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SUMMARY

L-methionine is a sulphur-containing nutritionally essential amino acid. It has a number of
important roles in epidermal and dermal tissues of the integument of animals. Failure of normal
function of these tissues in the hoof (claw) is a cause of lameness in cattle. Little is known
about quantitative relationships between post-absorptive concentrations of nutrients including
sulphur-containing amino acids and uptake and utilization by epidermis and dermis of the bovine
claw. These parameters were studied at the tissue level by use of an established in vitro claw explant
system using tissue from cattle of beef or dairy origin and L-[35S]-labelled methionine as tracer. The
results showed that uptake of L-methionine by freshly prepared solear explants in Dulbecco’s
Modified Eagle Medium/F-12 Nutrient Mix (DMEM/F12) (1:1) medium containing 1.0 mmol
L-methionine/litre was concentrative after 5–8 min, essentially linear for up to 10 min and became
curvilinear thereafter. Maximum uptake and steady state conditions were obtained at approximately
30 min. Further measurements were made following 21 h incubation in culture medium. Under
conditions of varying concentrations of L-methionine and measurement of uptake after 30 min,
the presence of a saturable curve, that obeyed Michaelis–Menten kinetics, was demonstrated. Values
of 3.61 mmol/litre and 5.84 mmol/kg intracellular water/30 min were obtained for KM and Vmax,
respectively. Uptake was not influenced by L-cysteine and L-cystine concentrations in the culture
media.
Similar culture and incubation conditions were used in subsequent studies of DNA and

protein synthesis. These showed that rates of incorporation of L-methionine into protein
fractions and stimulation of DNA synthesis measured by methyl-thymidine incorporation were de-
pendent on L-methionine concentrations in the medium. Maximal rates occurred at approximately
50 mmol/litre, which is in the normal physiological range, and at 1% of maximum uptake capacity.
Examination of histological sections by autoradiography showed localization of L-[35S]-labelled
methionine in basal and suprabasal epidermal cells with limited retention in dermis. Measurement,
by a range of histological, immunohistochemical, electrophoretic, western blotting and autoradio-
graphic techniques, provided further evidence of L-methionine-dependent regulation of proliferation,
differentiation and synthesis of proteins under physiological concentrations, by epidermal horn-
forming cells.
A key role for L-methionine is suggested in the production of horn in bovine claw. The

extrapolation of these in vitro data provides guidance for strategies to optimize methionine supply
to claw tissues in vivo. Such extrapolation suggests the appropriateness of delivery of systemic
concentrations of 50 mmol L-methionine/litre to maximize proliferative and protein depositional
activity in solear epidermis and dermis in vivo.
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INTRODUCTION

The recognition of lameness as a major welfare dis-
ease of dairy cattle has increasingly focused attention
on means of improving knowledge of hoof (claw)
biology (Vermunt 2004). Lameness is well recognized
to have a complex aetiology with risk factors related
to ‘ intrinsic ’ animal characteristics interacting with
those derived from the ‘extrinsic ’ environment. It
is frequently caused by lesions of individual claws
arising from failure of function of the outer horn
and inner basement membrane and dermis which
constitute the external tissues of its integumental
cover. Such lesions are frequently associated with
disruption of horn production by processes which are
inadequately understood but which may be related to
inflammatory laminitis (Lischer & Ossent 2002;
Thoefner et al. 2004) and/or enzyme-induced changes
in dermis and basement membrane affecting suspen-
sion of body weight by the laminar region (Tarlton
et al. 2002; Webster et al. 2005), or in sole (Hendry
et al. 2003). Such changes may increase body weight-
bearing on soft tissues of the sole and in the presence
of poorly-formed (Kempson & Logue 1993) or thin
horn (van Amstel et al. 2004), or adverse flooring
conditions (Hinterhofer et al. 2005) reduce resistance
to tissue damage and so increase susceptibility to
lesion formation. Means of reducing susceptibility
to the effects of such changes in weight-bearing or to
other events causing claw horn lameness will be as-
sisted by better knowledge of claw biology and in
particular claw horn production. Among the factors
which influence growth and development of cellular
and extracellular claw tissues of the claw are nutrients
which include sulphur-containing amino acids
(Tomlinson et al. 2004).
Claw horn is produced by proliferation and differ-

entiation of specialized epidermal cells (Budras et al.
1998; Galbraith et al. 2006a) located on the basement
membrane adjacent to the underlying dermis. The
epidermis is avascular and receives nutrients, regu-
latory mitogens and morphogens from the vascular-
ized dermis. Proliferation of basal epidermal cells
occurs by mitosis with one daughter cell normally
remaining to divide further and the other committing
to differentiation and suprabasal migration. The
process of differentiation involves the progressive ex-
pression of a range of genes including those encoding
for keratins as major components of intermediate
filaments (IFs), and intermediate filament associated
proteins (IFAPs) which form an important part of
the bovine solear tissue proteome (Galbraith et al.
2006b). These proteins contain variable quantities of
cysteine which is essential for the formation of inter-
and intra-molecular disulphide bond formation in
the synthesis of the cytoskeleton. The cytoskeleton
contributes to physical characteristics and functional
properties of terminally differentiated cells typical of

the epidermal integument (Gillespie 1991; Budras
et al. 1998; Galbraith et al. 2006a). Such terminal
differentiation also involves a form of apoptosis re-
sulting in enucleation and partial dehydration of the
cells to produce the ‘cornified’ horn end product.
One nutritional approach to enhancing the supply

of L-cysteine in vivo has been to feed supplementary
protein or intestinally-available L-methionine which
increased yield and rates of growth of wool in sheep
(Hynd 1989) and hair fibre in goats (Galbraith et al.
1998; Souri et al. 1998). There is also some evidence
of responses to L-methionine supplementation in
rates of growth of claw wall horn in dairy cows
(Metcalf et al. 1998) and Angora goats (Galbraith
et al. 1998). The importance of synthesis of keratins
and associated proteins in the cellular structures of
good quality horn is well established (Kempson &
Logue 1993). However, the optimal concentrations
of sulphur-containing amino acids required for the
proliferation and differentiation of constituent horn-
forming epidermal cells and the precise mechanisms
by which such processes are controlled are not
known. L-cysteine contributes to the composition of
‘ low’ and ‘high’ sulphur amino acid-containing in-
tegumental protein (Gillespie 1991) in proportions
considerably in excess of those provided by rumen
microbial proteins and dietary protein in normal diets
of ruminants (Galbraith 2000). L-methionine is well
recognized as an essential amino acid in the nutrition
of many animal species. It has a range of roles in
supporting molecular and biochemical function
in cells and in contributing to synthesis of L-cysteine
by transulphuration (Reis 1989). However, little is
known about the quantitative relationship between
methionine supply and its uptake and utilization by
cells of the integument and in particular the bovine
claw. Although not previously studied in claw tissue,
mechanisms of uptake of methionine may be
considered in the context of general knowledge of
its transmembrane transport in animal cells. Particu-
lar reference is made to catalysis of uptake (1) by,
for example, Systems A and L involving sodium-
dependent and sodium-independent neutral amino
acid transporters respectively (Hyde et al. 2003) and
(2) by gap junctions involving connection proteins
such as Connexin 43 which has been identified im-
munohistochemically in claw epidermis by Frohberg-
Wang et al. (2004). Gap junctions are well recognized
to mediate transport of solutes and signalling mole-
cules in epidermal keratinocytes in skin (Gerido
&White 2004). A third component involves transport
across the basement membrane which separates
dermis and epidermis by mechanisms which include
diffusion (Budras et al. 1998). The work reported
herein was part of a programme that measured the
responses of bovine claw tissue to methionine supply
in vivo and in vitro. It utilized a well-established
bovine in vitro claw explant system (Hendry et al.

104 N. L. HEPBURN ET AL.

https://doi.org/10.1017/S0021859607007393 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859607007393


1995, 1999, 2001) which previously demonstrated
synthesis of proteins, under a variety of conditions,
by incorporation of 35S-label from supplied L-[35S]-
methionine or L-[35S]-methionine and L-[35S]-cysteine
mixtures, and incorporation of 3H-methyl thymidine
into DNA as an indicator of cellular proliferation.
The present study was designed to extend this work by
quantifying the relationships between L-methionine
and L-cysteine supply in the culture medium, uptake
into intracellular pools and incorporation into pro-
tein fractions using L-[35S]-methionine. The work
tested the hypothesis that such incorporation of 35S
into cellular proteins is not limited by uptake of
L-methionine, under concentrations typically found
to be physiological in vivo, but is rather determined by
mechanisms including those limiting its utilization for
protein biosynthesis within the cell. Effects of differ-
ences of L-methionine supply on behaviour of epi-
dermal cells in the basal and immediately supra-basal
regions were studied by measurements of synthesis of
DNA and effect on markers for proliferation and
apoptosis.
The methodological approach of Shennan and

colleagues (Hurley et al. 2000) used to determine
transport characteristics of amino acids in mammary
tissue explants was applied in the present study to the
measurement of L-methionine uptake and incorpor-
ation in explants of the bovine claw.

MATERIALS AND METHODS

Claw tissue, preparation of explants, culture
conditions and radiochemicals

Methods for the collection of claws, preparation of
explants and culture conditions were as described
previously (Hendry et al. 1995, 1999, 2001). Briefly,
right hind lateral claws of crossbred female beef cattle
(18–20 months old) and Holstein-type dairy cattle of
varying ages, but all in excess of 30 months, were
collected immediately post mortem at a commercial
abattoir and rapidly transported in ice to the labora-
tory, typically within 1 h of slaughter. Claws without
apparent lesions and subsequently shown to have
healthy underlying soft tissue were selected. The cen-
tral region of the sole of each claw was opened dorso-
ventrally from horn to pedal bone by two parallel
incisions using an autopsy saw. The outer horn was
removed and sole material, intact and containing
all tissue types including epidermis and underlying
dermis, was cut into columnar explants weighing
30–50 mg each and measuring approximately 0.5
(thickness)r2 (width)r3 (length) mm, respectively.
Explants were cultured for various lengths of time
as described below in multi-well plates in an atmos-
phere of air : CO2 (0.95: 0.05) at 37 xC in basal
culture medium (Dulbecco Modified Eagle Medium/
F-12 Nutrient Mix (DMEM/F12)) (1:1, Invitrogen)

containing the normal concentrations of other amino
acids and prepared initially without L-methionine,
L-cysteine or L-cystine. The basal culture medium
was variously supplemented to provide the required
concentrations of these sulphur-containing amino
acids. It should be noted that DMEM/F12 normally
contains L-methionine, L-cysteine and L-cystine
at 114, 145 and 130 mmol/litre, respectively. Radio-
chemicals were purchased from GE Healthcare
(Little Chalfont, UK) as follows: L-[35S]-methionine
(>1000 Ci/mmol) ; [methyl-3H]-thymidine (70–86 Ci/
mmol) ; [U-14C]-sucrose (460–740 mCi/mmol).

Time course of methionine uptake by explants

The time course of methionine uptake was measured
by incubating freshly prepared explants in DMEM/
F12 medium customized to contain 1.0 mmol un-
labelled L-methionine/litre and radioactively-labelled
trace L-[35S]-methionine (1.0 mCi/ml) for up to 60 min.
Explants were removed at pre-determined times,
rinsed in radioisotope-free fresh culture medium,
gently blotted, weighed and placed in vials containing
10% trichloroacetic acid (TCA) for 16 h to precipi-
tate TCA-insoluble macromolecules. Following
centrifugation (13 000 g for 3 min) to remove par-
ticulate and precipitated material, radioactivity in
the TCA-soluble supernatant was counted. This
fraction represents free amino acid taken up by the
whole tissue in intracellular and extracellular space
and subsequently released. The water content of rep-
resentative explants was determined by drying to
constant weight at 110 xC. The extracellular space of
the tissue was estimated from parallel studies which
measured the distribution of sucrose (as [U-14C]-
sucrose (0.5 mCi/ml)) between tissue and incubation
medium according to Hurley et al. (2000). The meth-
od is based on the impermeability of sucrose to cells
and its equilibration with extracellular fluid only.
Concentrations of L-methionine in intracellular pools
were thus quantified (Shennan & McNeillie 1994)
according to the equation:

[L-methionine]c=([L-methionine]t

x(Fr[L-methionine]m))=

(1x(F+(tissue DW=tissue WW)))

where: c=intracellular L-methionine concentration
(mmol/kg intracellular water), t=tissue L-methionine
concentration (mmol/kg wet weight), m=incubation
medium L-methionine concentration (mmol/litre),
F=tissue extracellular space (expressed as a frac-
tion); DW=dry weight; WW=wet weight.

Effect of L-methionine and L-cysteine concentrations
on L-methionine uptake

Additional studies on uptake of L-methionine were
conducted under conditions typically applying to
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longer term incubations in culture medium and
which determined kinetics of uptake as affected by
concentrations of unlabelled amino acid in culture
medium. Effects on uptake of concentrations of
unlabelled L-methionine ranging from 0 to 20 mmol/
litre and in normal DMEM/F12 culture medium
at concentrations of L-methionine (114 mmol/litre)
and of L-cysteine (145 mmol/litre) and L-cystine
(130 mmol/litre) and at various proportions of
these were measured after 21 h pre-incubation. Ex-
plants were transferred to fresh media of similar
composition and supplemented with L-[35S]-meth-
ionine. Intracellular concentrations, as an index
of uptake, were then measured following removal
of explants from media after 30 min as described
above. The specific activity of L-[35S]-methionine
in each incubation culture medium was determined
by counting the radioactivity in 100 ml samples
and relating to quantity of unlabelled L-methionine
present.

L-methionine incorporation, protein and DNA
synthesis, autoradiography and immunoblotting

A second objective of the current study was to quan-
tify the incorporation of 35S label supplied by L-[35S]-
methionine into macromolecular protein fractions
as a function of unlabelled L-methionine, L-cysteine
and L-cystine concentrations in culture medium.
Explants were prepared as described above and
incubated for 21 h in a range of concentrations
and proportions of L-methionine, L-cysteine and
L-cystine in DMEM/F12 followed by 3 h in similarly
composed medium containing L-[35S]-methionine
(6 mCi/ml) and [methyl-3H]-thymidine (2.5 mCi/ml) to
provide measures of (a) L-methionine incorporation
and protein synthesis and (b) DNA synthesis, re-
spectively (Hendry et al. 1995; Goulet et al. 1996).
These concentrations were guided by information on
concentrations in blood of sulphur-containing amino
acids from studies on dairy cattle (Galbraith et al.
unpublished) that, for L-methionine, ranged from
approximately 16 to 25 mmol/litre and 50 mmol/
litre (Shennan et al. 1997). Following incubation,
explants were rinsed in radioisotope-free fresh culture
medium, gently blotted and snap-frozen in liquid
nitrogen prior to grinding (Freezer Mill 6750,
Glen Creston Ltd). Powdered tissue was suspended
in 0.1 mol/litre sodium phosphate pH 7.4, 2.0 mol/
litre sodium chloride containing 0.2 mmol/litre
phenylmethylsulphonyl fluoride and 16.2 mmol/
litre 3-[(3-cholamidopropyl)dimethyl-ammonio]-1-
propane sulphonate (CHAPS) and protein con-
centrations of the tissue homogenates measured
(Bradford 1976). Protein and DNA synthesis were
determined in explant homogenates by precipitation
and washing with 1.22 mol/litre TCA with a final
dissolution in 19.4 mol/litre formic acid for 15 h at

37 xC, then scintillation counting with corrections for
isotopic dilution calculated from the ratio of L-[35S]-
methionine (radioactively labelled) to unlabelled
L-methionine in the original incubation medium.
The pattern of L-methionine uptake into cells

and extracellular matrix was determined in explants
pulsedwith L-[35S]-methionine (1.0 mCi/ml) for 30 min
in culture medium containing 1.0 mmol/litre meth-
ionine and then incubated in radiolabel-free fresh
media for 24 h. Explants were sectioned by cryostat
(10 mm thick) then emulsion-dipped (K5, Ilford)
and developed on day 14. The pattern of distribution
of L-[35S]-methionine in protein fractions was
determined in explants incubated for 24 h in media
containing 1.0 or 30 mmol/litre methionine and
L-[35S]-methionine at the same specific activity of
1.0 mCi/mmol/litre unlabelled L-methionine. These
explants were extracted by TCA (1.22 mol/litre) pre-
cipitation, re-solubilized in 8 mol/litre urea and sub-
jected to conventional sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE)
(120 g/litre of acrylamide: bis-acrylamide mix; 30:
0.8) at a loading of 10 mg protein per lane. Protein
bands in gels were detected with zinc stain (Bio-Rad)
and then subjected to either autoradiography or
transfer to polyvinylidene difluoride (PVDF) mem-
brane (NEN Life Sciences). Membranes were tested
for detection of cytokeratins (CK) including CK5/6
(mouse anti-human, 1:1000, Chemicon) and CK10
(mouse anti-human, 1:1000, Novacastra) with elec-
trogenerated chemiluminescence (ECL) methodology
(New England Biolabs). Negative controls were
prepared under similar conditions by omitting the
primary antibody. Gels and immunoblots were ex-
amined in duplicate and comparisons made between
major bands by scanning densitometry (Gel Doc
2000, Bio-Rad).

Histology and immunohistochemistry

Conventional histological and immunohistochemical
studies were conducted to determine cell cycle activity
of epidermal and dermal cells of explants which
had been incubated in the presence of either 1.0 or
30.0 mmol L-methionine/litre. Markers of DNA
synthesis during the S phase, as a prerequisite to cell
division, were as follows: the synthetic thymidine
analogue, bromodeoxyuridine (BrdU), was added
to culture medium for measurement of uptake
by cells ; expression of proliferating cell nuclear anti-
gen (PCNA) which associates with DNA polymerase
d ; the Feulgen stain which provides a semi-
quantitative measure of the increases of DNA in
each cell. Markers for programmed cell death
activity were: Bcl-2 which is an anti-apoptotic mem-
ber of a gene family which has additional members
with anti- and pro-apoptotic activity; the TUNEL
(Terminal transferase deoxyuridine triphosphate
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(dUTP) nick end labelling) detection system for
the presence of fragmentation of DNA during
apoptosis.
Explants were removed from culture medium after

48 or 72 h, rinsed, gently blotted and snap frozen
in liquid nitrogen. Cryosections (10 mm thick) of
explant tissue were then prepared and fixed in 40 g
paraformaldehyde/litre for 10 min followed by
washing in PBS and treatment with trypsin (10.0 g/
litre) for 10 min. Endogenous peroxidase was
blocked by incubation in 30 g/litre hydrogen per-
oxide followed by incubation with 10 ml/litre horse
serum (Vector Laboratories Inc, Burlingame, CA)
in PBS for 20 min to block non-specific binding.
Sections were exposed to primary antibodies
(monoclonal mouse anti-rat PCNA, Sigma) 1:3000
in PBS or polyclonal mouse anti-human Bcl-2
(Oncogene) 1:50 in PBS and non-immune mouse
IgG (Sigma) or PBS as controls, for 18 h at 4 xC.
Sections were washed and blocked as before and
then incubated with biotinylated universal secondary
antibody (Vector) for 30 min followed by washing
and incubation with ABC reagent (Vector) for 30 min.
Sections were mounted in styrolite and visualized
by light microscopy. Quantitative image analysis
(Image Pro-Plus Version, 4.50.19, Media Cyber-
netics Inc, USA) was applied to count positively-
stained cells in the basal and immediately suprabasal
epidermis (Cruchley et al. 1998) as a function of
basement membrane length (one unit=1.2 mm) for 18
papillae.
For measurement of BrdU incorporation, the ex-

plants were pulsed with 0.05 mmol BrdU/litre for 6 h
followed by incubation in fresh media and removal at
24, 48 or 72 h. Other explants were incubated for 24
or 48 h prior to a 6 h pulse of 0.05 mmol BrdU/litre
BrdU, and then removed at 48 or 72 h, respectively.
Cryostat sections of the explants were then treated
with 2 M HCl (1 h at 37 xC) to denature DNA before
exposure to monoclonal mouse anti-BrdU (1:1000,
Sigma) with visualization using the secondary anti-
body system described above.
DNA in the basal cells lining the basement mem-

brane and immediately superbasally, was localized
by a modified Feulgen method. Cryostat sections
were fixed in 4% paraformaldehyde and then im-
mersed in glacial acetic acid: ethanol (1:3) (Clarks
Fixative) for 2 h. The sections were then hydrated
through an ethanol series before immersion in 1 M
HCl at 60 xC for 6 min followed by Schiff’s Reagent
(Sigma) for 20 min. Sections were mounted con-
ventionally and examined by light microscopy for
quantitative image analysis. Apoptosis of basal
epidermal cells was measured using TUNEL meth-
odology following the manufacturer’s recommenda-
tions using digoxigenin-dUTP antibodies (Apoptag
kit ; Oncor, Inc., Gaithersburg, MD). Positive cells
were counted as described above.

Data analysis

Data were examined statistically by conventional
one-way ANOVA (Minitab v 13.3, General Linear
Model) followed by Tukey’s method for pairwise
comparisons of means. The data were obtained
from independent samples collected from individual
explants which were harvested and tested for
measured parameters in response to differences in
tissue culture conditions and following different
lengths of incubation. Differences in means were
considered significant at P<0.05 for all tests used.
In studies which investigated kinetic parameters of
L-methionine uptake in explants, rates of uptake, V,
against concentrations [S] of L-methionine at 30 min
of incubation, were linearized by conventional
Lineweaver-Burke plot to determine values for Vmax

and Michaelis constant (KM). These values were used
to generate curves relating V and [S] according to the
Michaelis–Menten equation, V=Vmax [S]/[S]+KM

using Microsoft Excel. This software was also used to
test, by regression analysis, the linearity of certain
relationships for the data obtained.

RESULTS

Parameters of uptake

The time course of uptake of L-methionine into
intracellular pools of freshly prepared bovine (beef )
sole tissue explants in culture medium containing
tracer L-[35S]-methionine and 1.0 mmol unlabelled
L-methionine/litre is shown in Fig. 1. The pattern
of uptake is time-dependent and essentially linear
for the first 10 min (y=0.1893x, R2=0.97, P<0.01)
and then becomes curvilinear. The data suggested
that maximum intracellular concentration was
achieved at approximately 30 min with steady state
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Fig. 1. Time course of L-methionine uptake by beef cattle
solear tissue. Freshly prepared explants were incubated in
DMEM/F12, L-methionine-deficient medium supplemented
with 1.0 mmol/litre unlabelled L-methionine and 1.0 mCi/ml
L-[35S]-methionine. Values are shown as means¡S.E.M. for
n=9 replicate cultures.
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concentration being maintained to the 60 min
measurement. Concentrative uptake, in which the in-
tracellular concentration exceeded that of external
culture media, occurred between 5 and 8 min after
exposure of explants to the culture medium contain-
ing unlabelled L-methionine and tracer L-[35S]-meth-
ionine.
The uptake of L-methionine at concentrations

ranging from 1.0 to 20 mmol/litre was measured, after
21 h pre-incubation, in fresh culture medium con-
taining tracer L-[35S]-methionine (Fig. 2). Kinetic
parameters for uptake after 30 min indicate the pres-
ence of a saturable curve and when subjected to a
Lineweaver–Burke analysis (y=0.6178x+0.1712, R2

=0.99, P<0.01, not shown) gave KM and Vmax val-
ues of 3.61 mmol/litre and 5.84 mmol/kg intracellular
water/30 min, respectively. In Fig. 2 the data points
are presented together with the line obtained by sub-
stituting the values calculated for KM and Vmax

into the Michaelis–Menten equation, V=Vmax [S]/
[S]+KM.Measurements were also made on uptake by
beef cattle solear explants exposed to physiological
concentrations of up to 114 mmol/litre, which is the
normal concentration for L-methionine in DMEM/
F12 culture medium (Fig. 3). The data points are
presented together with the line obtained by substi-
tuting the same values calculated for KM and Vmax

(see above) into the Michaelis–Menten equation. The
rate of L-methionine uptake so calculated presents
as relating approximately linearly to L-methionine
in the culture media over the concentration range
studied.

Parameters of incorporation: (a) synthesis of
proteins, (b) synthesis of DNA and (c) effects of

L-cysteine and L-cystine

(a) The effect of L-methionine concentrations in tis-
sue culture medium, on synthesis of proteins in ex-
plants, was measured in TCA-precipitated fractions
solubilized in formic acid. Results from studies mea-
suring incorporation of L-methionine, expressed as a
function of weight of intracellular water, in explants
from dairy cows (Fig. 4) showed a concentration-
dependent (mmol unlabelled L-methionine/litre
(P<0.05) : 10<30, 40, 50, 75; 20<40, 50, 75; 40<50,
75) stimulation in protein synthesis with a peak oc-
curring at 50 mmol/litre concentration in culture me-
dium. Other results (not shown) on solear explants
from beef heifers based on incorporation in relation
to tissue wet weight indicated maximal incorporation
at 30 mmol/litre L-methionine.
(b) Similarly, the magnitude of incorporation of

[methyl-3H]-thymidine in the TCA insoluble macro-
molecular fraction, as a marker for DNA synthesis,
was dependent on concentration (mmol unlabelled
L-methionine/litre (P<0.05): 10, 20, 30<50) in cul-
ture medium (Fig. 5). The highest value occurred
at 50 mmol/litre for dairy cow solear explants. Data
obtained for beef heifers indicated maximum in-
corporation per mg tissue wet weight at 40 mmol
L-methionine/litre (not shown).
(c) In addition, inclusion of L-cysteine and L-

cystine in the medium (at proportions of 0.1, 0.5
and 1.0 of normal medium where normal values in
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Fig. 2. Effect of L-methionine concentration on its uptake by beef cattle solear tissue. Explants were incubated for 21 h in
DMEM/F12, L-methionine-deficient medium supplemented with 0–20 mmol/litre methionine, followed by 30 min incu-
bation in similarly supplemented fresh media containing 1.0 mCi/ml L-[35S]-methionine and uptake measured with corrections
made for isotope dilution. Values for Vmax and KM, calculated by Lineweaver–Burke plot, were used to calculate the curve
line according to the Michaelis–Menten equation (see Material and Methods section). Individual points are mean values for
n=9 replicate cultures.
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DMEM/F12 medium were 145 and 130 mmol/litre,
respectively) had no effect on uptake or incorporation
of L-methionine or incorporation of [methyl-3H]-
thymidine by beef heifer explants. Means values
(¡S.E.), for example, for incorporation (per kg
intracellular water/3 h) of L-methionine (nmol)
were 106¡10.9, 107¡12.9 and 79.0¡13.4 and for
methyl-thymidine (pmol), 94.5¡13.6, 113¡16.8 and
106¡16.3, respectively.

Cell cycle behaviour

Numbers of basal and immediately suprabasal epi-
dermal cells positive for PCNA expression were
greater at the higher (30 mmol/litre) than lower
(1.0 mmol/litre) concentration of L-methionine tested
at 72 h (Table 1). Reductions in expression of
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Fig. 3. Effect of L-methionine concentration on its uptake by beef cattle solear tissue under normal culture conditions.
Explants were incubated for 21 h in DMEM/F12, L-methionine-deficient medium supplemented with up to 114 mmol/litre
L-methionine, followed by 30 min incubation in similarly supplemented fresh media containing 1.0 mCi/ml L-[35S]-methion-
ine. Uptake of [35S] was measured with corrections made for isotope dilution. Values for Vmax and KM, calculated by
Lineweaver–Burke plot were used to calculate the curve line according to the Michaelis–Menten equation (see Materials and
Methods section). Individual points are mean values for n=12 replicate cultures.
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Fig. 4. Effects of unlabelled L-methionine concentration on
protein synthesis in dairy cattle solear tissue. Following 21 h
incubation, explants were incubated with 6.0 mCi/ml L-[35S]-
methionine and its incorporation was measured after 3 h.
Values are shown as means¡S.E.M. for n=12 replicate cul-
tures with S.E.D. (df=66).
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Fig. 5. Effects of L-methionine concentration on DNA syn-
thesis in dairy cattle solear tissue. Following 21 h incubation,
explants were incubated with 2.5 mCi/ml [3H methyl]-thymi-
dine and its incorporation was measured after 3 h. Values
are shown as means¡S.E.M. for n=12 replicate cultures with
S.E.D. (df=66).
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genomic DNA by Feulgen were evident for both
concentrations of L-methionine at 72 h compared
with measurements made at 0 and 48 h. A signifi-
cantly greater number of cells were positive for BrdU
at 48 h when pulsed from time 0 or 24 h at 30, com-
pared with 1.0 mmol/litre L-methionine concentration
in culture medium (Fig. 6). Similar trends were ap-
parent at 24 (P=0.052) and 72 h (P=0.085). A sig-
nificantly more frequent cellular expression of the
apoptosis inhibitor Bcl-2 was evident at 72 h, in re-
sponse to 30 mmol/litre L-methionine on comparison
with 1.0 mmol/litre. Tests for apoptosis in basal and
immediately suprabasal epidermal cells by TUNEL
gave time-associated increases (P<0.05) in positive
signal compared with time 0 and a greater apoptotic
response to 30 mmol/litre, compared with 1.0 mmol
L-methionine/litre, at 72 h (Table 1).

Localization of 35S from L-[35S]-methionine
supplementation

Conventional zinc staining demonstrated a typical
pattern for integumental tissue extracts separated by
SDS-PAGE (Fig. 7). Protein banding was evident in
the molecular weight range for keratins (44–69 kDa)
and intermediate filament-associated proteins
(12–25 kDa). A similar pattern was evident in auto-
radiographs showing incorporation of label in a
similar range of proteins. Results for immunoblots
for separated proteins showed positive signals
for the detection systems for CK5/6 and CK10
which co-localized with bands shown to be positive by
autoradiography. L-methionine concentrations in
culture media of 30 mmol/litre compared with

Zinc 
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30 µM 1 µM

35-S Met

(b)

30 µM 1 µM

CK5/6

(c)

30 µM 1 µM

CK10

(d)

Marker

(e)

100 kDa

75 kDa

35 kDa

25 kDa

15 kDa

50 kDa

Fig. 7. Single dimension SDS-PAGE of extracts of beef cat-
tle solear explants following 24 h incubation in DMEM/F12,
L-methionine-deficient medium supplemented with 1.0 or
30 mmol/litre L-methionine. From left, (a) zinc stain, (b)
autoradiographs for L-[35S]-methionine with similar isotope
dilution (similar ratio of labelled to unlabelled L-methion-
ine), (c) immunoblots for CK5/6, (d ) immunoblots for CK10
and (e) molecular mass marker.
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Fig. 6. Effects of 1.0 or 30 mmol/litre L-methionine concen-
tration on BrdU incorporation in dairy cattle solear tissue.
Explants were pulsed with 0.05 mmol/litre BrdU for 6 h at
various stages through the culture and then removed at 24,
48 and/or 72 h, cryosectioned and immunostained for de-
tection of BrdU in individual cells. Cell counts are presented
per unit length (1.2 mm) of basement membrane Values are
shown as means¡S.E.M. for n=6 replicate cultures with
S.E.D. (df=50).

Table 1. The effect of L-methionine concentration on proliferation (PCNA and Feulgen) and apoptosis (Bcl-2 and
apoptosis by TUNEL assay) markers in bovine sole explants after 48 or 72 h. Epidermal cell counts (means with
S.E.D. (df=25)) in histological sections are presented per unit length (1.2 mm) of basement membrane for n=6

replicate cultures.

0 h

1.0 mmol/litre-Met 30 mmol/litre-Met

S.E.D.48 h 72 h 48 h 72 h

PCNA 105 132 122 153 231 20.4
Feulgen 118 119 90 126 101 13.6
Bcl-2 127 133 88 122 130 17.7
Apoptosis
(TUNEL)

54 91 105 116 146 18.8
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1.0 mmol/litre, produced stronger signals in both auto-
radiographic and immunoblotting systems (results
were consistent between duplicates) indicating a
greater support of protein synthesis in extracts of ex-
plants. Comparisons of major bands by scanning
densitometry gave differences in signal which ranged
between 2.6–3.5 fold for autoradiography and 1.7 and
2.4 for CK5/6 and CK 10 immunoblotting, respect-
ively. Comparisons of the location of 35S label in
cryosections of explants exposed to a 30 min pulse
of L-[35S]-methionine and incubated for 24 h showed
its relative absence in the dermis with clear evidence
of retention in basal and suprabasal epidermal cells
(Fig. 8).

DISCUSSION

The epidermis of the mammalian integument is the
specialized outermost tissue which produces end
products such as skin, hair and claw horn. Such end
products arise from proliferation and differentiation
of epidermal cells under the influence of the underly-
ing dermis. Such differentiation typically includes ex-
pression of genes encoding for (a) keratins which
form IFs of the cytoskeleton and (b) high sulphur
(cysteine)-containing IFAPs. The combination of IFs
and IFAPs in formation of intermolecular disulphide
bonds is an essential process in the formation of
functionally effective horn in the bovine claw. Such
bond formation has been described histochemically
(Budras et al. 1998). The supply of sulphur amino
acids and the relationship between L-methionine and

L-cysteine have been well recognized as important
in the growth and properties of mammalian hair and
other integumental tissues (Gillespie 1991) but are
inadequately quantified. For example, it is clear that
hair growth in sheep may be increased by provision of
dietary protein (Hynd 1989) or in Angora goats by
intestinally absorbable L-methionine supplements
(Souri et al. 1998). However, similar supplementation
of methionine to goats (Galbraith et al. 1998) or dairy
cattle (Metcalf et al. 1998) produced initial responses
which were not sustained beyond the initial 4 or 6
week periods of study. In addition, Laven & Livesey
(2004) observed the absence of significant effect on
development of haemorrhages in cattle hoof horn.
These differences in response probably reflect differ-
ences in the quantities of sulphur-containing amino
acids required to support synthesis of sheep wool or
mohair fibre (kg quantities per year) compared with
requirements for claw horn deposition (c. 700 g/year).
Major similarities in the morphology of the dermis

and epidermis of the hair follicle and horn-producing
structures of the bovine claw are well recognized
(Hendry et al. 1995; Galbraith 1998).
Applying regression analysis to the present results

for kinetics of L-methionine uptake using 1.0 mmol/
litre extracellular concentration, suggested initial lin-
earity for up to 10 min and concentrative uptake
(when intracellular concentration exceeded extra-
cellular concentration) occurring within 8 min. This
was followed by a curvilinear pattern with maximum
accumulation being attained by approximately
30 min with this steady state maintained at least until
60 min. Measurements of the relationship between
uptake and concentration of methionine in culture
medium were made following pre-incubation of 21 h.
Measurements were taken after 30 min which was
shown to produce approximate maximal uptake and
steady state conditions required to support protein
and DNA synthesis in subsequent studies. This ap-
proach produced a saturable curve which obeyed
Michaelis–Menten kinetics and gave values for KM

and Vmax of 3.61 mmol/litre and 5.84 mmol/kg intra-
cellular water/30 min, respectively. It is recognized
that taking measurements after the initial linear
uptake and following exposure to in vitro culture
conditions may have altered sensitivity of uptake
mechanisms compared with those present in vivo or
in freshly prepared tissues. However, applying the
in vitro model to measurement of uptake under
lower (0.114 mmol/litre approximates to 0.03 of KM)
and more physiological L-methionine concentrations
in normal culture media, provided no evidence of
saturation of uptake mechanisms. The results for
explants both freshly prepared and after 21 h incu-
bation both indicate a capacity for substantial uptake
of L-methionine. The concentrations in the mmol/
litre range suggest the presence of low affinity trans-
port mechanisms, the characteristics of which for

D

E

Fig. 8. Autoradiograph of cryosection of beef cattle solear
explant incubated in DMEM/F12, L-methionine-deficient
medium supplemented with 1.0 mmol/litre unlabelled
L-methionine. Explants were pulsed at time 0 with 1.0 mCi/
ml L-[35S]-methionine for 30 min with further incubation
in radiolabel-free fresh medium, removal at 24 h and pro-
cessing. Arrows show autoradiographic signal in epidermis.
D, dermis; E, epidermis. Magnificationr128.
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L-methionine (e.g. Systems A and L) have been
summarized previously (Hyde et al. 2003). While
there appear to be no reports in the literature
describing kinetics of L-methionine transport in other
tissues of the mammalian integument there is evi-
dence in other tissues for low affinity mechanisms
determining uptake of other amino acids. For ex-
ample, low affinity transport with a KM in excess of
1.0 mmol/litre has similarly been described for lysine
in porcine mammary tissue (Hurley et al. 2000). These
authors also indicated the possibility of a more com-
plex analysis of kinetic data to that of the single
saturable curve used in their work. This observation is
consistent with the likelihood that compositionally
complex tissue models comprise of more than one
uptake system. These may, in addition to trans-
porters, include gap junction-facilitated transport
between epidermal cells and trans-basement mem-
brane systems and so are potentially more complex
than in vitro models based on cell culture. However,
the results from the present in vitro model do suggest
that net uptake of claw soft tissues has the capacity
to be increased in response to increases in extra-
cellular concentrations considerably in excess of
those typically observed in vivo (i.e. up to 50 mmol/
litre (Shennan et al. 1997)). Similarly, the absence
of effects on uptake of L-methionine of inclusion
of L-cysteine and L-cystine at concentrations up to
those present in normal DMEM/F12 media suggests
that uptake was non-competitive at the concen-
trations tested. Issues concerning the possible effects
of alterations in L-methionine concentration on up-
take of other amino acids which share common
transport mechanisms can be considered in the con-
text of the apparently high capacity of these systems
(KM in mmol/litre) and the lower (mmol/litre) con-
centrations which optimize responses in incorpor-
ation to methionine supply. However, obtaining data
to describe such effects will require further study.
In terms of the localization in explants, autoradio-

graphic studies showed major concentration in basal
and suprabasal epidermis with very limited retention
of L-[35S]-methionine in the dermis. This result is
consistent with systems of nutrient transportation
in vivo which include routes from vascular dermis into
avascular epidermis and involving gap junction-
mediated intercellular epidermal transport (Gerido
& White 2004). Further analysis by PAGE indicated
that supplied L-methionine supported synthesis of
proteins of a range of molecular weights including
those associated with keratins (44–69 kDa) and lower
molecular weight intermediate-filament associated
proteins (IFAPs) (12–25 kDa). Differences in the 35S
signal indicated a concentration-dependent response
to supply (30>1.0 mmol/litre). The latter IFAP frac-
tion is known to be rich in cysteine which is particu-
larly important in the formation of disulphide trans-
molecular bonds (Gillespie 1991). Co-localization of

CK5/6 and CK10 by immunoblots with bands of
autoradiographic signal gives further evidence that
supplied methionine supported protein synthesis at
both basal and suprabasal levels, respectively. It was
also evident that the immunochemical signal for
these CK was less at the lower concentration of
L-methionine supply in culture medium of explants.
Such results also suggest the maintenance of synthe-
tically competent epidermal cells with patterns of
protein expression typically similar to those of cell
culture systems from other regions of the integument
(Goulet et al. 1996).
It may be concluded from the present work that

apparent uptake capacity for L-methionine is (a) well
above concentrations observed in normal blood con-
centrations in vivo of the order of 50 mmol/litre
(Shennan et al. 1997) and (b) did not limit incorpor-
ation into the TCA-precipitated macromolecular
fraction of the dermal and epidermal tissue in vitro.
In contrast, the incorporation of L-methionine as an
indicator of protein synthesis was shown to be con-
centration-sensitive within the normal haematologi-
cal range. Initial studies on solear explant tissues of
beef heifers indicated maximal intracellular incor-
poration between concentrations in media of 11.7
and 57 mmol/litre with evidence, on the basis of a less
sensitive measurement of expression as a proportion
of wet tissue weight (includes the weight of largely
extracellular dermis), of a peak around 30 mmol/litre.
Values based on intracellular water and derived from
subsequent studies in dairy cattle peaked at approxi-
mately 50 mmol/litre. Similar investigation of the ef-
fect of extracellular L-methionine supply on apparent
DNA synthesis also indicated a concentration-
dependent response with maximal synthesis and
apparent proliferative activity again obtained at
50 mmol/litre. It is interesting to note that these
concentrations in the range of 30–50 mmol/litre
correspond reasonably to the value (50 mmol/litre)
for L-methionine given for the systemic blood of
dairy cows (Shennan et al. 1997), although con-
centrations in the local environment of internal hoof
tissue appear not to have been described. It is also
recognized that variation in the values obtained may
relate to factors such as differences in age and
physiological stage of animals from which explants
were derived.
Further evidence of concentration-dependent ef-

fects of L-methionine on proliferative activity in the
epidermal basal and immediately suprabasal region
was obtained for the proliferation marker PCNA and
for uptake of BrdU. Signals for both were greater in
media containing 30 mmol L-methionine/litre com-
pared with 1.0 mmol/litre with significant differences
or non-significant trends recorded after 48 or 72 h
incubation. Similar patterns of expression have been
demonstrated in tissues such as human tongue epi-
thelia (Cruchley et al. 1998).
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Mechanisms of cellular response to increasing
L-methionine supply may be expected to include
(i) reductions in limitations in L-methionine avail-
ability per se, for protein synthesis (ii) contributions
to production, by transulphuration, of cysteine
for which there is particular demand for synthesis
of IFAPs and proteins in IFs and (iii) provision of
methyl groups for synthesis of polyamines which are
essential for synthesis of DNA and protein in cells
undergoing mitosis (e.g. Reis 1989). More recent
considerations, although not defined in bovine claw
tissue, have included a more direct role of amino
acids and their availability in the modulation of gene
expression. Among suggested mechanisms are sensing
by amino acid transporters and signalling by the
kinase mTOR (mammalian target of rapamycin)
pathway (e.g. Hyde et al. 2003).
Results from histological studies on basal and

immediately suprabasal cellular activity were par-
ticularly interesting in comparing responses to
1.0 mmol/litre or 30 mmol L-methionine/litre after 72 h
incubation. There was evidence for a greater ex-
pression of the apoptosis inhibitor Bcl-2 at the higher
L-methionine concentration for which numbers of
positive cells were similar to those recorded at the
beginning of the culture. Such numbers were signifi-
cantly decreased for the lower L-methionine concen-
tration consistent with increases in the apoptotic
(TUNEL) signal. However, the anti-apoptotic result
for 30 mmol/litre methionine was confounded by an
apparently greater apoptotic (TUNEL) response un-
der similar conditions. It is not clear whether this
latter result for TUNEL derives from greater relative
expression of pro-apotopic compounds such as
Bcl-2-associated X protein (BAX), which was not
measured, or represents a problem with methodology
such as discussed for other studies (e.g. Labat-Moleur
et al. 1998). It is also possible that basal cells were
undergoing faster turnover (i.e. greater rates of pro-
liferation and apoptosis under conditions of the
study) with the balance in favour of proliferation. The
data for PCNA, Feulgen and BrdU for basal and
immediately suprabasal cells support this possibility.
While enucleation occurs normally in later differen-
tiation of epidermal horn-forming cells, the effects of
such early apoptosis, without increased proliferation,
may be expected to reduce production of suprabasal
cells and subsequent protein gene expression. Such a
reduction was not obtained and the increases in pro-
tein and apparent DNA synthesis also observed in

incorporation studies and in synthesis of individual
keratin proteins would consequently be expected to
contribute to increased deposition of claw horn in
vivo. It is evident that the use of TUNEL method-
ology in hoof tissue requires further investigation.
In terms of responses in vivo, results from one study

(Galbraith et al. unpublished) showed that sup-
plementation of dairy heifers throughout pregnancy
with 5–6 g/day rumen-protected L-methionine which
produced small although significant (P<0.05) in-
creases in mean systemic blood concentrations (23.2
v. 19.2 mmol/litre), had no effect on growth charac-
teristics of, or concentrations of L-methionine or
L-cysteine in, claw wall horn collected 2–3 days
post partum (Galbraith et al. 2006a). These results
contrast with those of Clark & Rakes (1982) who re-
ported increases in rates of growth but reductions in
the incorporation of L-cysteine into upper claw wall
horn of dairy cattle supplemented for 70–90 days with
the quantitatively greater 30 g/day of methionine hy-
droxy analogue. It is apparent that supplementation
of the diet in vivo to produce a range of systemic
concentrations of L-methionine to beyond 50 mmol/
litre will be required to test the validity of the above in
vitro data.
In conclusion, the results from the present study

provide new information on the effect of variation
in extracellular L-methionine supply on the physico-
chemical, protein synthetic and proliferative behav-
iour of bovine solear epidermis and dermis in vitro.
Extrapolation to nutritional supply in vivo suggests
the appropriateness of delivery of systemic concen-
trations of 50 mmol/litre L-methionine to maximize
proliferative and protein depositional activity in so-
lear epidermis. Future work could usefully investigate
(a) the value and means of delivering such optimal
concentrations in vivo and (b) the mechanisms
of sensing and signal transduction in the dermal-
epidermal unit and horn-forming cells in response to
such nutrient supply.
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