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Abstract

Thehedth and function of thebovineclaw
is dependent upon sound nutrition and feeding
practices. Inthiscontext, the avoidance of rumen
acidosis, whichisconsidered to bethe predominant
predisposing cause of laminitis, isbelieved to be of
paramount importance. Acidosisinitsacuteform
isalifethreatening disease. Initssubclinica form,
acidos scontributesto decreased performance, poor
body condition, and lameness most often dueto
laminitisand related claw disorders. Inadditionto
beingthesnglelargest component of thedairy cow's
diet, the one most often incriminated in rumen
acidosisand laminitisiscarbohydrate. Therapid
fermentation rates of certain non-structural
carbohydrates place desirable rumen microbesin
jeopardy. Therefore, rations must be carefully
formulated and fedto avoid potentid problems. Not
all studiesreportedintheliterature have been able
to demonstrate an association between rumen
acidosis and laminitis. These inconsistencies
ubgtantiatethe view of most peoplethat laminitisis
multi-factorid andlikely complicated by many other
factors. Rumen pH isabalance betweentheacid
produced by carbohydrate fermentation and rumen
buffering from saliva. Heat stress contributesto
rumen acidosis by altering feeding behavior
(encouraging dug feeding) and reducing salivary
buffering. Although occasionaly questioned asa
cause of laminitis, the effect of elevated levelsof
dietary proteinin dairy cattledietshasnot shown
conclusiveevidence of contributing to laminitis.

Researchintotheroleof vitamins, particularly biotin,
suggestssignificant benefitsto claw hedth. Similar
information existsontheroleof mineralsandtrace
minerasindairy cattlediets. A claw healthy diet
shouldinclude appropriate supplementation of both
vitaminsand minerasto support the proper growth
and development of claw horn. Laminitisresults
from disrupted blood flow inthe corium that leads
to damage of the dermal-epidermal junction and
theunderlying connectivetissuematrix of thecorium.
I nflammeation predi posesto the activation of matrix
metall oprotei nases which break down the strong
collagen fiber bundles of the suspensory apparatus
of 3 phalanx (P3). This permits sinking and
rotation of P3 and predisposesit to the ulcers of
thetoe, sole, and hedl. Thereare, however, dternate
theoriesthat suggest hormona changesassociated
with caving may bemgjor contributorstoweskening
of the suspensory apparatus. If these observations
are correct, it may help to explain those
incons stenciesintheliterature and those observed
clinically that do not show a clear relationship
between laminitisand nutrition.

Introduction

The management of feeding and nutrition
arethe primary areasof interest when attempting to
reducelameness problems. Thismay or may not
bethe correct gpproach depending upon the specific
types of lameness experienced. For example, it
would behardtoinfluencetheincidenceof infectious
foot diseases (foot rot, interdigital dermatitis, or
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digital dermatitis) by manipulation of thediet aone.
Laminitis and claw disorders share a closer
relationship to metabolic disease disorderswhich
areoften linked to nutrition and/or feeding issues.
Cow comfort condderationsareadsocritical factors
in sorting out lameness problems and must be
evaluated in herd problem situations as well.
However, for the purposes of thisdiscussion, our
attention will beon nutrition and claw hedlth.

RumenAcidosis

Acidosisisgenerally associated with the
ingestion of largeamounts of highly fermentable
carbohydrate-rich feedswhich ultimately resultin
theexcessve production and accumulation of lactic
acidintherumen. Init’'sacuteform, thediseaseis
characterized by severe toxemia, ataxia,
incoordination, dehydration, ruminal stasis,
weakness, and recumbency. Themortality rateis
high. Thesubclinica form of rumen acidosis(better
knownasSARA, for Sub-AcuteRumenAcidoss)
is far more common than the acute form of this
disease. Mgor dinica manifestationswouldinclude
variablefeedintake, depressed fat test, poor body
condition despite sufficient energy intake, mildto
moderatediarrhea, and occasiond casesof epigtaxis
(nose-bleed) or hemoptysis (the expectoration of
blood fromthemouth). Conditionssuchaslaminitis
or undefined lameness, abomasal disorders, and
liver doscessesaregeneraly secondary observations
(Nocek, 1997; Nordlund, 2002).

Although few studies have been ableto
establishadirect link between rumen acidosisand
laminitis, most assumethat thefeeding programisa
major underlying factor. Inreality, much of the
information ascribed to cattleisbased oninformation
from studiesof starch overloading modelsin horses
(Garner et a., 1975; Vermunt and Greenough,
1994). Recent work suggeststhat an oligofructose
overload model may be appropriatefor the study
of acutebovinelaminitis. Researcherswereableto
successfully create classical symptomsof rumen

acidosis and laminitis in cows treated with an
aimentary oligofructoseoverload (Thoefner etdl.,
2004). Thefollowingisan attempt toidentify some
of themoreimportant predisposing factorsrelative
to nutrition and feeding of dairy cattle.

Nutrition and feeding considerations

Rumen fermentation disordersthat resultin
acidosisaretypically traced to dietswith excessve
levels of highly fermentable carbohydrates and
inadequatelevelsof effectivefiber (Nocek, 1997).
Even with high quality ingredients and proper
formulation of thediet, what endsup in front of the
cow isstill at the mercy of those responsible for
mixing, ddivery, and management of thefeed bunk.
Add to these selective eating or feed sorting
behavior of cows(Leonardi and Armentano, 2000)
andit’seasy to seethat there’'sampleroomfor error.
Equdly important aredietary changesthat naturaly
occur during the cow’slactation cycle. Inrecent
years, nutritionist’ shave concentrated their attention
onfeeding programsduring thetranstion periodin
an attempt to easethe adjustment of cowsto higher
energy rationsnecessary to sustain milk production.
A Horidastudy concluded that largedifferencesin
thefiber and net energy content of closeup and early
lactation diets can contributeto anincreaseinthe
incidenceof rumenacidossand subclinica laminitis
(Donovan et al., 2004).

Carbohydrate

Feeding rations high in non-structural
carbohydratesto animalsthat are not sufficiently
adapted hasthepotentid toresultinalowered rumen
pH. Lowered rumen pH isassociated with achange
intherumen microflorafrom predominantly gram-
negativeto predominantly gram-postivelacticacid-
producing bacteria. Coincident withthischangein
rumen pH and microfloraistherel ease of endotoxin
fromtheouter cell wallsof dying and disintegrating
gram-negative bacteria. Aided by adamaged and
dysfunctional rumenmucosa, lacticacid, endotoxin,
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and possibly histamine, areabsorbed into theblood
stream. These productsarerapidly dispersed to
themicro-circulation of the corium, wheredirectly
or indirectly (through vaso-activemediators), blood
flowisdisruptedleading tothelesonsobservedin
laminitis(Nocek, 1997; Vermunt and Greenough,
1994).

While there is little dispute that rumen
acidosismay occur asdescribed above, it'snot clear
that laminitiswill inevitably occur asaconsequence.
Three studies observed no correlation between
laminitis and the feeding of rations high in
carbohydrate (Smit et al., 1986; Frankena et
al.,1992; Momcilovic et al., 2000). Despite
conflicting informationintheliterature, onewould
still have to conclude that there seemsto be an
association (albeit complex) between carbohydrate
nutrition, rumen acidosis, and laminitis, but more
research isneeded to sort out the detail s of these
relaionships.

Protein

Feeding highlevelsof proteininthediet of
dairy cowsand the potential to causelaminitisor
lamenessissurdly lesswell understood. Outbreaks
of laminitisin calvesfed milk replacer and starter
rations containing 18% digestible protein are
reported fromlsrael (Bargai et a., 1992). Calves
affected were4 to 6 monthsof ageand had lesions
inther clawscong stent with severeacutelaminitis.
Although thisisaninteresting observation, most
would view the suggestion that high proteinwasthe
cause of thisproblem with significant skepticism,
since milk replacers and rations containing 18%
protein (or higher) arecommonly fed to calvesand
young stock throughout North Americawithout
incident. Onthe other hand, resultsof aCanadian
study found no relationship between thelevel of
protein fed and lesions associated with laminitis
(Greenough et al., 1990; Greenough, 1990). In
consideration of the aboveinformation, one must
concludethat thereissmply insufficientinformation

3

to know what effects, if any, protein may haveon
foot hedlth.

Vitamins

Vitamin deficiencies sufficient to cause
obviousdisease arerelatively rare under modern
feeding conditions. More common are those
conditionswherevitamin levelsare sufficient to
prevent the occurrence of clinical disease but
possibly insufficient to support optimum growth and
performance. For example, rickets from a
deficdency of Vitamin D isextremey uncommonsance
hay and exposureto sunlight normally providethe
cow with amplequantitiesof thisvitamin. Onthe
other hand, sporadic instances of white muscle
disease associated with Vitamin E and selenium
deficiency occur inun-supplemented animalsraised
in areas where soils are normally deficient in
selenium. Sudden death or calves exhibiting a
generalized weakness or stiffness of thelegsmay
be observed in animals affected. VitaminA has
important roles in the maintenance of epithelial
tissues, including claw horn.

The B-Vitaminsare synthesized by rumen
micro-flora, and therefore, until recently, rarely fed
todairy cattle. Theoneexceptioninrecenttimeis
biotin. Biotinisessentid for keratin-proteinsynthesis
andtheformeation of long-chainfatty acidsthat make
uptheintercellular matrix of claw horn (Mulling et
al.,1999). Canadian research suggested that cattle
fed high grain dietsare subject to potentia biotin
deficiency sncetherumen microbesresponsiblefor
biotin synthesis are sensitive to low rumen pH
(Girard, 1998). Sincethen, several feedingtrias
with biotin supplemented at arate of 20 mg/day
have shown benefitsto claw health, including: an
improvement in the healing rate of sole ulcers
(Lischeretd., 1996; Koller etd., 1998), adecrease
intheoccurrenceof vertica wal cracksinbeef cettle
(Campbell et al., 1996), animprovement inwhite
linehealth (Midlaet al., 1998), adecreaseinthe
incidence of lamenessin pastured dairy cattlein
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tropical Audtralia(Fitzgerald et d., 2000), reduced
theincidence of sole hemorrhagesand increased
milk production in biotin-supplemented cows
(Bergstenet d., 2002), improved horn quality and
strength (Koster et d ., 2002), and improved white
linehealth (Hoblet et a., 2002). Whilecost anda
lack of scientificinformation were oncereasonsto
questiontheva ueof biotin supplementation, current
cost and agrowing body of scientificinformation
suggeststhat biotinisworthy of consderationinthe
dietsof lactating dairy cattle.

Minerals(including trace minerals)

Mineralshaveat least 3 broad functionsin
theanimal’sbody: 1) asstructural components of
body organs and tissues, 2) asconstituentsof body
fluidsand tissueswherethey functionto maintain
proper osmotic pressure, acid-base balance, and
membrane permeability, and 3) as catalysts in
enzymeand hormone systems (Underwood, 1981).
The specificrole of mineralswith respect to foot
health have been reviewed previously (Socha, et
al., 2002; Tomlinson et a., 2004).

One of the macro-minerals of greatest
interest reldivetodaw hornintegrity iscdcium (Ca).
Thedifferentiation of keratinocytesin claw horn
epithelium requires Cafor the proper function of
enzymesin biochemical pathwaysthat ultimately
result in the proper keratinization of horn cells
(Nocek, 1997). Any deficiency that may occur,
such aswith hypocal cemiaduring the peripartum
period, would have the potential to negatively
influence normal maturation of keratinocytesand
thusaffect theintegrity of horn produced duringthis
period (Mulling et al., 1999). Inview of thefact
that hypoca cemiaand lamenessare both common
disordersindairy cattle, thiswould seem an areaof
interest for further research.

Thetrace minerals zinc and copper play
important roles as enzyme catalysts in keratin
synthesis. At least 2 studies have reported an

improvement in foot health from thefeeding of a
zinc methionine complex or organiczincinacorn
and grass silage-based diet (Moore et al., 1988;
Reilingetd., 1992). Theroleof copper inkeratin
synthesisisthroughtheenzymethiol oxidase, akey
enzymeinthebiochemica pathwaysnecessary for
the cross-linking of keratin filamentswithin the
keratinocyte. Cross-linking of keratin filaments
impart strength to the cell, making it moreres stant
to mechanical and physical forces (Sochaet al.,
2002).

Sdeniumand Vitamin Eareknownto have
important functionswith respect to theresistance
of animastoinfectiousdiseases. Sdeniumfunctions
within the cytosol of the cell asaco-factor for the
enzyme glutathione peroxidaseto protect cellsand
tissuesfrom oxidative damage. Vitamin E serves
as a specific lipid-soluble antioxidant in the
membraneof thecell whereit protectsthecell from
chain reactive auto-oxidation of membranelipids.
While specific dataon foot health and selenium
supplementation are lacking, one might expect
increased resistanceto infectiousfoot diseasesin
animaswhosesdeniumand Vitamin Erequirements
aremet.

Heat stress and rumen acidosis

The primary avenuesfor heat lossduring
periods of hot weather are sweating and panting.
In severe heat, panting progressesto open-mouth
breathing, characterized by alower respiratory rate
and greater tidal volume. Theresultisrespiratory
alkalosis caused by the increased loss of carbon
dioxide. Thecow compensatesby increasngurinary
output of bicarbonate(HCO,). Simultaneoudly, the
sdivary HCO, pool for rumenbufferingisdecreased
by the loss of saliva from drooling in severely
stressed cows. Theend result isrumen acidosis
because of reduced rumen buffering and an overal
reductionintotal buffering capacity (Daeetd.,
1954).
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Theeffect of ambient air temperatureon
rumen pH wasevauated in lactating Holstein cows
fed either ahigh roughage or high concentratediet
in both acool (65°F with 50% relative humidity)
and a hot (85°F with 85% relative humidity)
environment. Rumen pH was lower in cows
exposed to the higher temperatures and thosefed
the higher concentratediets (Mishraet al., 1970).
These observations have been corroborated by
others (Bandaranayakaand Holmes, 1976; Niles
et a., 1998), supporting the current view that
increasing the energy density of rations to
compensate for reduced dry matter intake during
periodsof hot westher isnot without Sgnificant risk.

Connection Between Rumen Acidosis,
Laminitis, and L ameness

Thedermal-epidermal junctionisahighly
gpeciaized regionwithintheclaw that servesasthe
interface between the vascular and non-vascul ar
tissue. Itisalsothe specific site of thelesion of
laminitischaracterized by sinkingandrotation of the
P3 and the accel erated production of poorer quality
claw horn. For the purposes of understanding the
lesions as they occur at the cellular level, it is
important to have at least amental pictureof this
region.

Corium (or dermis) and epithelium

The corium consists of connectivetissue
with arich supply of blood vessels and nerves.
Adjacent to the corium (moving inthe direction of
theclaw horn surface) isthe basement membrane,
germind epithelium, stratum spinosum, and findly,
the stratum corneum, otherwiseknown asthehorn
layer. Althoughthey haveno direct blood supply,
cells within the lower layers of the epithelium
(germind epithelium and lower layersof thestratum
spinosum) are“living cells’ by virtue of nutrients
and oxygen recelved from theunderlying corium by
diffusion across the basement membrane. The
germinal layer is an active region of cellular
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proliferation and differentiation. Cellswithinthis
layer that differentiate into keratinocytes (cells
capableof producing and accumulating keratin) will
gradualy moveoutward into the stratum spinosum.
As they do, they continue to produce and
accumulatekerainprotens. Eventudly, cdlsmigrate
aufficiently away fromthecoriumthat they nolonger
receive an adequate supply of nutrientsand oxygen.
At thisstage, they begin to undergo the process of
desth and cornification (formation of cdlsinto horn).
Clearly, any conditionresultinginadisruptioninthe
flow of blood to the corium not only affects the
corium, but a so theepithelium and thus, theintegrity
of claw horn.

Laminitis- lesions at the cellular level

Thepathogenesisof laminitisisbelievedto
be associated with a disturbance in the micro-
circulation of blood in the coriumwhichleadsto
breakdown of the dermal-epidermal junction
between the wall and P3. As described earlier,
rumen acidosis is considered to be a major
predisposing cause of laminitisand presumably
mediates its destructive effects through various
vasoactive substances (endotoxins, lactate, and
possi bly histamine) that arereleased into the blood
stream in coincidence with the development of
rumen acidos sand the subsequent death of rumen
microbes. These vasoactive substancesinitiate a
cascade of eventsin the vascul ature of the corium,
including adecreasein blood flow caused by veno-
constriction, thrombosis, ischemia, hypoxia, and
arterio-venousshunting. Theend resultisedema,
hemorrhage, and necrossof coriumtissues, leading
tofunctiona disturbancesincluding theactivation
of matrix-metalloproteinases(M M P) that degrade
the collagen fiber bundles of the suspensory
apparatusof the P3 (Boosmanet al., 1989). This
iscomplicated still further by theactivation of horn
growth and necrosisfactorsthat resultin structural
dterationsinvolving the basement membraneand
capillary wals(Mulling and Lischer, 2002).
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Changes occurring in the epidermis are
secondary to vascular disturbancesthat result in
reduced diffusion of nutrientsfrom thedermisto
theliving layersof theepidermis. Thisinterrupts
cdlular differentiationand proliferationinthegermind
layer, and thekeratinization of epithelid cellsinthe
stratum spinosum. The quality of claw hornis
dependent upon keratinizationwhich givesthehorn
cell structural rigidity and strength. In conditions
resultinginvascular compromise, such aslaminitis,
thekeratinocyte may becomeinjured or inflamed
from being deprived of nutrients. Theendresultis
the production of poorly keratinized (weak or
inferior) horn that weskenstheclaw horncapsule's
resistanceto mechanical, chemical, and possibly
evenmicrobid invasion. Thus, theterm clawhorn
disruption has been proposed as possibly amore
appropriate term for laminitis and particularly
subclinical laminitis(Logueetd., 1998).

Laminitis - sinking and rotation of the third
phalanx

Thewesakest link between the attachment
of P3to the basement membrane of theepidermis
(referredto as“thelocusminorisresstentiag”’) isat
the dermo-epidermal junction (Mullingand Lischer,
2002). This region is also referred to as the
“sugpensory apparatus’ and includesall structures
between the surface of thebone and theinner aspect
of thecornified claw capsule (that is, theinner layers
of theepithelium upto andincluding inner portions
of thestratum corneum). Theinterface betweenthe
dermd and epidermal componentsof the suspensory
apparatus are the interdigitating dermal and
epidermal laminae. The crucial part of this
suspensory gpparatusisthe seriesof collagenfiber
bundles that run from the surface of P3 to the
basement membrane. Itistheweakening of this
tissue that is believed to be responsible for the
displacement of P3 which predisposesthe claw to
disordersincattle.

The* supporting tissues’ within the claw
capsulearemadeup of 3 parts: 1) connectivetissue,
apart of which enclosesthedigital cushionsand
extendsinto, and becomes part of, theinterdigital
ligaments which support the axial side of P3, 2)
vascular tissue, and 3) adiposetissuewhich comprise
thedigita cushion. Collagen fiber bundleswhich
compriseconnectivetissueinthesupporting sructure
of theclaw are believed to be affected smilarly to
thosein the suspensory apparatus during bouts of
laminitis

Destruction of the dermal-epidermal
junction hasparticular consequencesin cattleasit
permits weakening of the suspensory apparatus
within the claw. As the suspensory apparatus
weakens, P3beginsto“sink” or “rotate” withinthe
claw. Theresultiscompression of thecoriumand
supporting tissuesthat lie between P3 and the sole.
Whenthis* P3snking phenomenon” involvessevere
rotation of thetoe portion of P3 downward toward
the sole, atoeulcer may develop. If, ontheother
hand, sinking of the P3issuch that therear portion
sinksfurthest, compression and thusasoleulcer is
morelikely to developintheareaof the heel-sole
junction (knownasthe“typica Ste”’ or thestemost
commonly associated with the devel opment of sole
ulcers). Soleulcersarevery commonclaw lesons
indairy cattleand congtitute one of the most costly
of lamenessconditions(Mulling and Lischer, 2002;
Lischer etal., 2002).

Alter native mechanisms responsible for
damage and/or weakness of the suspensory
apparatus

Researchers from the United Kingdom
suggest theremay beacombination of biochemica
and biomechanica mechanismsresponsiblefor
weakening of the dermal-epidermal segment
between the wall and P3 (Tarleton and Webster,
2002). Their work suggeststhat weakening of the
suspensory tissue at thetime of calving may bea
result of theactivation of matrix metalloproteinases
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by agdatinolytic proteasethey refer toas™ hoofase.
Levelsof thisenzymewere highest in the claws of
heifersfrom 2 weeks pre-calving to 4 to 6 weeks
post-calving. These researchers also propose
another factor responsible for weakening of the
suspensory apparatusthat isnot associated with
theinflammatory changesnormaly observed with
laminitis. Hormones, respongblefor relaxation (such
asrelaxin) of the pelvic musculature, tendons, and
ligamentsaround thetime of calving, may havea
amilar effect on the suspensory tissueof P3aswell.
Their data further suggest that although this
weakening of the suspensory apparatus may bea
natural occurrence, housing of animals on soft
surfacesduring thetrangtion period may besufficient
toreduceor alleviate the potential for permanent
damageto thesetissues (Webster, 2002). Others
suggest that snking and rotation of P3isassociated
with unexplained structura aterationsoccurring on
the surface of P3 wherethe suspensory tissuesare
anchored (Mulling, 2002). Regardlessof theactua
mechanism, theresult isapredisposition to claw
disordersthat often result in permanent damageto
the sugpensory and supporting tissueswithinthedaw
and Lischer, and ahigher risk of lameness. These
studies also support the view that laminitis is
complex and multi-factoridl.

Summary

Nutrition hassignificant influenceson claw
health in dairy cattle. Damage to the dermal-
epidermd junctionasoccurswithlaminitisinterferes
withthediffusion of nutrients acrossthe basement
membraneinto theliving layersof the epidermis.
Furthermore, disruption of the basement membrane
and germinal epithelium restricts normal
differentiation and proliferation of keratinocytes
destined to become claw horn. Theendresultis
weaker, lessresistant claw horn. Rumen acidosis
predisposesto laminitis. Itismost often associated
with the ingestion of large amounts of highly
fermentable carbohydrate-richfeedsin combination
with fiber sources low in effective fiber. Some
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degree of acidosis seems unavoidable sincewhat
endsupinthecow’srumenisnot totally determined
by therationformulation, mixing, or delivery tothe
feed bunk, but to some extent by the cow and what
she electsto consume. Thelevelsof proteinin
rationsare often questioned relaivetotheir potentia
for causing laminitis-likeproblems. To date, there
Isno convincing evidencethat highlevelsof protein
areresponsblefor laminitis. Vitaminsand minerds
haveimportant rolesin claw hedth asthey support
keratinocyte proliferation and differentiation. They
areaso necessary for proper keratinization within
horncells. Thereisstrong evidenceof ardationship
between rumen acidossand laminitis; however, this
has not been documented by all studiesreportedin
the literature. Recent development of abovine
research model may help to establish a clearer
understanding of this relationship in the future.
Currentinformation suggeststhet laminitisisadiseese
affecting tissuesat the cellular level. * Claw horn
disruption” isthe phase preferred by some who
believethat thismoreaccurately describesthelesion
of laminitis. Reduced keratinization isamajor
complication of laminitisand resultsintheproduction
of soft weak hornthat islessresstant to physical or
mechanical forces. Sinking and rotation of P3isa
secondary consequence of the damage caused by
metall oproteinase enzymes released during the
course of the disease. These enzymes are
responsiblefor degradation of the collagen fiber
bundlesin the suspensory apparatus of P3which
createslaxity in thissupport system and permits
sinking and rotation of P3. Recent work suggests
that anovel enzymetermed“hoofase’” may dsoplay
an important role in the activation of
metalloproteinase enzymes. Hoofasewasfound
toincreasedgnificantly inanimasat or near thetime
of calving. A second mechanismisbelievedto be
associated with the hormonal changesthat occur
around thetimeof calving. Itisproposed that the
same hormonesresponsiblefor relaxation of the
pelvic musculature (e.g., relaxin) near thetime of
calving have asimilar effect on the suspensory
gpparatusof P3. Theseresearchershavedsofound
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that housing of animalson soft surfacesthroughout
thetransition period permitted recovery of these
tissues, thus preventing permanent damage.
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