert.-lat.) andlateral-vertical-interior-exterior (lat.-vert.).

Loading
Column /I sequence II samples Vert. E Lat. E

19 A vert.-lat. 6 64,985 88,328

B lat.-vert. 7 56,902 92,175

110 A(l) vert.-lat. 7 50,746 79,469

A(2) lat.-vert. 6 65,792 70,518

110 B(l) vert.-lat. 7 51,879 92,.415

B(2) lat.-vert. 9 54,250 97,707

Int.-ext. E

52,404

52,856

41,754

39,237

54,323

50,391

110 B (specimens which had been immersed'in water)

B(l) vert ....1at. 7 34,529 65,905 32,811

B(2) lat.-vert. 9 38,041 64,865 33,772

112 A(l) vert.-lat. 5 37,896 46,482 25,152

A(2) lat.-vert. 5 38,442 46,972 27,653

vert.-1at. 32 48,006 74,520 41,289

lat.-vert. 36 50,685 74,447 40,782
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APPENDIX D -The effect of drying on hoof specimen shape and water content.

Outer wall

The dimensions of all outer wall specimens were measured following

both cutting and testing, and before drying. Outer wall specimens did

not change shape nor dimensions when exposed to air for periods up to

seven hours.

Six specimens from 112 and eight specimens from 113 were vacuum dried

to an average weight change of 4.3% and 2.7% respectively. No warping

occurred in these specimens. However, in horse 19 six specimens were

vacuum dried until a change of water content of 8.0% was obtained. These

specimens did exhibit some shrinkage of their innermost portion.

Inner wall

Innerwa.l1 specimens warped when exposed for more than 15 minutes to

air. The innermost part of these specimens usually exhibited shrinkage and,

occasionally, some twisting. If these specimens had been previously glued

to. a plexiglass sheet, upon drying the innermost portion broke its attach-

ment to, and lifted off, the plexiglass. If they were soaked for 5-10

minutes in water they flattened out to their original size. In cutting

these inner wall specimens the stream of water cooling the blade also

supplied water·to the specimen, thus keeping it flat-and allowing accurate

cuts to be made.

-
Following the complete sectioning of the specimens, they were put into

sealed vials containing 4....5 drops of water which'successfully prevented

them from warping. When being tested, a silicon solution was spread on

these specimens to minimize the effect of drying.
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APPENDIX E - The effect of storing specimens in water: shape and· water

·content change

Butler (1976, personal connnunication 1978) suggested that more

consistent measurements of the modulus of elasticity values could be

obtained if specimens were stored in water prior to use and that storage

in water does not change the mechanical properties of the specimen.

Control experiments were carried out to see if storage in water affected

the water content of the specimens.

Total wall

Nineteen specimens of the total wall width were taken from column A

of horse 18. These were placed in distilled water and weighed each·day

for three days. After 24 hours each specimen ga.ined an average of 3.35%

of their original weight in absorbed· water. During the next two days,

the specimens did not gain any weight. In most of the proposed experi

ments for this thesis, inner and outer regions of the wall, rather than

the total wall width were tested, and therefore these regions were

examined separately for their ability to absorb wa.ter.

Outer wall

Eight specimens from 112 were immersed in water for four hours.

These were weighed each hour. After one hour the specimens gained an

average of 1.37% of their original weight. In the next three hours they

did not gain any further weight~. Five specimens from horse 19 were

immersed in water for twenty hours and gained 4.0% in weight. Six specimens

from 112 and nine specimens from horse 113 were immersed in water for 48

hours and gained an .average of 3.49% and 4.77% water by weight, respectively.
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To see if the outer wall specimens changed in size with innnersion

in water, six specimens from 112 and nine specimens from 113 were

measured and then immersed in water for two days. Final measurements of

these samples was the same as original measurements.

Inner wall

Inner wall specimens gained only 0.10% of their body weight during

four hours of immersion in water. This amount was gained in the first

hour.

Thirteen specimens from horse 18 were immersed in water for three

days. These specimens ga.ined an average of 1.85% of their body weight in

water during the first day and did not gain any weight during the second

and third days.

Conclusions of Appendices D and E

The water content of ~uter and inner wall specimens increases when

they are immersed in distilled water. This gain is negligible during the

first four hours in inner wall specimens. Outer wall specimens gain

appreciable amounts of water even after one hour (1.37%).

Storage of specimens for one day or more caues the specimens to absorb

appreciable amounts of water with that of the outer wall being approximately

two times greater than. that of the inner wall. Most of this gain usually

occurred dUTing the first day.

The possibilities of manipulating inner wall specimens is limited

because of the change in specimen size and shape with drying and the

relatively small water gain of these specimens when immersed in water.
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APPENDIX F - The effect on E Of freezing specimens (Table 19)

Although no previously frozen specimens were used in this thesis,

it would be of value if specimens could be frozen and stored until use.

Seven specimens from horse 110 were tested fresh and then frozen at -20°C

for two days before being thawed and retested. The results are shown in

Table 19.

When previously frozen specimens were tested in the vertical and

interior-exterior directions, significantly lower (p < 0.05) values were

obtained. In laterally loaded specimens, values of frozen and fresh

specimens were not significantly different (p < 0.05). It is, therefore,

recommended that previously frozen hoof specimens not be used for testing

the modulus of elasticity. It may be that ice crystal formation disrupted

the normal integrity of the tissue and lowered its ability to resist

stress.

TABLE 19 The effect of freezing and thawing specimens on Evalue of

specimens from horse 110.

Vertical Lateral Int.-ext.

Specimen Fresh Frozen Fresh Frozen Fresh Frozen

A2(1) 60,286 55,371 66,445 61,115 18,585 16,870

A3(1) 50,716 45,081 88,257 86,589 31,519 29,306

A4(1) 52,227 40,941 87,912 91,331 35,771 29,046

AS (1) - 52,758 46,848 73,969 70,175 42,044 40,117

A2(2) 71,699 77,513 30,073 25,185

A3(Z) 75,356 71,830

A4(Z) 78,556 75,223 31,945 29,161

Average 53,997 47,060 77,456 76,254 31,656 28,281
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APPENDIX G

Multiple linear regression equations of tubule nUlllber, Xl' and

water content, X
2

' versus modulus of elasticity, Ye The resultant Y

will be in pounds per square inch.

Outer + Inner

Vertical

Lateral

Int.-ext.

Vertical

Lateral

Int.-ext.

Vertical

Lateral

Int.-ext.

Y = 46,039 + 68.68 Xl - 1293 X2

Y = 126,240 + 50.27 Xl - 3761 X2

Y = 69,971 + 43.00 Xl - 2240 X2

Outer wall

Y = 73,535+ 64.42 Xl - 2515 X2

Y~136.600+21.88 Xl -3554X2

Y = 90,048 + 36.38 Xl - 3036 X2

Inner wall

Y = 10,888 + 35.82 Xl + 379 X2

Y = 81,725 + 25.89 Xl -1872 X2

Y =41,428 + 22.03 Xl - 945 X2
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