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SUMMARY

Medial claws from the right hind feet were obtained post mortem from four 19–20-month-old beef
heifers and from four 28-month-old first-calving dairy heifers 3–4 days postpartum. X-ray diffraction
(XRD) studies were undertaken on samples of soft and hard (cornified) integumental tissues of dorsal
wall, sole and heel (bulb) for varying sites and planes of exposure. The measurements were interpreted
as defining diffraction patterns and intermolecular spacings of cytoskeletal and extracellular fibrous
structural proteins. The orientation of these proteins was examined in relation to physical charac-
teristics and function including bearing of body weight by these tissues.
Physical measurements taken included impression hardness which showed typically greater values

for wall than sole and variable differences between horn of dairy and beef origin and husbandry
systems. Claws from dairy heifers had significantly smaller values for toe (dorsal wall) angle, claw
height and heel height and thickness of solear horn and heel soft tissue. Although few were studied,
the results reflected typical husbandry origins and indicated the susceptibility to the lesion formation
well recognized in postpartum dairy cattle.
Typical XRD patterns for horn samples showed defined arcs of reflectance on the equatorial

axis consistent with findings for the presence of a-helices in fibrils reported to occur in other hard-
keratin-containing integumental tissues. However, reflectance on the meridional axis also reported
for these other tissues was not detected. A similar defined pattern was obtained for less than 0.10 of
samples of internal soft pre-cornified epidermal and attached dermal tissue although the values for
intermolecular ‘d ’ spacing for these were consistent with those reported for type I collagen. Diffuse
reflection patterns were thus evident for the majority of samples of soft tissue epidermis and dermis
and also for adipose tissue of the digital cushion.
The formation of defined arcs of reflectance allowed the determination of fibril alignment in

wall and solear horn. For the orientated samples of dorsal wall horn tissue, the outer layer showed
a longitudinal angle of orientation essentially maintained proximal to distal. This pattern was
maintained throughout the depth of horn at the proximal site. In contrast, layers in mid-wall and
towards the distal edge showed a greater circumferential (horizontal) orientation in sections collected
anterior to posterior towards the inner corial, including laminar, tissues. The orientation of fibrils
in inner wall horn appears to relate to the direction of load-bearing forces in connecting horn to
the distal phalanx. Horizontal alignment of fibrils was observed in the sole. In presenting the long axis
of cells to the ground surface this orientation may facilitate erosive forces and contribute to the
thinning of cornified sole horn under adverse underfoot conditions.

INTRODUCTION

Lameness in dairy cattle is a painful and economically
important production disease. The incidence of
lesions causing lameness varies in different countries
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with disorders of claw horn such as solear ulcer and
white line disease occurring with incidence rates
which can exceed 0.35 of animals in dairy herds
(Vermunt 2004). Recent studies on lameness in cattle
have given increasing attention to improving knowl-
edge of the biology of claw horn and the underlying
epidermis and dermis affected in lesion formation
(Tarlton et al. 2002; Hendry et al. 2003; van Amstel
et al. 2004a, b ; Galbraith et al. 2006a). In common
with other keratinizing tissues of the integument,
claw horn is synthesized from specialized epidermal
cells located on the basement membrane adjacent
to underlying dermis. Major structural molecules are
synthesized during proliferation and differentiation of
these cells to form the cornified horn with chemical
and physical properties determined by site of pro-
duction (Budras et al. 1998; Tomlinson et al. 2004;
Galbraith et al. 2006a). There has been considerable
interest in the chemical composition of individual
keratin and other proteins expressed by a range of
genes in the claw epidermis and in the mechanisms
by which they interact to form the cornified horn
product (Galbraith et al. 2006a, b). Previous work
has described similarities in the expression of gene
products in hair and claw horn (Gillespie 1991). More
recent studies (Galbraith et al. 2006b), based on 2D
electrophoresis and proteomic analysis, produced
protein profiles of extracts of horn and epidermal and
dermal soft tissue which demonstrated both tricho-
cyte and cytoskeletal keratins and profiles which were
similar to those obtained for hair by Plowman (2003).
An additional anatomical feature which links certain
hair follicles that produce medullated hair to, for
example, wall or sole horn, is the production of
medullated tubular horn (Tomlinson et al. 2004). As
in hair (Galbraith 1998), this develops at the tip of
individual dermal papillae. The regulatory mechan-
isms determining medullation are unknown.
There are also certain clear differences in the func-

tion and biomechanical properties of hair and horn.
Claw horn has a continuous structure similar to epi-
dermis of skin. The biomechanical properties of
horn (Hinterhofer et al. 2005) are primarily based on
location within the claw, the nature and organization
of macromolecules of the cytoskeleton within kerati-
nocytes and in structures of adhesion between these
cells (Tomlinson et al. 2004).
Of particular interest are the fibrous keratin inter-

mediate filament (IF) proteins which interact with
IFI-associated proteins (IFAPs) to form the cytoskel-
eton in epidermal keratinocytes (Kempson & Logue
1993a ; Hammond et al. 2000; Tomlinson et al. 2004).
Similarly, vimentin has been described in fibroblasts
of the dermis (Galbraith et al. 2006b).
Such interactions between IFs and IFAPs are

poorly understood for claw tissue but have been the
subject of considerable historical research on bio-
logical materials such as sheep wool and porcupine

quill, using techniques which include electron micro-
scopy and X-ray diffraction (XRD). The XRD ap-
proach has been used, for example, to investigate
the role of ‘hard’ trichocyte a-keratin IFs in forming
a-helical structures of varying complexity, with stab-
ility provided by di-sulphide bonding within and
between protofilamentous networks (Parry 1996).
Studies on side chains have been reported by Busson
et al. (1999), Briki et al. (2002) and, in a recent study
which described a-helix to b-sheet transformation
in stretched horse hair fibres, Kreplak et al. (2004).
Further reports on properties of different IFs and
characteristics of human hair keratin-associated
matrix proteins which contribute to cytoskeletal
integrity include those of Fraser & Parry (2006) and
Parry et al. (2006), respectively. Similarly, in con-
sidering the role of the dermis of the claw in the sus-
pension of body weight (Tarlton et al. 2002), fibrous
macromolecules such as collagens (e.g. I, IV and VII
(Crespo et al. 1999)) are recognized as essential com-
ponents of this system, in connecting internal bone of
the limb to the external horn of the claw (Westerfield
et al. 2000).
The properties of such collagenous tissues have

also been investigated by XRD in a range of tissues
(Lees & Hukins 1992; Purlslow et al. 1998; Wilkinson
& Hukins 1999; Wess & Cairns 2005; Orgel et al.
2006).
There has thus been particular interest in the use of

XRD to determine orientational or spatial properties
of structurally important molecules of intracellular
cytoskeleton (e.g. keratins) and extracellular connec-
tive tissue (e.g. collagens). The technique involves the
passage of a beam of monochromatic X-rays through
uniformly prepared biological material. The emergent
diffraction pattern characteristic of the molecular
structure of the specimen may then be used to deter-
mine the predominant orientation and spacing of
molecules within a fibril according to Bragg’s law.
Such measurements include those for the intense
arcs on the equator of the pattern which describe
the relative side-to-side packing of the molecules. As
the molecules are aligned almost parallel to the fibril
axis, these equatorial arcs can be used to show the
direction of the fibril axis which is perpendicular to
the bisector of these arcs.
Such an approach has been used to determine

the predominant direction of orientation of fibrous
proteins such as a-keratins in avian feathers
(Cameron et al. 2003) and horse hair and porcupine
quill (Busson et al. 1999; Briki et al. 2002). These
authors have described the physical structure of
a-keratin fibres as arising from the wrapping of two
or more keratinous a-helices into a-helical coiled
coils. They describe XRD patterns for a-keratins as
displaying (a) equatorial (horizontal) reflectance re-
lating to the distance between the a-helical axes and
(b) reflections on the meridional (vertical) axis and
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arising from (i) the axial rise per residue and (ii) the
projection of the a-helical pitch, along the coiled coil
axis. Similarly, equatorial and meridional reflection
have been associated with structural properties of
collagens (Wilkinson & Hukins 1999; Wess & Cairns
2005).
The anatomical and biomechanical properties of

claw horn and underlying connective tissue are
important determinants of claw health. These are
frequently compromised in dairy cows (Vermunt
2004), particularly in the immediately postpartum
time period (Tarlton et al. 2002), but are rarely de-
scribed in female beef cattle of similar age. Major
aims of the current work were therefore to test the
hypotheses that (i) the structural anatomy of claws of
dairy heifers immediately postpartum differs from
non-parous beef heifers and is likely to predispose
to lesion formation and lameness later in lactation,
(ii) that keratin-containing cornified horn exhibits
XRD behaviour similar to that of other tissues of the
integument which contain fibrous a-helical molecular
structures and (iii) that the orientation of structural
macromolecules in cornified horn and underlying
epidermal and dermal soft tissue is determined by
location and function in the bovine claw. Measure-
ments, using XRD analysis and not previously under-
taken for these tissues, were made on samples from
a range of sites within the claw.
These measurements were made in the context

of other anatomical properties such as hardness and
dimensions of horn and underlying tissues which
affect functional geometry and are important for
claw health. Claws of female beef and dairy cattle
were used in the expectation of providing differences
in study material based on intrinsic genotype and
extrinsic production environment and likely suscep-
tibility to development of claw horn lesions.

MATERIALS AND METHODS

Collection, impression hardness and
anatomical dimensions of claws

Medial claws from the right hind feet of eight heifers
were used. Four animals were from a uniform group
of dairy heifers aged approximately 28 months and
slaughtered 2 or 3 days after calving. These control
animals had been offered a conventional dairy heifer
diet based on grass silage and 1 kg/day concentrate
mix and were part of a study investigating the effect
of nutritional supplementation of methionine or
melatonin throughout pregnancy on biology of claw
horn. The claws of the animals had been functionally
trimmed 4–6 weeks before slaughter. The underfoot
conditions were a straw-bedded standing/lying area
with concrete flooring providing access to the feeding
barrier and trough. Data from studies on character-
istics of hind right lateral hind claws and including

sulphur amino acid composition have been reported
previously (Galbraith et al. 2006a). The other four
animals (two Charolais X and two Simmental X)
were beef heifers aged 19–20 months at slaughter and
were conventionally reared on a commercial farm.
Following slaughter of all animals at a commercial
abattoir, claws were quickly separated from the leg,
chilled in plastic bags on ice and frozen individually at
x20 xC within 1 h.
After thawing, impression hardness measurements

were taken (Fig. 1) in triplicate by a single operator
under uniform atmospheric conditions, at two sites
on the dorsal wall which were approximately 5 mm
below the lower perioplic line and 5 mm above the
distal edge, respectively and three sites on the sole
(sole apex and axial and abaxial aspects of the pre-
bulbar region, at 5 mm from the white line). Measure-
ments were made using a Shore D meter (Durotech
Shore D durometer, model B101D), which records
the relative resistance force against penetration of
a test material by a sharply pointed pin attached to
the measuring device. Units are given on an arbitrary
scale from 1 increasing to 100 for the hardest
material. Digital images of each claw were captured
in four different planes using an Olympus Camedia
C2500l digital camera. Photographic images were
processed (Image Pro Plus 3.0 software) and conven-
tional dimensions measured (Fig. 2) including claw
length (at dorsal border), claw height, heel height, and
toe (dorsal) angle, claw width (Greenough 1997a),
solear surface area and its percentage of erosion (as
depressions on solear surface).

1

2

a

b

c 5

f

d

4

3

e

Fig. 1. Location of positions of (i) measurement of im-
pression hardness (dorsal wall : 1, proximal and 2, distal ; sole
apex: 3; pre-bulbar: axial, 4 and abaxial aspect, 5) and (ii)
collection of samples for measurement of anatomical dimen-
sions or XRD studies (a, b, c proximal, mid- and distal wall
respectively and d, apex; e, sole–bulb junction and f, bulbar
regions). See Materials and Methods section for details.
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Preparation of sections

A 10 mm wide section of the claw was cut by autopsy
saw extending from the perioplic segment of the wall
down its length and across the centre of the solear
surface to the perioplic border at the heel. Digital
images were taken as described above for measure-
ment of anatomical dimensions and the outer horn
and underlying soft tissue was separated from the
distal phalanx.
On average, 100 sub-sections from each claw were

prepared to fit into a 10 mm2 well in Perspex cells. The
sub-sections measured 1–2 mm in depth and width
and up to 10 mm in length. They comprised regions of
cornified hard tissue, soft tissue dermis with attached
pre-cornified epidermis, in wall and sole or underlying
adipose tissue (digital cushion) of the bulb (Fig. 1).
Sub-sections were prepared in different planes to
enable the X-ray beam to pass through 1–2 mm thick-
ness of tissue and along either the longitudinal (L) or
radial (R) axes (Fig. 3). All material was prepared

under similar environmental conditions and stored
in plastic bags at x20 xC until use.

XRD

The XRD patterns were obtained using a single
crystal diffractometer (SMART 1000 CCD Area
Detector, Bruker AXS) which used molybdenum Ka
radiation of 0.071073 nm wavelength, l. Diffracted
rays were detected by a phosphor scintillation screen
coupled to an array of solid state photo-detectors that
recorded a digitized diffraction image. A specimen-
to-detector setting (R) of y50 mm was used with
precise calibration undertaken daily using finely
ground silicon powder. The angle of diffraction, h,
was calculated by geometry from the diffraction
pattern using image analysis software (Image Pro
Plus 3.0-Media Cybernetics, USA). Intermolecular
spacings, d, were then calculated from h using Bragg’s
law (l=2dsinh). Collagen tape with parallel fibres
(Hukins 1977; Wilkinson & Hukins 1999) was used as
a reference to validate the technique being used.

Data preparation, interpretation and
statistical analysis

Diffraction patterns were saved as bitmap files and
processed by image analysis software (UTHSCA

A

E

B

D
C

Fig. 2. Conventional claw measurements: length (at dorsal
border) (A), height (B), heel (bulb) height (C), diagonal (D)
and toe (dorsal) angle (E) (Greenough 1997).

Fig. 3. Schematic representation of the claw section showing
the planes of orientation through which the X-ray beams
passed (R=radial : L=longitudinal).

Merdional
axis

0.96nm
equatiorial

Circular
pattern

Fig. 4. Typical XRD pattern of a section of cornified horn
showing the presence of arcs on the equatorial (horizontal)
axis at maxima of approximately 0.96 nm (arrowed) typical
of hard a-keratin. Note the diffuse disordered circular pat-
tern (arrowed) and the absence of specific areas of intensity
on the meridional (vertical) axis perpendicular to the equa-
torial axis.
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Image tool 2.00, Texas Health Science Centre, USA).
The relative intensity of images was altered by
thresholding and the co-ordinates and intensities
of the peaks in the diffraction patterns determined.
These were then inputted into Microsoft Excel and
the orientation of the sample determined with respect
to the collagen tape and to the position within the
claw. For oriented samples, arcs in the XRD patterns
on the equatorial axis were detected (e.g. Fig. 4). The
predominant orientation was measured from the
centre position of the arcs and the average between
the extremes of the arc. Such equatorial XRD max-
ima correspond to the spacings between molecules
perpendicular to the fibre axes and thus are used to
determine the predominant direction of the fibres.
The angular extent of the arcs give an indication of
the relative alignment of the fibrils : total alignment
would result in an extremely narrow arc, whereas
random alignment results in a circular diffraction
pattern. The data for internal and external claw di-
mensions were examined statistically using Students
t-test for comparisons of differences due to breed. For
other measurements, two-factor analysis of variance
(Minitab version 13.1) was applied to examine main
effects due to breed and site of collection of sample

with least significant differences calculated between
mean values where main effect statistical significance
(at least P<0.05) was obtained.

RESULTS

Hardness measurements

Statistical analysis indicated significance (P<0.05)
for the main effect for position of impression hardness
measurement and interaction between this factor
and breed (Table 1). Mean values were significantly
greater on wall sites than sole. The significantly
smaller value at the axial solear site for beef claws
was associated with an appearance of external horn
described as ‘powdery’ in nature. Hardness values
at the proximal wall site were significantly greater on
average for beef cattle claws than for those of the
dairy cattle.

Claw dimensions

Examination of individual means showed that values
for external measurements of dorsal angle, sole width,
heel height and claw height were significantly greater
for claws from beef than from the dairy heifers
with no differences recorded for solear surface area
and percentage of erosion (Table 2). Comparisons
(Table 3; Fig. 5) of internal measurements showed no
differences in thickness of soft and cornified tissue

Table 1. Mean values (with pooled S.E.D.) for
impression hardness measurements on claws of 8

animals at 5 sites

Breed

Position of hardness measurements

S.E.D.
Sole

(apical)
Sole
(axial)

Sole
(abaxial)

Wall
(proximal)

Wall
(distal)

Dairy 41bc 43c 43c 64d 71e 2.3
Beef 37b 32a 40bc 71e 74e

Means with dissimilar superscripts differ significantly
(P<0.05).

Table 2. Mean values (with S.E.M.) for external claw
measurements of dairy and beef heifers

Variable Dairy Beef
Statistical
significance

Dorsal angle (x) 39 (2.0) 46 (0.8) P<0.001
Wall length (mm) 68 (2.5) 71 (4.8) N.S.
Sole width (mm) 49 (2.1) 54 (2.9) P<0.05
Sole length (mm) 109 (7.9) 90 (9.8) N.S.

Heel height (mm) 23 (4.7) 39 (7.1) P<0.01
Claw height (mm) 89 (1.5) 99 (3.2) P<0.05
Sole area (mm2) 3860 (849) 4411 (621) N.S.
Eroded sole
area (%)

30 (8.8) 33 (12) N.S.

Table 3. Mean values (mm with S.E.M.) for internal
claw measurements of dairy and beef heifers

Variable Dairy Beef
Statistical
significance

Proximal wall
Horn tissue 5.5 (2.08) 5.00 (1.41) N.S.
Soft tissue 5.3 (0.96) 5.8 (2.06) N.S.
Total 10.8 (1.71) 10.8 (1.26) N.S.

Distal wall
Horn tissue 7.5 (1.29) 7.3 (1.71) N.S.
Soft tissue 3.5 (0.58) 3.5 (0.58) N.S.
Total 11.0 (1.15) 10.8 (1.89) N.S.

Sole (apical)
Horn tissue 5.3 (3.40) 13.5 (3.0) P<0.01
Soft tissue 2.3 (1.26) 3.0 (1.15) N.S.
Total tissue 8.0 (3.56) 16.5 (2.52) P<0.01

Sole-bulb
Horn tissue 6.25 (2.06) 13.8 (3.3) P<0.01
Soft tissue 6.5 (1.29) 8.0 (1.41) N.S.
Total tissue 12.8 (2.06) 21.8 (3.3) P<0.01

Bulb
Horn tissue 7.5 (1.29) 9.5 (1.91) N.S.
Soft tissue 6.5 (1.73) 13.0 (2.58) P<0.01
Total tissue 14 (1.83) 22.5 (1.91) P<0.01
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between breeds for the wall region. In contrast, mean
values were greater (at least P<0.05) for beef cattle
claws, consistently for total thickness and for thick-
ness of horn although not underlying soft tissue,
at solear sites. There was a difference (significant,
P<0.01, beef >dairy) in soft tissue dimension at the
heel site. It was also notable that symptoms of claw
horn disorder, such as bruising of the sole and white
line or more severe lesions (Anon 2006) were not
visually evident at any of the sites in the claws studied.

XRD and d spacing

XRD results indicate both the intermolecular separ-
ation and also the degree of alignment of long organic
molecules such as those containing keratins within
cells and collagens in extracellular connective tissue.
In examining diffraction patterns from cornified horn
tissue in wall and sole, there was consistent evidence
of predominant orientation of these molecules as
indicated by the narrow arcs on the equatorial axis
(Fig. 4). The patterns for the tissue produced arcs
from which the intermolecular (d ) spacing was cal-
culated. Values for cornified horn tissue derived from
such arcs were typically in the range of 0.96–1.0 nm.
In addition, a diffuse circular diffraction pattern,
typical of a disordered arrangement of molecules,
with d value of approximately 0.5 nm was also ob-
served in these samples (Fig. 4). There was no evi-
dence of arcs indicating defined areas of intensity on
the meridional axis of the samples studied.
In contrast to results for cornified horn, epidermal–

dermal soft tissue and adipose tissue of the digital
cushion of the heel bulb gave most frequently diffuse
circular patterns which indicated the absence of any
consistent predominant orientation of fibrous com-
ponents (Fig. 6a, b respectively). The majority of
patterns from the soft non-cornified tissue consisted
of a diffuse ring centred around 0.36–0.37 nm.
Exceptions were a small number (4/48, not shown)
with evidence of equatorial arcs and d values in the
range of 1.45–1.56 nm.

Angles of orientation of molecules within
horn tissue

The orientation of the aligned molecules was calcu-
lated from X-ray patterns such as that shown in

Fig. 4. The alignment is perpendicular to the line
joining the mid points of the arcs, and samples were
carefully aligned within the beam so that the align-
ment was measured relative to the longitudinal and
radial axes.
Mean values indicating a predominantly longi-

tudinal alignment of keratin molecules were essen-
tially similar in cornified horn sections taken along
the whole length of the outer horn along the dorsal
border of the wall (Tables 4 and 5). However, the data
indicate a significant main effect (P<0.05) according
to site of measurement for changes in orientation of
horn with progression from outer surface to inner
region (see Fig. 7 for diagrammatic representation).
Values for the proximal wall sites measured in the
radial plane averaged angles in excess of 75x indicat-
ing a predominantly longitudinal alignment with little
change in more internal sections. In contrast, the
orientation of molecular alignment in mid-wall and
distal-wall sites changed markedly towards a more
circumferential (horizontal) direction in sub-sections
positioned closer to internal tissue. Results indicating
changes at the distal wall site in response to anterior
to posterior progression were confirmed by measure-
ment of alterations in diffraction in response to the
X-ray beam travelling in the longitudinal plane
(Table 5). The angle of orientation was shown to
change towards a horizontal direction in progressing
from outer to inner segments and effectively from
coronary horn through to horn tissue of the white
line.
Comparisons were also made for horn sections

from the upper wall site and sole (apical site)
(Table 6). The main effect due to site of collection was
not statistically significant. The small angle of orien-
tation in response to longitudinal application of
X-rays is shown to confirm longitudinal alignment
for proximal wall and horizontal alignment on longi-
tudinal exposure of sole, to the X-ray beam.
There were no statistically significant effects for

breed, or interactions between breed and site of horn
collection for any of the data obtained by XRD.

(a) (b)

Fig. 5. Digital images showing typical sections of claw from
(a) beef and (b) dairy production types.

 

(a) (b)

Fig. 6. Typical diffraction patterns showing the absence of
orientation of fibrils produced by (a) corial soft tissues and
(b) fat pad at heel.
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DISCUSSION

Anatomical measurements according to origins
of claw and known susceptibility to formation

of lesions

The anatomical structure of the bovine claw is
well recognized as an important intrinsic factor in
determining resistance to formation of lesions.
Important factors include the properties of the horn
capsule as a protective barrier to external environ-
ment, its role in supporting the body weight of the
animal by the laminar region, weight bearing on the
palmar and plantar surface and shock absorption at
the bulb of underlying soft tissue. The small numbers
in the present study preclude general conclusions
about generic differences between claws of beef and
dairy origin. However, the results may be interpreted
as indicating some important characteristics with
potential significance for susceptibility to lameness.
This is particularly the case for dairy heifers in the
present study. These animals were euthanased 2 or 3
days after calving and in advance of the time period
after parturition in which the incidence of formation
of claw lesions typically increases (Tarlton et al.
2002). For example, the dairy animal claws had sig-
nificantly lower values for dorsal angle, claw (apical),
height and heel (bulb) height which are all associated
with a greater predisposition to formation of claw
disorders (Vermunt & Greenough 1995). It may also
be speculated that such anatomical characteristics
for the medial claw may result in a more limited

contribution to load bearing of body weight and so
may increase susceptibility of the more frequently
affected lateral claw to formation of lesions. This
approximates to the converse of relieving weight
bearing by the lateral claw following the placing of
blocks to raise the height of medial claws during, for
example, treatment for solear ulcers.
Examination of the thickness of the cornified horn

capsule and underlying epidermal and dermal soft
tissue showed no differences for the wall region but
smaller thickness of sole (P<0.05) in dairy cattle
claws. Part of the difference in solear cornified horn
may be attributed to claw trimming, which is not
generally practised in commercial beef cattle. Ad-
ditional influences on the horn characteristics of the
dairy cattle studied include the effect of pregnancy,
which has been associated with effects on properties
of the white line postpartum (Kempson & Logue
1993b) and parturition which, in reducing the sup-
portive capacities of laminar connective tissue
(Tarlton et al. 2002), may impose additional stresses
on horn and horn-forming epidermis.
The average value for thickness of soft tissue at

the sole apical region (2.3 mm for dairy) is less than
that reported by van Amstel et al. (2004a) (3.92 mm
by ultrasound) for Holstein cattle, although the mean
value of 5.3 mm for horn thickness at this region is
consistent with the value of 5.15 mm reported for
‘thin soled’ dairy cattle by these workers (van Amstel
et al. 2004b). These authors have also made the
association between such thin soles which had greater

Table 4. Mean values (with S.E.M.) for angle of orientation of the proximal- and mid-wall sections progressing
from outer to inner horn with radial X-ray beam passing from the outer to the inner surface of the wall. (S.E.D. value

between individual means for site of collection=31.5 (18 DF))

Breed
Proximal

wall (outer)
Proximal
wall (inner)

Mid-wall
(outer)

Mid-wall
(mid-internal)

Mid-wall
(inner)

Dairy 91 (1.5) 78 (11.5) 87 (2.9) 44 (16.0) 29 (13.1)
Beef 66 (11.2) 85 (4.7) 52 (19.0) 76 (3.1) 13 (3.4)
Mean 79 (7.0) 81 (5.9) 72 (10.3) 60 (9.7) 12 (6.9)

Table 5. Angle of orientation (mean with S.E.M.) from outer to inner wall sections of the distal wall site determined
by X-rays applied in radial and longitudinal planes. (S.E.D. values between individual means for site of collection

for (a)=26.9 (18 DF) and (b)=48.7 (18 DF))

Breed

Radial plane (a) Longitudinal plane (b)

Outer Mid – internal Inner Outer Mid-internal Inner

Dairy 80 (1.6) 47 (18.6) 43 (14.2) 11.4 (1.87) 3.0 (1.63) 65 (22.8)
Beef 76 (3.0) 24 (12.6) 29 (9.5) 6.0 (1.63) 4.8 (1.87) 47 (30.9)
Mean 78 (1.7) 35 (11.2) 36 (8.4) 9.1 (1.73) 3.9 (1.16) 56 (17.5)
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values for moisture content and which were thought
in turn to produce softer horn and to lead to the
observed greater disposition towards lameness.
Although dry matter was not measured in the present
study, there was no evidence of reduced (directly
measured) impression hardness for horn in soles of
the dairy cattle at the three sites tested compared with
beef cattle with similar or greater thickness of horn
and which gave lower hardness values. There was also
visual evidence of the retention of powdery horn on
the axial sole surface of beef cattle claws, which may
have been associated with limited abrasion on the
floor surface provided by straw bedded courts typi-
cally used to house cattle in the local geographical
area. It is apparent that the interactions between
claw horn growth and wear, absence of trimming and
underfoot conditions have contributed to the results
for beef cattle to produce the differences observed
on comparison with dairy animals with different
background of production. Similarly, differences in
the most recently produced upper (proximal) wall
coronary horn between the breed types may reflect
variation in hydration and/or capacity for disulphide
bond formation related to synthesis of cytoskelal
keratins and associated proteins (Hepburn et al.
2007). For the dairy cattle, such effects may be related
to nutritional or endocrine influences of pregnancy
affecting proliferation and differentiation of keratino-
cytes. Greenough (1997b) has described more extreme
forms of stress responses in the proximal wall region
as being involved in the production of ‘horizontal
grooves’ in horn.

The significantly smaller thickness of total tissue
in the heel region of dairy cattle is largely due to a
thinner underlying soft tissue including the digital
cushion. The digital cushion has an important role
in absorbing the impact of transmission of body
weight by the distal phalanx during locomotion and
is considered to increase in deposition of adipose
tissue with increasing age (Lischer & Ossent 2000).
However, this factor alone is inadequate to explain
the difference between the younger beef and older
dairy claws tested. The dairy heifers, which were
euthanased 3–4 days after calving, thus appeared to
be disadvantaged very early in lactation by having (a)
thinner solear horn, (b) reduced shock absorbing
capacity of the heel region and (c) increased concen-
tration (due to lesser toe angle) of weight-bearing
forces posteriorly towards the sole–bulb junction
and recognized sites of greater tissue compression by
the distal phalanx. Such changes in positioning of
the distal phalanx with respect to vascularized dermis
and avascular epidermis are known to predispose to
bruising and other lesions (Lischer & Ossent 2000).
Such disadvantages appear consistent with reported
sensitivity of dairy heifers to lesion development
postpartum and which has been well documented
(Kempson & Logue 1993b ; Webster 2002).
Results for impression hardness also showed a

typical order for horn of cattle claws according to
functional site with harder horn in the wall than sole
(Galbraith et al. 2006a).

XRD

Cornified horn is composed of de-nucleated squamous
epithelial cells which are largely composed of a pro-
teinaceous cytoskeleton containing keratins and as-
sociated molecules arranged into IFs ‘tonofilaments ’
of diameter c. 8–10 nm. Tonofilaments are generally
arranged in parallel to the long axis of the cell and
have properties which along with those of cell–cell
adhesion are important in determining structural
strength of the horn capsule (Hendry et al. 1997;
Budras et al. 1998). Such mechanical strength is im-
portant in the claw wall region to maintain effective

LPL

Horn

Sole apex 

Fig. 7. Saggital representation of alignment of fibrils in horn
of (i) dorsal wall from the lower perioplic line (LPL) to the
dorsal border and (ii) apex of the sole.

Table 6. Angle of orientation (mean with S.E.M.) of
the proximal wall horn and the apex of the sole with
the X-ray beam passing in the longitudinal plane
proximal-distal for the wall and anterior–posterior for

the sole

Breed Proximal wall Sole (apex)

Dairy 8.4 (3.14) 6.0 (2.97)
Beef 9.3 (0.25) 7.8 (2.14)
Mean 8.8 (1.47) 6.9 (1.73)
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suspension, via the bones of the limb, of the body
weight of the animal. The success of the suspensory
system in maintaining functional geometry in the
hoof is affected by the direction of mechanical forces
and position of load-bearing structures within the
claw.
Outputs from measurement of XRD patterns in

bovine claw horn have not been described pre-
viously. Results from the present study describe
XRD patterns with features which are similar to
those described for porcupine quill (Busson et al.
1999) and horse hair (Briki et al. 2002). In particular,
there was clear evidence in cattle horn tissue of re-
flections in the equatorial plane in the range of
0.96–1.06 nm (Fig. 4) and so encompassing the value
of 0.96 nm published for a-keratin in horse hair
(Kreplak et al. 2004): this value relating to the mean
distance between a-helical axes. The results also
identified a diffuse circular ‘halo’ with ‘d ’ value
approximating to 0.5 nm which was similar to that
suggested by Kreplak et al. (2004) as being due to the
presence of less ordered polypeptide structures in
coiled coils. However, there was no evidence of the
meridional (vertical) axis 0.52 nm spacing which
corresponds to the a-helical pitch projection along
the coiled coil axis.
The orientation of the aligned molecules in the

samples studied was calculated from XRD patterns
such as that shown in Fig. 4. The outermost horn
layer was shown to have a predominantly longitudi-
nal angle of orientation which was essentially main-
tained proximal to the distal edge of wall horn. This
arrangement, although longitudinal in inner layers
of the upper wall, contrasted with the inner layers
in mid-wall and lower-wall regions which changed to
a more radial orientation. This was confirmed for
the lower wall by XRD of radial as well as longi-
tudinal planes. These results have consistency with
the observation of Kempson & Logue (1993a), who
described keratin bundles in keratinocytes in laminar
horn leaflets, although not those of interdigitating
horn, as being parallel to the orientation of the leaflet
structures. In their studies, the organization of epi-
dermal fibrils in inner cornified horn is thus seen to
orientate, at least partially, towards the direction of
force exerted by the distal phalanx via laminar attach-
ments. Similar observations focusing on relationships
between the plane of the axis of tubular and inter-
tubular horn and alignment of IFs in equine lamellar
wall horn have been made by Kasapi & Gosline
(1997).
Results were also available for solear horn at the

apical region which suggested a horizontal orien-
tation of fibrils. This arrangement is consistent with
the presence of fibrils positioned along the long axis
of solear squamous epithelial cells. It may be specu-
lated that this arrangement confers reduced resistance
to abrasion and may contribute to the extent of

erosion recorded for all claws. It may also be a factor
contributing to solear thinning (van Amstel et al.
2004b) under conditions of exposure to concrete
flooring and seasonally-affected reductions in claw
horn synthesis (MacCallum et al. 2002).
The soft tissue examined in the present study

included pre-cornified epidermis attached to dermal
connective tissue. The dermis has a particular role
in bridging the tissues of the wall horn and distal
phalanx (Lischer & Ossent 2000; Ossent et al. 2000;
Tarlton et al. 2002). Its effectiveness is determined
by macromolecular composition of the extracellular
matrix and properties such as angular orientation
and spaces (d-spacing) between individual collagen
molecules (Westerfield et al. 2000). Although these
properties have been studied by XRD and described
in tissues such as the cornea of the eye (Quantock
et al. 1998), skin and muscle perimysium (Purslow
et al. 1998) and rat tail tendons (Orgel et al. 2006),
they have not been studied previously in bovine
claw tissue. In contrast to results for cornified horn,
typical diffraction patterns for epidermal–dermal soft
tissue and adipose tissue of the digital cushion of the
heel bulb did not indicate consistent predominant
orientation of fibrous components (Fig. 6a, b re-
spectively). The majority of patterns from the soft
non-cornified epidermis and dermis tissue consisted
of a diffuse ring centred around 0.36–0.37 nm. This
value approximates to the pattern for reflectance
(d spacings of 0.29–0.40) described by Meek et al.
(1991) for steer-skin and rat-tail tendon, but which
was orderly in the meridional axis and was associated
with axial molecular organization. These authors also
describe a diffuse ring at 0.33 nm in heavily hydrated
bovine cornea; they relate this to scattering properties
of water, which is a major component of the tissue
under these conditions and which would be expected
to be present in bovine soft tissue under the con-
ditions of the present study.
Exceptions in the present study were a small num-

ber (4/48) which demonstrated defined arcs and
for which d values in the range of 1.45–1.56 nm were
obtained. These are more consistent with the values
for equatorial reflectance for intermolecular Bragg
spacing ranging from 1.15 nm in collagen of dry
corneal tissue to 1.60 nm at approximately normal
physiological levels of hydration and described by
Meek et al. (1991). The complexities of elucidating
the molecular structure of collagen type I in situ has
been the subject of recent consideration by Orgel
et al. (2006). As regards keratins, it is also possible
that increases in intermolecular spacings of these
molecules by hydration (Kreplak et al. 2004) may also
have produced a similar pattern in the soft tissue
epidermis component of the samples tested.
The general absence of a consistent orientation

of diffraction patterns in the soft tissue sites tested
suggested a random network of fibres such as found
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in skin and artery wall (Purslow et al. 1998).
However, the question of whether orientation is a
factor in load-bearing function applicable in vivo was
not tested in the unloaded post mortem claws of the
present study.

CONCLUSIONS

In conclusion, the present results describe differences
in the structural anatomy of claws derived from beef
and dairy cattle. In particular, dairy claws exhibited
lower values for dorsal angle, claw height and bulb
(heel) height with reduced thickness of solear claw
horn and digital cushion at the bulb. These anatom-
ical properties appear typical of those expected to
determine susceptibility to development of lesions
which cause lameness under conditions of dairy hus-
bandry. While, from XRD measurements, there was

limited evidence of orientation of macromolecules
in soft tissue epidermis and dermal connective
tissue, there was clear evidence of site-specific align-
ment of fibrils in cornified horn in sole and wall. The
latter appeared to relate to load-bearing function.
Future studies could usefully examine the effects of
load bearing on macromolecular fibril orientation
under conditions of tensile stress using, for example,
the techniques of Purslow et al. (1998).
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