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ABSTRACT

The aim of this study was to examine changes in
RNA expression for growth factors, cytokines, and receptors in epidermal-dermal tissues of the bovine claw
relative to host age, claw segment, and disease state of
the horn. Epidermal-dermal tissues were collected from
the coronary, wall, sole, and bulb segments of 8- to
9-mo-old Holstein fetuses, normal adult cows, and adult
cows with sole ulceration. Anatomic and pathologic
characteristics were determined in tissues stained with
eosin and hematoxylin, and RNA expression levels were
evaluated using real-time, quantitative PCR. In normal
tissues, certain RNA expression levels were clearly affected by host age: 290.0-, 610.0-, 53.4-, and 8.1-fold
greater expression of granulocyte-macrophage colony
stimulating factor was observed in fetal coronary, wall,
sole, and bulb segment relative to adult tissues, respectively. A claw segment effect was also observed in that
IL-1α expression was greater (1.59-fold) in the normal
adult wall relative to the coronary segment, and IL18 expression was greater (16.2-fold) in the normal
adult sole compared with the coronary segment and
2.88 greater in the fetal sole relative to the bulb segment. Sole ulceration was associated with hemorrhage,
thrombosis, inflammation, and striking increases in
IL-1β, IL-18, and inducible nitric oxide synthase, and
with less dramatic, albeit measurable, changes in IL-1
type I receptor, IL-1 receptor antagonist, and tumor
necrosis factor-α. Amidst striking increases in keratinocyte growth factor receptor (i.e., 21.0-fold, 10.4-fold, 0,
and 21.6-fold in the coronary, wall, sole, and bulb segments, respectively), a concomitant decrease occurred
in keratinocyte growth factor (i.e., 0.80-, 0.54-, 0.56-,
and 0.72-fold, respectively). The results demonstrated
changes in disease state and, to a lesser extent, claw
segment and were accompanied by alterations in the
Received February 2, 2009.
Accepted September 11, 2009.
1
Corresponding author: rdyer@udel.edu

RNA expression of several cytokines, growth factors,
and receptors present in the normal claw.
Key words: cytokine, growth factor, sole ulceration
INTRODUCTION

Steady-state tissue homeostasis in the integument is
maintained by populations of self-renewing progenitor
cells in the basal cell layer. Daughter cells remain as
progenitor cells or follow programs of post-mitotic, terminal differentiation in the suprabasal epidermal layers
(Clayton et al., 2007). In the cutaneous microenvironment, IL-1α and IL-1β have been shown to increase
growth factor expression that drives and regulates
keratinocyte proliferation and differentiation in the
epidermal cell layers. Perturbations in the expression
of cutaneous cytokines; for example, IL-1, IL-6, transforming growth factor (TGF)-α, and tumor necrosis
factor-α (TNF-α) (Chedid et al., 1994) can result in
changes in the expression of keratinocyte growth factor
(KGF), granulocyte-macrophage colony stimulating
factor (GMCSF), and other cytokines, leading to disturbances in keratinocyte proliferation, keratinization,
and cornification. In disease states, these homeostatic
disturbances alter integument health. Inasmuch as the
dermis and epidermis of the bovine claw are derivatives
of the integument, horn growth approximating 5 mm/
mo must arise from a balanced program of keratinocyte
proliferation, differentiation, and apoptosis in the basal
and suprabasal layers of the claw epidermis. Accordingly, one might expect epidermal and dermal structures of the bovine claw to express a variety of the same
mediators regulating epidermal homeostasis in human
and murine integuments (Smola et al., 1993).
Even though there are many pathological descriptions of claw disorders (Collick et al., 1997), the cell
and molecular mechanisms of pathogenesis are not
understood. Little is known about epidermal-dermal
interactions, the mediator roles in these interactions, or
the effect of disease on keratinocyte homeostasis in the
claw. Dynamic changes in the expression of one or more
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of the mediators of keratinocyte homeostasis could trigger inflammation, increase metalloproteinase activity
(Hendry et al., 2003), alter keratinocyte proliferation
and differentiation, and result in poor quality claw horn
production (Budras et al., 1996). The purpose of this
investigation was to address 4 questions related to the
expression of targeted cytokines, growth factors, and
receptors: (1) Does horn epidermis-dermis of the bovine
claw express collections of immune-related molecules
known to orchestrate tissue homeostasis in the integument? (2) Are expression levels congruent among the
different segments of the claw? (3) Are expression levels
within and between different segments of the claw affected by host age and therefore age of the claw; and
(4) Does the disease state of the claw horn affect expression levels within and between different segments
of the claw?
MATERIALS AND METHODS
Epidermal and Dermal Tissues of the Bovine Claw

Epidermal-dermal samples of coronary, wall, sole, and
bulb segments were obtained from the normal lateral
hind claws of Holstein fetuses 8 to 9 mo in gestation (n
= 6) and the normal lateral hind claws of freshly killed,
lactating Holstein cows (n = 6). Each tissue sample
contained 3.5 to 4.0 cm2 of epidermis and dermis from
the abaxial coronary, the abaxial wall, the sole, and
bulb segment of the lateral claw (Figure 1, panels A to
D). Samples were also collected from the abaxial coronary, abaxial wall, the sole, and bulb segments of the
left lateral hind claw with ulceration in region 4 of the
sole segment (Shearer et al., 2004). Claws were selected
with gross ulcerative lesions appearing as discrete, circumscribed losses of horn tissue restricted to the sole
segment. Epidermis of the sole segment was visible in
each ulcerated area of sole horn. No other lesions were
present on the claw. All tissues were flash frozen in
liquid nitrogen, and stored at −80°C until processed.
Tissues of the coronary, wall, sole, and bulb segment
were also placed in 10% formalin and paraffin embedded. The paraffin-embedded specimens were cut into
4-μm sections and placed on silane-coated glass slides.
Hematoxylin and eosin-stained sections were evaluated
at 40× to 600× magnification for anatomic-pathologic
abnormalities.
RNA Isolation and cDNA Synthesis

Total RNA was extracted in duplicate from each tissue using the RNeasy Mini Kit and on-column DNase
treatment according to the manufacturer’s protocol
(Qiagen Sciences, Germantown, MD). Briefly, 20 mg
Journal of Dairy Science Vol. 92 No. 12, 2009

of frozen tissue in RLT lysis buffer (Qiagen) was homogenized with a rotor-stator homogenizer, mixed
with 70% ethanol, and centrifuged (8,000 × g, 15 s)
through an RNA binding column. On-column DNase
digestion was performed and the column washed twice
to remove DNA digests and contaminating proteins.
Column-adherent RNA was subsequently eluted with
double-distilled water. Total RNA concentrations were
determined by spectroscopy (A257) and sample integrity
was assessed on 1.5% denaturing agarose gels. Complementary DNA synthesis was performed on duplicate
extracts using the Transcriptor cDNA Synthesis Kit
(Roche Diagnostics Corp., Indianapolis, IN) according
to the manufacturer’s recommendations with 1 μg of
RNA in 20-μL reaction mixture.
Endogenous Gene Standards

To normalize samples, a candidate housekeeping
gene was required. Cyclophilin-A (Cyclo), GAPDH,
hypoxanthine (HPRT), β-glucuronidase (β-Gluc),
ribosomal protein L15 (RPL15), phosphoglycerokinase (PGK), β-actin, and ubiquitin-C (Ubiq) were
evaluated in tissues from the coronary, wall, sole, and
bulb segments of fetal (n = 2), adult cow (n = 2), and
ulcerated adult cow (n = 2) claws. Expression of each
potential endogenous, internal standard was compared
with RNA 18S internal standard by subtraction of the
internal standard cycle threshold (CT) from the RNA
18S internal standard cycle threshold.
Quantitative Real-Time PCR Analysis

Real-time PCR was performed in an Abi Prism 7900
(Applied Biosystems, Foster City, CA) in 384-well optical plates. All immune-related molecules examined in
this study are listed in Table 1. Real-time PCR was
performed in triplicate for each cDNA preparation and
Ubiq served as the internal control. Complementary
DNA was diluted 1:4 and transcripts were determined
using 1 μL (25 ng/sample) of diluted cDNA, 10 μL
of SYBR Green QPCR master mix (Applied Biosystems), and 1 μL (1 μM) gene-specific primers (Table 1).
Amplification efficiency required generating a titration
curve of DNA accumulation from several samples to
obtain a standard curve in which efficiency (E) = −1
+ 10(−1/slope) (data not shown). The PCR reactions were
performed as follows: 10-min denaturation at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
The PCR products were visualized on 1.5% agarose
gel (data not shown) to verify the presence of a single
product with the predicted amplicon length (ranging
from 80 to 150 bp depending on the gene). Amplicons
were sequenced (data not shown) and melting curves
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Figure 1. Approximate location of samples from the epidermal-dermal tissues of the claw after removal of the claw horn capsule. Sample of
(A) bulb segment, (B) sole segment, (C) coronary segment, and (D) wall segment.

performed to verify presence of a single product with
the predicted melting temperature (data not shown).

Identification of Ubiq as an Endogenous
Reference in the Bovine Claw

Statistical Analysis

Data were normalized to Ubiq as an internal reference, and relative expression (RE) of target genes was
presented in arbitrary units (AU) as

(

)

−⎡⎢(CTsamplen − CTUbiq n ) − CTsampleavg − CTUbiq avg ⎤⎥.
⎦
⎣

RE = 2

RESULTS

(Livak and Schmittgen, 2001). Statistical analysis was
performed using the mixed procedure (2001 version;
SAS Institute, Cary, NC) utilizing the probability of
the difference (pdiff) for comparison of means. Significance was defined as P ≤ 0.05 and a trend was defined
as 0.05 < P ≤ 0.10.

Real-time reverse transcriptase-PCR analysis revealed
large changes in β-Gluc, RPL15, and β-actin (data not
shown) expression across claw tissues. Small changes
in transcript expression were observed with Cyclo,
GAPDH, HPRT, and PGK rendering them suitable
candidates for internal references. Expression of Ubiq
was virtually invariant across age and claw segment
(Table 2; P < 0.05).
Pathology of Sole Ulceration

Histological evaluation of tissues from normal fetal
(Figure 2A) and normal adult claws (Figure 2B) were
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Table 1. Primers used for real-time PCR amplification and primer efficiency per gene
Target
Pro-inflammatory cytokine
IL-1α
IL-1α
IL-1β
IL-1β
IL-12p40
IL-12p40
IL-12p35
IL-12p35
IL-18
IL-18
Tumor necrosis factor-α
Anti-inflammatory cytokine
IL-10
Inducible nitric oxide synthase
Growth factor
Keratinocyte growth factor (KGF)
Transforming growth factor-β1
Granulocyte-macrophage colony stimulating factor
Receptor
KGF-receptor IIIb
IL-1 receptor type (RT)I
IL-1 RTII
IL-1 receptor antagonist
Endogenous control gene
Ubiquitin-C

Polarity

Primer sequence (5′ → 3′)

Length, bp

Efficiency

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

CACTTCGTGAGGACCAGATGAA
TGCCACCATCACCACATTCT
CATCAGCACTTCTCAAATCGAAGA
GAGAGGGTTTCCATTCTGAAGTCA
GCTGAGGAGAGCCTGCTTATTG
GGTTTGATGATGTCCCTGATGA
CACCAAAGATAAAACCAGCACAGT
TCTCTGGAAGCCAGGCAACT
TCAGATAATGCACCCCAGACC
CACAGAGATGGTTACGGCCAG
CGGTGGTGGGACTCGTATG
GCTGGTTGTCTTCCAGCTTCA

24
26
24
24
22
22
24
20
21
21
19
21

1.93

Forward
Reverse
Forward
Reverse

CTGACAGCAGCTGTATCCACTTG
GTGCAGTTGGTCCTTCATTTGA
GGAAGGATCCAGTGGTCGAA
GTGGCATAACGCACGTGTCT

23
22
20
20

1.98

Forward
Reverse
Forward
Reverse
Forward
Reverse

GACATGGATCCTGCCAAGTT
GGGCTGGAACAGTTCACATT
GAACTGCTGTGTTCGTCAGC
TCCAGGCTCCAGATGTAAGG
CAGCTTCTCCGCACCTACTC
TTGGTTCCTGGGAGCAAC

20
20
20
20
20
20

1.86

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

AGCAAATGCCTCCACTGTGG
TGCATTGGAACTATTTATCC
GCTCGTGTCCTCTCATCACA
ACCTTTGTGCTGGTGAATCC
GGCTGACAATCCCATGTAAGGT
GTGGTAGGCATCCTCTATGAAGGT
AGATGCCTGTCCACTCTGCT
TGGAGACTGGGTCTTGTTCC

20
20
20
20
22
24
20
20

1.73

Forward
Reverse

TTCAGTCTTCGTTCTTCTGTGT
CAAAGTGATGGTTTTACCAGT

24
24

1.94

as described by Collick et al. (1997) and Thoefner et al.
(2005) and lacked any evidence of pathology. In contrast,
widespread inflammation and tissue destruction was
observed in tissues of claws with sole ulceration (Figure
2C and 2D). The dermis of the sole contained eosinophilic, thick collagen fibers separated by areas of edema
and extravascular red blood cells (Figure 2C). Mononuclear, lymphocytic, and polymorphonuclear infiltrates
were distributed throughout the dermis, particularly in

Gene2

Fetal
Normal adult
Ulcerated adult

Cyclo

GAPDH
a

9.6 ± 0.3
9.0 ± 0.4ab
8.4 ± 0.3b

a,b

a

8.7 ± 0.4
7.9 ± 0.3b
7.8 ± 0.2b

HPRT

PGK
a

13.4 ± 0.5
12.0 ± 0.4b
11.8 ± 0.4b

Ubiq
a

11.2 ± 0.4
9.8 ± 0.5b
10.1 ± 0.3b

10.6 ± 0.4a
10.0 ± 0.3a
9.9 ± 0.5a

Means with different superscripts indicate differences across tissue type (P < 0.05).
Each tissue type consisted of tissue samples from the bulb, coronary, sole, and wall segments (n = 4).
2
Cyclo = cyclophilin-A; HPRT = hypoxanthine; PGK = phosphoglycerokinase; Ubiq = ubiquitin-C.
1
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1.71
1.68
2.00
1.70

1.92

1.80
1.98

1.86
1.78
1.89

the papilla with elevation in cellularity throughout the
length of the papilla in some instances. Some papillae
were distended with edema, leukocyte infiltrates, and
extravascular erythrocytes in association with dermal
vessels that were engorged with erythrocytes, monocytes, and polymorphonuclear cells. Many capillaries
were lined by enlarged endothelial cells. Leukocyte
infiltrates also appeared in the wall of muscular arterioles. Inflammatory cell numbers increased in the dermis

Table 2. Expression (mean ± SEM) of internal standards within fetal, normal adult, and ulcerated adult
lateral hind claws source

Tissue source1

1.88
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of the sole immediately below the stratum basale. Cell
debris was evident in many areas of the dermis. The
basal cell layer of the epidermis contained mononuclear
and polymorphonuclear cells between and above the
epidermal cells. In some areas, basal cell structure was
indistinct and associated with cellular vacuolation and
the presence of small, pyknotic, dark-staining nuclei.
Several areas of epidermis were thickened, edematous,
and dyskeratotic, and contained hemorrhage (Figure
2D). Although most extensive in the sole segment, these
changes were also evident across the coronary, wall, and
bulb segments of every ulcerated claw.

were elevated within 3 of the 4 segments of the diseased
claw, and IL-1α, IL-1RTII, and IL-12p40 (Tables 6 and
7; P < 0.05) were elevated in 1 or 2 of the 4 segments.
Expression of KGF decreased in all segments of ulcerated claws (Table 8; P < 0.05). The amount of TGF-β
and GMCSF in ulcerated claws was less than in fetal
claws (Table 8) because of high levels of expression in
fetal claw compared with any adult claw. Note, regardless of the direction of change in transcript amounts,
the changes consistently occurred at least in the sole
in which the ulcerative lesion was located (Tables 6, 7,
and 8; P < 0.05).

Variation in Gene Expression
Relative to Claw Segment

Variation in Gene Expression Relative to Host Age

Expression of cytokines, growth factors and receptors was affected by segment for all claws (Tables 3,
4, and 5; P < 0.05). In the normal adult claw, the
amount of IL-1α (Table 3) was greater in the wall than
the coronary segment of the claw (P < 0.05). In the
normal fetal claw, the amount of IL-18 transcripts in
the bulb was greater than in the sole of the claw (Table
4; P < 0.05). Surprisingly, ulcerated claws showed no
segmental differences in expression for all transcripts
except the p40 subunit of IL-12 (IL-12p40), which was
greater in the sole than the wall (Table 4; P < 0.05).
Variation in Gene Expression Relative
to the Disease State of the Claw

Sole ulceration affected expression of a variety of
cytokines and growth factor receptors across all segments of ulcerated claws compared with normal adult
claws (Tables 6, 7, and 8; P < 0.05). Within every
segment of the ulcerated claw, the amounts of IL-1β,
inducible nitric oxide synthase (iNOS), and KGF receptor (KGFR) transcripts were markedly increased
above amounts in normal adult claws (Tables 6 and 8;
P < 0.05). Interleukin-1 type I receptor (IL-1RTI),
p35 subunit of IL-12 (IL-12p35), IL-12p40, IL-18, and
TNF-α were modestly elevated within 2 or 3 segments
(Table 6 and 7; P < 0.05) and trended toward increased
expression in all the other segments of ulcerated claws.
There was a substantial decrease in the amounts of
KGF transcripts within every segment of the ulcerated
claw (Table 8; P < 0.05).
Cytokine, growth factor, and growth factor receptor
expression was also elevated in ulcerated claws compared with fetal claws. Expression of IL-1β, IL-1 receptor agonist (IL-1RA), IL-10, IL-12p35, and KGFR
(Tables 6, 7, and 8, P < 0.05) was elevated within each
of the 4 segments of the diseased claw. Interleukin-1RTI,
IL-10, TNF-α, and iNOS (Tables 6, 7, and 8; P < 0.05)

Expression of IL-1α, IL-1 type II receptor (IL1RTII), IL-1RA (Table 6), IL-10, IL-12p40, IL-18,
TNF-α (Table 7), TGF-β, and GMCSF (Table 8) varied within one or more segments across age (P < 0.05).
Within segments, amounts of IL-1RTII (Table 6), IL-18
(Table 7), TGF-β, and GMCSF transcripts (Table 8)
were greater or tended to be greater in fetal compared
with adult claws (P < 0.05). In contrast, amounts of
IL-1α, IL-1RA (Table 6), IL-10, IL-12p40, and TNF-α
transcripts (Table 7) were greater or tended to be
greater in adult compared with fetal claws (Table 6 and
7; P < 0.05). Expression of IL-1β, IL-RTI, IL-12p35,
iNOS, KGF, and KGFR were similar in fetal and adult
claws (P > 0.05).
DISCUSSION

Results of the investigation established that dermal
and epidermal tissues of the claw were awash in proand anti-inflammatory cytokines, growth factors, and
receptors known to regulate epidermal homeostasis in
the integument. Moreover, the data indicated that the
claw was enveloped in a reservoir of IL-1. Both fibroblast and keratinocytes may be the sources of IL-1α/β,
the receptors and the receptor antagonist in the bovine
claw (Groves et al., 1996; Kondo and Jimbow, 1998;
Kessler-Becker et al., 2004). Moreover, the presence of
IL-1RI, IL-1RTII, and IL-1RA implied that activities of
IL-1α and IL-1β are closely regulated in normal claws.
Interleukin-1RI mediates IL-1α and IL-1β activities,
whereas the IL-1 decoy receptor (IL-1RTII) and antagonist (IL-1RA) block IL-1α and IL-1β activities in
the integument (Groves et al., 1996; Rauschmayr et al.,
1997).
Ubiquitous expression of IL-1, GMCSF, and KGF
transcripts in the claw supports the possibility that
IL-1α and IL-1β regulate KGF and GMCSF expression during normal epidermal homeostasis. Smola et
al. (1993) showed that both GMCSF and KGF (FGFJournal of Dairy Science Vol. 92 No. 12, 2009
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Figure 2. Representative sections of the epidermis and dermis of the bovine claw. (A) Normal fetal (bar = 2.0 mm) and (B) normal adult
sole (bar = 100 μm). (C) ulcerated adult claw showing dermal hemorrhage and epidermal dyskeratosis (bar = 50 μm); (D) ulcerated sole showing
widespread dyskeratosis, epidermal edema, hemorrhage and neutrophil infiltration (bar = 100 μm) (hematoxylin and eosin). RBC = hemorrhage, EP = epidermis, D = dermis, DP = dermal papilla, DYS = dyskeratotic keratinocyte, PMN = neutrophil.
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Table 3. Expression (mean ± SEM; n = 6) of IL-1 family mRNA in the epidermis and dermis across anatomic
segments of the bovine lateral hind claw for fetal, adult, and ulcerated tissue1
Claw segment
Fetal
Bulb
Coronary
Sole
Wall
Adult
Bulb
Coronary
Sole
Wall
Ulcerated
Bulb
Coronary
Sole
Wall

IL-1α

IL-1β

IL-1RTI

IL-1RTII

IL-1RA

1.02
0.69
1.07
0.59

±
±
±
±

0.47a
0.66a
0.22a
0.48a

1.50
1.18
1.31
1.75

±
±
±
±

0.52a
0.73a
0.85a
0.65a

1.37
3.34
2.10
2.42

±
±
±
±

1.30a
3.39a
2.60a
2.33a

23.7
13.5
20.9
17.3

±
±
±
±

8.44a
6.73a
5.59a
5.16a

0.09
0.04
0.04
0.04

±
±
±
±

0.09a
0.07a
0.12a
0.11a

1.83
1.57
1.68
2.49

±
±
±
±

0.47ab
0.60b
0.39ab
0.39a

1.90
1.31
1.83
1.57

±
±
±
±

1.03a
0.86a
0.76a
0.82a

2.05
2.23
2.30
1.78

±
±
±
±

2.61a
2.86a
2.96a
2.51a

9.2
12.3
3.7
9.8

±
±
±
±

5.31a
5.97a
10.31a
4.93a

0.17
0.16
0.06
0.20

±
±
±
±

0.14a
0.11a
0.07a
0.14a

1.06
0.97
0.64
1.67

±
±
±
±

0.47a
0.68a
0.59a
0.99a

9.02
9.43
9.89
9.72

±
±
±
±

6.18a
6.23a
6.43a
6.48a

3.52
5.18
2.66
2.28

±
±
±
±

3.22a
3.27a
2.86a
1.76a

15.6
3.70
14.30
9.70

±
±
±
±

8.78a
3.66a
8.06a
5.79a

0.10
0.11
0.26
0.18

±
±
±
±

0.12a
0.10a
0.17a
0.09a

a,b
1

Within a cytokine, means with different superscripts indicate differences across segments (P < 0.05).
IL-1RTI = IL-1 type I receptor; IL-1RTII = IL-1 type II decoy receptor; IL-1RA = IL-1 receptor antagonist.

7) were of dermal cell origin and mediate growth
and differentiation of keratinocyte progenitor cells in
basal epithelial layers. Keratinocytes expressed IL-1α
and IL-1β in response to fibroblast-derived KGF and
GMCSF stimulation, and IL-1α and IL-1β stimulated
expression of KGF and GMCSF in dermal fibroblasts.
Thus, data from the bovine claw are consistent with a
similar paracrine loop regulating homeostasis of claw
horn keratinocytes (Smola et al., 1993; Maas-Szabowski
et al., 2000).
Fetal horn tissue differentiates in an ideal environment of balanced nutrient availability, sterility and the
absence of gastrointestinal microbial activity, strain,
force, and other environmental effects on the claw. Surprisingly, the distribution of cytokines, growth factors,
and receptors in these claws differed very little from

normal adult claws. The extraordinarily high expression of GMCSF in fetal epidermal-dermal tissues was
surprising. Inasmuch as GMCSF induced keratinocyte
hyper-proliferation (Groves et al., 1996), this growth
factor may drive keratinocyte proliferation in lategestation claws. Amounts of TGF-β1 transcripts were
low across all segments of normal and ulcerated adult
claws yet relatively high in fetal claws. The significance
of TGF-β1 transcripts in the claw is unclear as this
cytokine orchestrates extracellular matrix and collagen
remodeling and keratinocyte migration, converts keratinocytes to a basal cell phenotype, and diminishes keratinocyte pro-inflammatory cytokine production (Jiang
et al., 1995; Zavadil et al., 2001; Amendt et al., 2002;
Ishida et al., 2006). Elevated expression of TGF-β1 in
fetal claw tissues may reflect the need for these ac-

Table 4. Expression (mean ± SEM; n = 6) of cytokine mRNA in the epidermis and dermis across anatomic
segments of the bovine lateral hind claw for fetal, adult, and ulcerated tissue1
Claw segment
Fetal
Bulb
Coronary
Sole
Wall
Adult
Bulb
Coronary
Sole
Wall
Ulcerated
Bulb
Coronary
Sole
Wall

IL-10

IL-12p35

IL-12p40

IL-18

TNF-α

0.88
1.55
1.80
1.72

±
±
±
±

0.57a
0.98a
1.73a
1.24a

5.60
11.70
5.60
20.70

±
±
±
±

8.90a
10.40a
8.9a
9.5a

1.03
0.89
1.56
3.30

±
±
±
±

0.58a
0.42a
0.87a
1.72a

9.84
4.56
3.42
5.03

±
±
±
±

3.07a
2.58ab
1.96b
2.79ab

0.49
1.74
1.62
1.35

±
±
±
±

0.46a
0.97a
0.63a
0.47a

6.85
2.69
4.00
6.60

±
±
±
±

4.42a
2.10a
3.46a
2.93a

16.10
31.50
13.70
22.5

±
±
±
±

9.9a
10.30a
12.30a
9.3a

4.31
3.10
2.30
2.89

±
±
±
±

3.79a
2.87a
1.99a
2.79a

0.80
0.11
1.78
0.78

±
±
±
±

0.73a
0.10a
1.66a
0.67a

1.92
1.82
2.91
1.19

±
±
±
±

1.16a
0.84a
1.19a
0.69a

9.65
6.00
8.29
6.60

±
±
±
±

2.69a
2.36a
2.59a
2.85a

22.30
13.00
26.00
15.05

±
±
±
±

8.20a
8.90a
11.30a
9.40a

4.46
1.84
5.47
1.03

±
±
±
±

2.89ab
2.85ab
2.05a
1.82b

5.60
5.70
5.32
5.94

±
±
±
±

2.22a
2.33a
3.18a
2.60a

3.75
6.68
3.03
3.36

±
±
±
±

2.81a
2.31a
2.32a
2.22a

a,b

Within a cytokine, means with different superscripts indicate differences across segments (P < 0.05).
IL-12p35 = IL-12 p35 chain; IL-12p40 = IL-12 p40 chain; TNF-α = tumor necrosis factor α.

1
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Table 5. Expression (mean ± SEM; n = 6) of cytokine, growth factor, and receptor mRNA in the epidermis
and dermis across anatomic segments of the bovine lateral hind claw for fetal, adult, and ulcerated tissue1
Claw segment
Fetal
Bulb
Coronary
Sole
Wall
Adult
Bulb
Coronary
Sole
Wall
Ulcerated
Bulb
Coronary
Sole
Wall

TGF-β

iNOS

GMCSF

KGF

KGFR

0.64
0.25
0.40
0.48

±
±
±
±

0.24a
0.20a
0.29a
0.20a

0.49
1.23
2.69
1.50

±
±
±
±

0.45a
1.10a
2.12a
1.24a

51.70
68.90
51.10
61.00

±
±
±
±

14.0a
5.9a
14.2a
7.6a

14.40
12.30
17.50
16.10

±
±
±
±

4.2a
3.9a
5.8a
4.4a

6.60
3.70
8.50
10.40

±
±
±
±

5.30a
4.60a
5.20a
9.80a

0.03
0.02
0.02
0.04

±
±
±
±

0.02a
0.02a
0.02a
0.02a

1.09
1.12
2.07
1.12

±
±
±
±

0.67a
1.13a
1.54a
0.82a

0.38
0.22
0.47
0.23

±
±
±
±

0.21a
0.32a
0.23a
0.15a

15.30
16.00
6.30
5.70

±
±
±
±

6.7a
7.6a
6.1a
5.8a

1.11
1.05
1.30
1.32

±
±
±
±

0.75a
0.82a
1.13a
1.25a

0.04
0.04
0.05
0.03

±
±
±
±

0.02a
0.02a
0.03a
0.02a

12.50
7.80
12.30
8.00

±
±
±
±

2.1a
3.6a
2.1a
3.7a

3.41
4.43
4.59
5.89

±
±
±
±

3.10a
4.16a
2.79a
3.34a

4.30
3.30
6.60
4.90

±
±
±
±

4.4a
3.0a
5.8a
4.3a

33.40
33.10
23.10
26.10

±
±
±
±

6.60a
5.70a
6.50a
8.80a

a

Within a cytokine, means with different superscripts indicate differences across segments (P < 0.05).
TGF-β = transforming growth factor β; iNOS = inducible nitric oxide synthase; GMCSF = granulocytemacrophage colony stimulating factor; KGF = keratinocyte growth factor; KGFR = KGF receptor.

1

tivities during morphogenesis of fetal horn. Like IL-1,
transcriptional expression of TGF-β may inaccurately
reflect functional TGF-β activity because latent forms
of the protein must be activated by proteolytic cleavage. The caveat with TGF-β1 transcriptional data is
that it does not account for biologic activity inasmuch
as latent forms of TGF-β1 must be activated by proteolytic cleavage.
A relatively small number of cytokines (IL-1α, IL-18,
and IL-12p40) showed different amounts of expression
relative to tissue location in normal adult, fetal, and
ulcerated claws, respectively. The reasons for these
findings remain unclear but mechanical strain has
been shown to augment keratinocyte and fibroblast

expression of IL-1 (Takei et al., 1998). Greater amounts
of IL-1 in the sole and wall correspond to the strain
distribution described by Hinterhofer et al. (2005) and
may reflect tissue responses to mechanical forces during
weight bearing.
Several events were associated with sole ulceration
in this investigation. The morphologic and mediator
changes in the ulcerated claws indicated the lesions
were in the inflammatory stages of wound healing.
Surprisingly, inflammation occurred in the coronary,
wall and bulb segment of ulcerated claws even though
the gross ulcerative lesion was restricted to region 4 of
the sole (Shearer et al., 2004). These findings provided
pathologic-anatomic evidence that severe phase 3 sole

Table 6. Expression (mean ± SEM; n = 6) of IL-1 family mRNA within the epidermis and dermis of fetal,
adult, and ulcerated claws1
Tissue source
Bulb
Fetal
Adult
Ulcerated
Coronary
Fetal
Adult
Ulcerated
Sole
Fetal
Adult
Ulcerated
Wall
Fetal
Adult
Ulcerated

IL-1α

IL-1RTI

IL-1RTII

IL-1RA

1.02 ± 0.46a
1.03 ± 0.35a
1.06 ± 0.43a

0.16 ± 0.05b
0.19 ± 0.41b
5.10 ± 3.40a

1.30 ± 0.62b
2.05 ± 0.41b
3.50 ± 0.77a

2.30 ± 0.52a
0.93 ± 0.49b
1.56 ± 0.21b

0.09 ± 0.05b
0.17 ± 0.08ab
0.19 ± 0.03a

0.67 ± 0.44b
1.57 ± 0.37ab
1.97 ± 0.50ab

0.18 ± 0.08b
0.31 ± 0.15b
4.30 ± 1.08a

2.10 ± 0.21b
2.23 ± 0.25ab
2.66 ± 0.20a

1.35 ± 0.64a
1.23 ± 0.40a
0.91 ± 0.31a

0.03 ± 0.08b
0.16 ± 0.07ab
0.21 ± 0.06a

0.82 ± 0.15b
1.37 ± 0.31a
1.09 ± 0.22a

0.14 ± 0.07b
0.17 ± 0.09b
2.40 ± 1.42a

2.31 ± 0.61b
2.09 ± 0.69b
5.67 ± 2.61a

1.89 ± 0.27a
0.85 ± 0.17b
1.07 ± 0.22b

0.05 ± 0.07b
0.15 ± 0.05ab
0.24 ± 0.06a

0.49 ± 0.38b
2.40 ± 0.49a
1.67 ± 0.51ab

0.18 ± 0.08b
0.57 ± 0.35b
4.70 ± 1.62a

1.42 ± 0.74a
1.28 ± 0.54a
2.54 ± 1.46a

2.00 ± 0.53a
0.98 ± 0.50b
1.40 ± 0.38ab

0.04 ± 0.03b
0.20 ± 0.08a
0.28 ± 0.04a

a,b
1

IL-1β

Within a cytokine, means with different superscripts indicate differences across tissue source (P < 0.05).
IL-1RTI = IL-1 type I receptor; IL-1RTII = IL-1 type II decoy receptor; IL-1RA = IL-1 receptor antagonist.
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Table 7. Expression (mean ± SEM; n = 6) of cytokine mRNA within the epidermis and dermis of fetal, adult,
and ulcerated claws1
Tissue source
Bulb
Fetal
Adult
Ulcerated
Coronary
Fetal
Adult
Ulcerated
Sole
Fetal
Adult
Ulcerated
Wall
Fetal
Adult
Ulcerated

IL-10

IL-12p35

IL-12p40

IL-18

TNF-α

5.60 ± 1.80b
16.10 ± 6.20a
22.30 ± 10.00a

1.80 ± 0.90b
2.60 ± 0.80ab
5.30 ± 2.50a

1.00 ± 0.80b
5.30 ± 2.80a
2.40 ± 2.00ab

9.80 ± 0.50a
0.80 ± 0.20b
5.60 ± 1.60a

0.50 ± 0.25c
1.92 ± 0.22b
2.75 ± 0.32a

11.70 ± 5.20b
23.50 ± 7.80ab
31.50 ± 12.00a

2.00 ± 0.90b
2.10 ± 0.70b
4.80 ± 0.80a

0.90 ± 0.50a
1.30 ± 1.00a
0.80 ± 0.60a

4.50 ± 1.50a
0.10 ± 0.10b
5.30 ± 3.60a

1.70 ± 0.33a
1.82 ± 0.29a
2.00 ± 0.42a

10.90 ± 2.90b
18.50 ± 4.50a
19.20 ± 5.20a

1.50 ± 0.80b
3.50 ± 1.80ab
6.40 ± 2.40a

1.70 ± 0.80b
7.30 ± 1.70a
3.90 ± 1.30b

5.70 ± 1.60a
0.90 ± 0.60b
4.40 ± 1.70a

1.30 ± 0.69b
1.96 ± 0.75b
4.21 ± 1.05a

15.50 ± 6.30a
22.50 ± 8.50a
20.00 ± 6.20a

2.10 ± 1.60b
3.10 ± 0.80b
5.80 ± 1.80a

2.30 ± 1.50ab
3.80 ± 1.10a
1.80 ± 0.70b

5.00 ± 4.40ab
0.80 ± 0.30b
5.90 ± 3.10ab

1.35 ± 0.35a
1.20 ± 0.54a
2.36 ± 0.37b

a–c

Within a cytokine, means with different superscripts indicate differences across tissue source (P < 0.05).
IL-12p35 = IL-12 p35 chain; IL-12p40 = IL-12 p40 chain; TNF-α = tumor necrosis factor α.

1

ulceration was a disorder of the entire claw unlike that
described by Lischer et al. (2002) in uncomplicated sole
ulcerations. Ulceration was associated with increased
mRNA expression of the pro-inflammatory cytokines
IL-1β, IL-1RTI, IL-12p35, IL-12p40, IL-18, TNF-α,
and iNOS in the segment of the ulcerative lesion and
across most if not all segments of the claw. Clearly,
changes in mediator expression can affect the entire
claw. Mediators normally expressed in healthy claw tissues were elevated in ulcerated horn disease in accord
with the process proposed by Freedberg et al. (2001)
in which injury “activated” keratinocytes via release of
IL-1α and IL-1β. Activated keratinocytes secondarily
increased expression of the pro-inflammatory cytokines

and growth factors (Smola et al., 1993; Groves et al.,
1996; Maas-Szabowski et al., 2000) described in these
claws. Irritants, endotoxin, and pro-inflammatory cytokines elevated growth factor receptor and additional
inflammatory cytokine expression in keratinocytes
(Rauschmayr et al., 1997; Stoll et al., 1997; Freedberg
et al., 2001; Banno et al., 2004). These cytokines are
likely the cause of elevated iNOS mRNA in the claw
and could explain the epidermal changes described by
Hendry et al. (2003) in ulcerative claw lesions. Others
showed that wound-related expression of IL-1β, IL-1RI,
IL-1RII, IL-6, chemokines, and chemokine receptors
was also associated with leukocyte infiltrates of tissues
(Cooper et al., 2005). Leukocytic infiltrates and dermal

Table 8. Expression (mean ± SEM; n = 6) of cytokine mRNA within the epidermis and dermis of fetal, adult,
and ulcerated claws1
Tissue source
Bulb
Fetal
Adult
Ulcerated
Coronary
Fetal
Adult
Ulcerated
Sole
Fetal
Adult
Ulcerated
Wall
Fetal
Adult
Ulcerated

TGF-β

iNOS

GMCSF
51.80 ± 26.8a
6.40 ± 3.20b
2.40 ± 1.50b

KGF

KGFR

14.30 ± 4.60a
15.10 ± 5.60a
4.20 ± 3.30b

1.00 ± 0.60b
1.10 ± 0.30b
23.80 ± 14.90a

12.10 ± 4.70a
16.20 ± 6.20a
3.20 ± 2.80b

0.60 ± 0.50b
1.10 ± 0.40b
23.10 ± 9.90a

1.60 ± 0.70a
0.02 ± 0.02b
0.40 ± 0.36b

0.50 ± 0.40b
1.00 ± 0.89b
12.50 ± 5.31a

1.50 ± 0.45a
0.02 ± 0.01b
0.30 ± 0.25b

1.23 ± 0.31b
1.12 ± 0.28b
7.70 ± 4.32a

0.44 ± 0.28a
0.03 ± 0.02c
0.15 ± 0.13bc

1.48 ± 0.26b
1.60 ± 0.40b
7.42 ± 3.62a

58.20 ± 16.1a
1.09 ± 0.80b
1.70 ± 1.40b

15.00 ± 3.90a
10.90 ± 1.80a
4.80 ± 1.20b

3.10 ± 1.10a
1.60 ± 0.50a
16.60 ± 4.70b

0.47 ± 0.36a
0.03 ± 0.02b
0.15 ± 0.12b

1.50 ± 1.34ab
1.10 ± 0.69b
4.00 ± 2.16a

61.0 ± 27.2a
0.10 ± 0.80b
0.70 ± 1.70b

16.20 ± 3.40a
10.60 ± 2.70a
4.90 ± 1.70b

0.80 ± 0.70a
1.30 ± 1.20a
16.10 ± 12.90b

58.0 ± 31.50a
0.30 ± 0.20b
4.40 ± 3.60b

a–c

Within a cytokine, means with different superscripts indicate differences across tissue source (P < 0.05).
TGF-β = transforming growth factor β; iNOS = inducible nitric oxide synthase; GMCSF = granulocytemacrophage colony stimulating factor; KGF = keratinocyte growth factor; KGFR = KGF receptor.
1
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or epidermal tissues of the claw could generate the cytokines (Cooper et al., 2005) that drive the pathology
associated with ulceration.
Ulcerative horn disease was associated with striking
increases in IL-1β in the claw together with no change
in IL-1α expression in any segment other than the
sole. Increased amounts of IL-1β in the context of little
change in IL-1α indicate that these 2 forms of IL-1 may
be regulated differently in the ulcerated claw. Indeed,
similar events occur in psoriatic skin disease (Cooper et
al., 1990). Most likely, influx of leukocytes during ulceration increased IL-1β transcription. Models in other
species predict that elevated IL-1α or IL-1β in ulcerated
tissues should result in elevation of KGF, GMCSF, and
KGFR expression (Werner et al., 1992; Chedid et al.,
1994; Marchese et al., 1995; Finch et al., 1997). Although we observed an increase in KGFR transcription,
there was a marked decrease in KGF transcription in
the claw. Elevated KGFR expression could be expected
to expand KGF-sensitive pools of basal and suprabasal
cells and drive progenitor keratinocyte proliferation even
though KGF transcription fell off in ulcerated tissues
(Finch et al., 1997). Increased expression of IL-1TIIR
and IL-1RA (albeit a very modest elevation relative to
changes in IL-1β) during ulceration could have blocked
any IL-1α or IL-1β stimulatory effect on growth factor
expression. Alternatively, the findings may reflect the
kinetics of KGF expression (Finch et al., 1997) in that
KGF transcripts have been shown to increase early and
decrease later after wounding. In contrast, KGFR transcripts decrease early and increase later in integument
injury (Marchese et al., 1995). Another plausible explanation is that IL-1β transcription may have occurred in
the absence of post-translational processing. Precursor
forms of IL1β are biologically inactive and would not
be expected to trigger KGF transcription. Formally establishing the existence of IL-1β processing in the claw
may improve our understanding of the control of IL-1β
activities in healthy and diseased claw tissues.
The broad-spectrum, potent anti-inflammatory mediator IL-10, but not the narrow-acting IL-1RTII, was
elevated in chronic sole ulceration. Production of IL-10
in ulcerated claw tissues likely represents a powerful
mechanism to limit the extent of inflammatory activity
indicated by elevated expression of IL-1α, Il-1β, TNF-α,
iNOS, and leukocytic infiltrates in tissues of ulcerated
claws. Data from the ulcerated claws indicate that
the epidermal-dermal tissues from every segment were
positioned in the late inflammatory phase of cutaneous wound repair (Clark, 1996) and anti-inflammatory
events had been initiated (Enk et al., 1995).
In summary, the data presented herein support the
hypothesis that a variety of cytokines, growth factors,
and receptors are differentially expressed in the epiJournal of Dairy Science Vol. 92 No. 12, 2009

dermis and dermis of normal adult, fetal, and diseased
bovine claws. Cytokines and growth factors expressed
were similar to those thought to maintain tissue homeostasis in normal murine and human integuments.
Inflammation effected mediator expression similarly
across all segments of the claw and was consistent with
a similar dissemination of the pathology. There was a
small effect of claw age on cytokine expression because
fetal tissues expressed large amounts of GMCSF relative to normal or diseased adult tissues. There was also
an effect of claw segment on cytokine and growth factor
expression that was related to differences in activity in
the IL-1 axis.
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