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Abstract

Abrupt diearychangesincreaséhaor sebd6s ri sk for devel oping

such as colic or laminitis. Understiing the impact of various feedad feeding practices on
feeding behaviorra gastrointestinal functiocreates a wholanimal perspective thatlows for

a moreholistic interpretation of the effects of abrupt digtchanges on the hindgut
environmentUnfortunately, few reports exist that have examined the effects of abruptydiet
changes in the horsehiE study was designed determindghe effects of variousbrupt dieary
changes on the hindgenvironmentin 4 sequential experiments, horses were exposad to
abruptchange from a baselimation to a complete pelleted diet, an abrehEinge from a
baselineration to a 100% grass hay tlian abrupt changeom a prairiehay ration to an alfalfa
hay ration, and aabrupt change from a baselirsion to a large concentrateeal. These dietary
challenges werehosen to mimic reakorld scenarios that horse owners are likely to encounter
Theseexperiments wer arrangednto a longitudnal trial in which theeffectsof the abrupt
dietarychangeon cecal and fecgbH, total lactate and volatile fatty acid (VFA) concentrations,
cecallactateutilizing bacteridpopulations and fecal dry matter (DMyere comparetb values
obtainedwhile horses were consumitige baselinediet In the first experiment, decreaseetal

(P’ 0.000) andfecal(P’ 0 . @HWldey combined with increasedcaltotal lactatgP
0.001)andfecal VFA concentrationgP = 0 . (nhOicatéthat the abrupt change to a complete
pelleted diet disrupted the stabildythe hindgtienvironment. Because ceqil valuesvere
below 6.0, this dietary challengeay be significanénoughto elicit subclinical fermentative
acidosis andtherdoy, increase colic risk. The dietachange to grass hdmad little impact on the
hindgut environment, as pH, total lactated & FA concentrations remainsthblePO 0 .10 5)

general, horses mayell tolerate an abrupt increase in the fibrous compooitiite diet and the

(



elimination of concentrate, a dietary shift that presents a more natural diet to th@ herse.

abrupt chang® alfalfa hayelicited alterations in cecal p?~  0), t@allactat§P” 0 .)000 1
and VFA concentrationd® '  0), a@diactateutilizing bacterid populationshowever, fecal
parameters varied little in response to theadtigthangg(P O  0), indliatingthat the distal

hindgut may be more tolerant to abrupt changes in forage sdhatethe cecal environment

Here, he potentially adverse shifts in cecal parameters indicate that an abrupt change in hay type
and qualityalters the fermentative environment of gfreximalhindgut and may increase a
horseds ri sk f or Sigiadyttheabiupt ntedotion of a largecconseptrats e .
mealelicited a decrease oecal pH(P~ 0 ) @ofigswithincreases intotal lacta(f™ 0. 00 1)
and VFA concentrationd®®’ 0 in@h& g¢ecum that wernsistent with previously reported
experiments in which horses weregpented with large increases in dieteoycentrate Notable

shifts in lactateutilizing bacteridgrowth curvesvere also observed. Overdligse results
provideevidence of environmental alterations in the equine hindgustipgtortepidemiological

reports that associate abrupt changes in the amount and type of concentrate, hay type and quality,

and forage:concentrate ratio with increased risk for gastrointestinal disdasses

Key words:cecum dietary change, equinehindgut,lactateutilizing bacteria
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Feeding Manlaggenemhit vebhBgé& sawmidomn s ,

Gastrointestinal Heal t h

Abstract

Dietary compositionand feeding practices affect feeding behavidigestiveparameters,
and gastrointestinal health in equiniestgeincidence estimatedsr abnormal behaviors and
stereotypiesnd gastrointestinal diseasesquine populationsave prompted szarchers to
investigate the tationships betweemanagemenpracticesand health factor®ietary
compositionmpacts ingestive behaviors, intake preferences, and may influence the development
of abnormal and stereotypical behavitirat may indicate destive distresDietary
componentsas well as the degree of feed processitigr masticatiorand prececal digestion
Dry matter content, seasonaldf/feedstuffs and palatability of feedstuffs affect intake
preferences and may be related to gasestital and metabolic disorders. Abnormal behaviors
and stereotyips often develop ienvironments associated with intensive management practices
and lowfiber and highconcentrate diets. Together, these prandial factors impact carbohydrate
digestion andlasorptionthroughouthe gastrointestinal tracAdditionally, the extent of
mastication affectthe degree of prececal carbohydrate digestion isrtied! intestie, and the
physical form of the feed armbmpositionof the diet altemean retention timesndrates of
passage through the gunpaired prececal digestibility disrupts the microbial ecosystem of the
hindgut and increases an anithask for developing intestinal illnesses and metabolic

disorders, such as lamand laminitis when digestiveontents spill over into the hindguthese

n



conditiors are of particular concern whharses encountabrupt diesry changes.
Understading the impact of various feedstu#fad feeding practices on feeding behaviat a
gastrointestinal functiooreates avhole-animal perspective thatlows for a more holistic
interpretation of the effects of abrupt @stchanges on the hindgut environmant maylead

to improved equine management practices

Introduction

Althoughequipped with a monogastric foregtiiorses have a set ahiquehindgut
adaptations that enaltleemto thriveon foragesAn augmentednd specialized large intestine,
in addition toseveraimodifiedaccessory organalows themto overcome the limitations of the
foregut slow the rate gbasage through the hindgutse microbial fermentation to laedown
complex carbohydrateandobtain up to 80% of thegnergy requiremenfsom the fermentation
by-products oforagebased diet(Vermorel et al., 1997aWhile this system functions weh a
natural environment, it predisposes horses to digestive disturbambesmodern management
schemes. Furthermore, intensely mandgeding regimens, along witither environmental
factors, can prompt the development of stereotypical behaviors @@glAlthough the majority
of horses toleratthese byproducts odomesticationannualeconomic losses from affected
horses have been estimatede$115.3 million for colicalone(Traub-Dargatz et al., 2001).
Costs associated with abnormal behaviogs\does associated witllentalinjury and property

damagehave not been estimated

Prevalence of Abnormal Behaviors and Gastrointestinal Disease

Animal welfare concerns have prompted investigaitnbo the causal factors associated
with stereotypical behadors and vicesn the horseCurrent theories suggest that these behavioral

responses compensate émvironmental inadequacies or agressionsf frustration



(Hothersall and Nicol, 20Q9For example, coprophagia, geophagia, wobdwing, andedding
consumptiorare perceivetb becompensatory responstesdietary deficienciegHothersall and
Nicol, 2009. On the other hand, criblg andwindsucking are thought to laétemps at
increasing salivation, although these behawordd also originate from frustratiar pain
(Hothersall and Nicol, 20Q90thervices such as weaving, pawing, headshaking, and self
mutilation, are more severe behaviors tatybe rooted irenvironmental frustrations (Cooper
and Mason, 1998 Thesebehaviors are not only dangerous to the animadstheir handlers, but
also areenergetically expensive amdn beaccompanied bynuscle damage and fatigue
(McGreevyet al, 1995. Wood-chewing is prevalenhi30.3% of young horseand74.0% of
younghorses thacrib havepreviously demonstrated woathewirg behaviordWaters et al.,
2002). In the general horse populatimtidence estimates fanése behaviors vary, but as much
as6.8 t011.8% of horses chew wood while 4.1 to 4.4% of horseqNrdol, 1998 Albright et
al., 2009; Malamed et al., 201Mterestingly, these behaviors are not reported in feral horse
populations, butheyhave been noted in Przewalski horses maintained in captivity (Boyd, 1986).
Thereforge domestication and modern managgmpractices may be to blame for the prevaden
of these abnormal behaviaad stereotypies

Gastrointestinal disorders, such as gastric ulcers, fermentative acidosis, laminitis, and
colic, are more prevalent in intensively managed animals araftarettributed to dietary
compositionandfeeding management practices (Durham, 2088)rews and lddeau (1999)
estimated that 25 0% of young, growing horses are afflicted with gastric ulcers, partly due to
weaning stress and the addition of concentrate to theQttetrresearchersvestigatingadult
horse populations have reporgaistric ulcers in 70.9% of Thoroughbred broodeséle June et

al., 2009) 58% of performance hors€bicClure et al., 1999)and 66 t®3% of racehorses



(Andrews and lddeau, 1999)n the hindgut]arge quantities ofeadily fermentable
carbohydrates (CH®R) promotefermentativeacidosis which couldresult inlaminitis andead
to debilitating lameneg$ioffman et al., 2001 Microbial populationsn the hindguferment
CHO-Fg to produce lactic acid. The sudden accumulation of lactate acidifies the lumen of the
intestine and prompts a phgkigical cacade that may resuit the loss of useful life ahe
deathof the animalFermentative acidosis and laminitis a@mmon threatto equinesunder
modern management practicparticularly obese and metabolically compromised horses
(Trieber et al., 2006 arter et al., 2009Recently, esearchers in Great Britain estimated the
annual disease incidence of laminitis to be 0(8%lie et al., 2013)whereas previous
investigators reporteithe diseae incidence to be between 24£23.8%for the general hoes
population(Dorn et &, 1975; Buckley et al., 2007In a recent study,gstureassociated
laminitis was reported to affe28.5% d an equine population iBngland (MenziesGow et al.,
2010. Here, researchenbserved horsest a rescue farm arabsociated thdisease incidence
with the increased age of the hordegferences in study design and disease definitions may
partially explain the disparity between these rep@ifglie et al., 2013)Colic is a
gastrointestinal disorder marked by se&vabdominal pain. Risk assessments have implicated
recent dietary changes, houseryironmentsdeworming protocols, crilg, previous colic
episodesand age in the etiology of this disease (Tinker et al., 1997; Cohen et al., 1999; Traub
Dargatz et al.2001; Hudson et al., 2001, Little and Blikslager, 2002; Hillyexl £2002).
Additionally, epidemiological studies have reportedol0 colc cases per 100 horsesaking
colic one of the most prevalent diseases within equine populations (Tinkerl80dl.,Traub

Dargatz et al., 2001).



Due tooverwhelming evidence implicating management practices in the development of
unwanted behaviors and gastrointestinal disease, researchers are charged with identifying
specific causal factors, elucidating the meubms through which they occur, and
recommending preventative measurehlorse owners and keepednderstanding how specific
dietary ingredients and feeding practices act in concert with other environmental circumstances
to disrupt the functionality ahe equine gastrointestinal tract (GHIjowsfor improved dieary
formulatiors and animal managemestrategies that promotisease preventioand animal

welfare

Feeding Behaviordnfluenced by Diet
IngestiveBehaviors

Horses are nonruminaherbivores that have evolved over 50 million years into selective,
continuous grazer@#oupt, 1990)When grazing, horsesgest several bites of grass andve
to a newfeedingarea while chewingrad swallowing theifood. Additionally, horses wiluse
this period of timeo survey their surroundings for potential threats and predators (Houpt, 1990)
Free rangingferal horses devote 70 & %of their day to grazing or foraging activities (Salter
and Hudson, 197%layes and Duncan, 1986jorses mainta&d on pasture or provided widal
libitum hay allocate similar amounts of time to eating (Houpt, 1&88urance et al., 20).0
Willard et al.(1977) observedhathorses fed only concentratevatedonly 3% oftheir timeto
eating and exhibited more woatiewing and searching behavidganilarly, horses fed a
completepelleted diet sperdnly 10% of their time consuming feed and also ldyggd more
searching behavioxmpared to horses offered orchardgrassaubljbitum The rutritional
compositionf these diets were similar, although the orchardgrass hay provided more dietary

fiber (Elia et al., 2010)0therresearcherkave noted increases in bedding consumption,



particularly wood shavings, when horses wpresented wh pelleted and lovfiber diets (Houpt
et al., 1988; Boswinkel et al., 200Therefore it appears thdtorses will modify their feeding
behaviordan response tdietary fiber deficiencies and changeshe physical form of the diet,
perhapgo satisfy @ inherent motivation for foraging activities

Dietary composition als@ffectsmastication parameterahichsubsequently affect
digestionand could pose a threat to gastrointestinal heldthorses, chewingtimulates salivary
secretions anceduces ta particle size of the feed in orderoptimize later digestion
(Alexander, 1966)Dietary particle sizenfluences the range of mandibular matiand chewing
rate, therebwffecting dental wear and sa productionEllis and Hill, 200% Bonin et al., P07,
Elia et al., 201 Horses fed pelleted diet exhibilessrange inmandibular movement, sher
chewing cycles, and a greatdrewing frequency when compared to {iegf horses (Bonin et al.,
2007, Elia et al., 201 Elia et al. (2010) observed thay-fed horses had aféld increase in
total chews per day over horses fed pellB&sster consumption amdduced mastication of
concentrate and pelleted meals results in decreased saliva secretion, thus reducing salivary
buffering in the stomach (Reese and Andrews, 2009). Accordingly, decreased saliva production
has been implicated as a causal factor for gastric ulcers in horses maintainedaonbegtirate
diets (Reese and Andrews, 2008¢lditionally, alteredmagdicaton patterndiave been
implicatedin abnormal dental wegmatternsccommonly seeim horses fed higiconcentrate igts
(Bonin etal., 2007; Elia et al., 2010accordingly these wear patterrase rarely observeid
feral horses, zebras, and Przewalorses that rely on roughadeased dietéBecker, 1962).
Abnormal tooth wear ana lack of routinelental carehave been corratedwith increasedisk
for simple colonic obstruction and distention (SCOD) c@fdlyer et al., 2002)Although the

mechanismsdwve not been extensively studied, inagig mastication that redudegdstuff



digestibility andsubsequentlgltersrate of passag®ay be at least in parto blamefor the
increased rislof colic (Archer and Proudman, 200@)herefore providing adequatamounts of
long-stem forage in the diet andutine dental care will promote propeastication, salivation,

and dental weaand may reduce the risk for gastrointestinal disease.

Intake Preferences

One theoryegardingequine feedingpehaviors suggests that horses regulate their feed
intake in ordeto maintainenergy balancé.aut et al., 1985)Although there have been
contradictory results in research trials, this may beftuborses maintained on foragaly
dietsor for horseged poorquality feedstuffs (Laut et al., 1985; Berger et al. 1998)untary
dry matter intake (VDMI) fomaturehorses grazing on fresh forages is approximately 2.0% of
bodyweight (BW), ranging from 1.5 t8.1% BW (NRC, 2007)Reported VDMl are2.0 t02.5%
BW and 1.5 t®.2 %BW for hays and ensiled forages haylages, respectivelldRC, 2007) In
horses, plant quality and matutiiy addition to forage type and spe@égect dry matter intake
(DMI; Goodwin et al., 2005a; NRC, 2007;dtrrd et al.2008; Fleurance et al., 2010). While
improved digestibility and palatakii of betterquality forages argenerallyassociated with
greate?VDMI (NRC, 2007) contrary reports suggest tlsmmehorses maintained on high
guality pastures map fact reduceforage intaké¢o maintainenergy balance (Hoskin and Gee,
2004). Accordingly, horseshave been shown to incred3bll as forage digestibility and quality
decreased (Edouard et al., 2008¢ividual changes in intake compensated for decreases in
digestibleenergy (DE) and crude protein (CP) of the forages, allowinggsafulfill their
maintenance requiremer(igdouard et al., 2008).

Seasonal variations in intake have also been noted, with lt@gesng more time to

grazing activitiesn spiing and fil and less time duringummer and winteiK@sela, 1983;



Fleurance et al., 2010Theseseasonal intake patterns have batnbuted to changes in
available plant species, differences in auality and DEontentandenvironmental factors
(NRC, 2007) Plant components are divided into structy&C)and nonstructural carbohydrate
(NSC) fractions. Structural carbohydrates incladeponents of thplant cell wall such as
cellulose, hemicellulose, and lignin and determine the neutral detergentNibEy ¢ontent of
feedstuffsNonstructural carbohydrates include weagetuble carbohydrates (WSC) and starch.
Simple sugars, such as glucose, fructose, and suas®ll afructans comprise the WSC
componentDey and Harborne, 199FHoffman et al., 200; NRC, 2007)Cool-season (€)
grasses, such as orchardgrd&actylis glomeraty tall fescue Festuca arundinacgaKentucky
bluegrassKoa pratensis perennial ryegras&@lium perenng timothy Phleum pretenge
meadow fescueHestuca pratens)ssnooth bromegras8fomus inermiy and Matua
prairiegrassBromus wildenow)i store and metabolize fructans and simple sugars at different
rates throughout their growing seastRC, 2007; Kagan et al., 20d)1 Seasnal and diurnal
variations in W5C content have beewell documented in ¢€grasses (Waite and Boyd, 1263
Lechtenburg et al., 1972; Pollock and Jones, 1979; Fisher et al., 1999; Shewmaker et al., 2006).
More recently, Kagan and colleagues (281dbserved greatdructan and simple sugar
concentrations in fresh and dried ordhgnass sampled in early spriogmpared tsamples
collected during the summeBamples collecteih the afternoon also had great@®6C
concentrationsompaed toforage samples collected in the morn({iKggan et al.2011a).
Interestingly, dred forage samples contained 3%086 more fructaimn a dry matter basthan
fresh forage samplemllectedin earlyspring,presumably due to continued accumulation of the
sugarmpostharvesiKagan et al., 201d). As a result bincreasedVSC content, g€grassesire

highly palatable and have greaBdE valuesduring the spring and falthereforeincreass in the



VDMI of these forages should be expected during these growth séld&s2007). However,
overconsumption dSC, primarily fructans, ighe primary causal &orin the etiology of
pastureassociated laminitifPAL; Watts, 2010). Intake d@; grasseshouldbe regulated in the
spring and fallas well as in the late afterngamhen fructan conegrations are greatest.
Additionally, fructancontentshould be monitored in conserv€gforagegWatts, 2010).

Large quantitiesf dietarystach and simple sugalsve been implicated in the
development of insulin resistance, fermentative acidoslg; (Durham, 2009)andlaminitis
(Hoffman, 2003;Pollit and Visser, 2010MWarmseason (&) grasses, such as bermudagrass
(Cynodon dactylon bahiagrassRaspalum notatujndallisgrass RPaspalum dilatatui big
bluestem Andropogon gerard)i Caucasian bluesterBd@thriochloa ischemun), pearl millet
(Pennisetum glaucumand crabgras®fgitaria spp.)do not accumulate fructans, but rather
store carbohydrates in the form of simple sugars and starch (NRC, 2007; Kagan et al., 2011b).
Similarto G; grassesseasonal variations \WSC and starch concentrations have been noted
C,4 species (McKell et al., 1969; Wilson and Ford, 1973; Chatterton et al., 1989). A recent
examination of seasonal and diurnal variations of bermadaghowed an inverse relationship
between WSC and starcbncentrations as th&, growingseason progressefugar content was
greaterin immature plants, whereas staprieferentiallyaccumulated later in the growing season
(Kagan et al., 2014). Additionally, starchconcentrations were increasedresh forges
sampled in the afterno@ompared to those collected in the morpingereas sucrose
concentrations were grest in dried forage@<agan et al., 2011bKaganet al.(2011b)
demonstrated that,@rasses acecnulate less NSC thanz@rassesnd,therefae, are a safer
forage sourcas they are less likely to cause digestive disturlsahtmvever, warrseason hays

originating from late cuttings may be problematic for horses supplemented with grain



concentratedue to increased starelccumulatiorat this time(Kagan et al., 2011b)
Consequentlyhorseowners shoulanonitor the NSC content of their pastured &ays soak
their foragesand adjusequineratiors early in the growing seasdo avoid digestive
disturbances associated witkcessve NSC in the diet

Feed intake preferenceshorsesalsoare associated witieedstuffpalatability.
Palatability, determined through orosensory inputs such as smell, taste, and texture, is influenced
by plant species, maturity, and feed processiethod (NRC, 2007). Researchers have
established a preferenamong horses for sweet flavd@isawkes et i, 1985; Goodwin et al.,
20053. This partially explaingncreasedorage intakewhen forag NSC contents are greatest
andmay be a mechanism through whigrazing horses maintain their energy bala@ethe
otherhand, domesticated horses sometineggiiresupplementatioof concentrateto meet their
energy demands for optimal growth, body condition, reproductive performance, and work (NRC,
2007). \\hen dferedpalatablegnergydense concentratdspweverhorses tend to eat in excess
of their energy requirements (Southwood et al., 1993; Argo,&04812; Cairns et al., 2002).
While this may simply be an effect of reduced gut félying on dietary DEor feed intake
regulation is not advisahlespeciallywhen horses are fgzhlatable dietsvith elevatedNSC

content.

Abnormal Behaviors Stereotypies, and Vices

Horses require a minimum of 1%f their body weight (BW) in roughage per day to
maintain guhealth and mental webleing Zeyner et al., 2004IRC, 2007). These fious
sources may come from grazing fresh pasture, preserved fosagksas hay and haylage,
forage alternatives, including hay cubes and gratprioglucts Coverdale et al., 2004ill,

2007).High-quality forages and fiber alternatives often are suffictergupport horses at
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maintenancavithout supplementation afoncentrate However grain sources are utinely
supplementetb optimize growth, reproducin, and performance. As graior other
concentrates aniatroduced into the diet, the amount of forage a hoossume decreases
proportionatelyas horsesre only able to consun2e0 to 2.5 % BW in DM @ on average

(NRC, 2007)As a result, diets fetb production and performané®rsesoften contain minimal
roughageandgreater amounts @blubleCHO-Fr. Horsesfed lowfiber diets are at an increased
risk for developing abnormblehaviors stereotypies, and gastrointestinal dise@$othersall and
Casy, 2012.

Abnormal behaviors, such as coprophagia, geophagia,-aluzading, and bedding
consumption, are thought to be physiological responses to suboptimal enviroantents
management practicésRC, 2007; Hothersalind Casey, 20)2These behaviorsemost often
notedin animals consumindiets deficient irfiber, mineras, or protein(Hothersall and Cay,
2012). Coprophagia, or fecabnsumptionis common in foals and teought to aid in
inoculating the gut witlapropriatemicrobial populationglke et al., 1984; CrowelDavies and
Houpt, 1985; Egan et al. 201.0n adult animals, on the other hand, theidence of coprophagia
increasesvhenhay rations arémited (Zeyner et al., 2004/ervuert et al., 2013) or when lew
fiber, highconcentrateliets arded (Zeyner et al., 2004However, wherorse arefed 1.0 kg
hay/100 kg BWd*, no abnormal behavioesenoted (Zeyner et al., 2004}oprophagialsohas
beennoted in feral horses in sess of reducetbrage availability NRC, 2007) Coproghagiais
aconcern due to the potentiation of potentially harmful parasitic populations in theHecsss
thatingest large parasitioads due to coprophagia, therefore, magtoen incrased risk for

colic, as heavy parasitioads areaknown risk fctor for colic (Hillyer et al., 2002).
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Geophagia, oeating soil is considered to be an attemaptrectifying mineral deficiencies
in the diet particularly iron and copper deficienciesjsthoughttobea si gn of TfAbor edc
(Ralston, 1986McGreevy etal., 2001;NRC, 2007). Atekin et al. (2011) found reducedum
concentrations of iron and copperhorsedlisplaying geophagia and other abnormal behaviors.
Additionally, theauthors noted numerically reducgerumconcentrationef phosphorug these
horses, which has been implicated as a factor in the etiolagigndér behaviors in other species
(Jain and Chopra, 1994; Ghergariu et al., 1994; Sahin et al., 200&)eevy et al. (2001) tested
soil samples from areas sought by geophagiceh@nsd found increasén and copper
concentrations compared to control soil samples. No differences in phosphorous concentrations
were foundtherefore the authors suggestedt iron and copper deficiencies may be a driving
force for geophagic behavi@vcGreevy et al., 2001¥seophagia is often concerning to owners
due to the increased risk of gastrointestinal disoragseciated with soil consumpticsuch as
sand colic cGreevy et al., 2001Iron and copper supplementation may benefit geaphag
horses by reducing the incidence of geophagia and thereby reducing their risk for sgnd colic
however, this theory has not been tested

Wood-chewing and bedding consumptiare most commonly observedhorses fed
low-fiber or highconcentrate diet$¥ood-chewing behavior destroys propergads to
abnormal wear of the incisqand could develop into cribbing, a stereotypic behavior
(Hothersall and Casey, 2012Villard et al. (1977) noted a greaitecidence of wooethewing
and coprophagia ihorses feanly a pelleted concentrate deampared to those consuming an
all-forage ration. Vdod-chewing was positivelgorrelated withincreases in cecal pragiate and
lactate as well aslecreases cecal acetatevhenhorsesverefed the concentrate djet

potertially indicating a causal relationshigVillard et al, 1977).Similar shifts in cecal acetate,
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propionate, and lactatee typical forconcentratdbaseddiets(Hintz et al., 1971andsuch shifts
in the VFA profilehave been notedith greater magnitud@ horse with induced laminitis
(Garner et al., 197JbAdding sodium bicarbonate to the cecum redudies incidence oivood
chewing and coprophagiandicating that hindgut acidity and adverse shifts in fermentation
parametersnay prompt thexpressiorof these behavior@Villard et al., 1977]Johnson et al.,
1998). In light of these findingdphnson et al. (199&}sted the effects of netherapeutic doses
of virginiamycin, an oral antibiotic also known as Founderguard, on the behaviors of intensively
managed horses fed a highncentrate dieThe authors found aincrease in woo@hewing,
bedding consumption, and grasping behavioresmdoncentrate represented 50586 of the
total rationwithout the inclusion of virginiamycifdohnson et al., 1998urthermore, there was
a negative correlation between fecal pH and the incideniteabnormal behaviors, supporting
the theoretical relationship between hindgut acidity and beh@obnson et al., 1998).
Virginiamycin supplementation ameliorated thif=ets of the hih-concentrate diets by
moderating fecal pH andas associated witlewerincidence of behavioral abnormalities
(Johnson et al., 1998)lowever, ecent concern®r antibioticresistance have limited the use of
directfed antimicrobials sth as virginiamycin, particularly in the European Union (Menzies
Gow and Young, 2011).

Stereotypiessometimes referred to as vicase repetitiveoral or locomotivebehaviors
that serve no apparent function (Johnson et al., 1998; NRC, 2007; Hotaerdshlicol, 2009;
Hothersall and Casey, 2012hese behaviors, including cribbing, weaving, feedking,
pawing and headshakindpave not been observed in feral horse populat®osie have
interpreted this to meahatthese behaviorarelikely coping nechanisms oexpressions of

frustration due tainnaturalenvironments and intensive management (Hothersall and Nicol,
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2009; Hothersall and Casey, 20R2ireix et al., 2013 However, research attempts to link
stereotypical behavior to physiological indimat of stress (i.e. glucocorticoids) have been
contradictory(Clegg et al. 200&ureix et al., 2013).

Cribbing, or cribbiting, is the mosthoroughlystudied stereotypical behaviorhorses
When cribbing, horses grasp a fixed surface with their ingjigontract their neck muscles, draw
air into their esophagus, and emit a characteristic grunt (McGreevy et al., [108®%)ngitudinal
study, Waters et a(2002) found that 74% of young hordkat developed cribbingad
previously demostrated wooethewing. If woodchewing is indeed a manifestation of hindgut
acidity due to inadequate fiber, thieigh-concentrate dietsltimatelymay leado cribbing
behaviorsEpidemiological studies have identified Idoer, highstarch dietss risk factos for
cribbing and noted that horses bedded in straw, potentially an alternative fiber source, were less
likely to cribthan those bedded on other materisGreevy et al., 1995; Redbo et al., 1998;
Waters et al., 2002; Bachman et al., 2003; Christie et alg)280wever, otheresearcherbave
demonstratethat cribbing horses maintained on pasture or prowadiltbitumforage will still
perform the behavior, indicating thetack of dietary fiber is not the onfgotivation for
cribbing( Gar ci a, 20 0 4 AlteraaéivRly cohcenratabem@elvésind neal
feeding regimens magontribute to an increase in the behayvas cribbing incidents increase
when grains are provided in the diet and are more noticeable around feedi{@itihzen et al.,
1994; Brown et al., 2007T.he practice of feeding meakss opposed tad libitumfeeding
regardless of the composition of those meaften resuk in abnormal dental wear and
mastication parameters, reducadivary secretions, incesed gastrointestinal acidity, and
altered feed digestibilities and passage ré@esin et al., 2007Clegg et al., 200&lia et al.,

201Q Vervuert et b, 2013. These shifts in the digestiparadigmsubsequently affect microbial
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fermentationinthelr ge i ntestine and could increase an

gastrointestinal diseagblalamed et al., 20)0Consequently, researchers suggest that cribbing
may develop over time astheran attempt to increase salivatimnprevent gastric ulceratm, or

it may be an expression of frustration or passociated with abdominal discomfort (Nicol et al.,
2002; Clegg et al., 2008; Moeller et al., 2008; McCall et al., 20hZupport of this theory,

Nicol et al. (2002) found more inflammation and ustem in the gastric mucosa of cribbing
foals than in their normal counterparts. Furthermore, cribbing behaviors and gastric ulceration
were reduced when horses were administered antddicts et al., 2002Mills and Macleod,
2002) Upon further investigtion, Moeller and colleagues (20@R}termined that cribbindoes
indeedlead to increaseshlivaryproduction. @liva samples were collected from cribbing and
non-cribbing horses onto sponges frane exit of the submaxillary glan@ribbing horses

initially produced less salithan norcribbersbefore the cribbing bouhiowever, total saliviy
volume was not different between groups. When cribbing was prevented, cribbers produced less
saliva.Therefore the authors concluded that cribbmight stimulate oral stretch receptors and
allow horses to produce more salipatentially alleviaing some of the discomfort resulting

from gastriculcers(Moeller et al., 2008McCall et al. (2012) noted thatibbinghorses fed
concentratead libitum cribbedless often than control horsemintained on a restricted feeding
regimen The authors supposed that chewing more feddo greater saliva productidor the
cribbing horsesthereforereducingtheir need to cribHowever Houpt (2012)eported
contradictory findings whesheexamined the effects of cribbing on padagalivary secretions.

In herstudy, cribbing did not result in increassalivary secretions and there was no correlation
between the number of crib bites and the amount of saliva prddDentrary to the conclusions

of Moeller et al. (2008), Houpt (2012) proposed that cribbing may, instead, elicit the
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development of gastric ulcers by stimulating the parasympathetic nervous system, which
increases gastric acid secretion and slows gastsiinal motility.Albanese et al. (2013) found
that inta-abdominal pressure was greadering and after cribbing incidents when compared to
both control(non-cribbing) horses and baseline levatscribbing horsesincreased intra
abdominal pressureoupled with greater gastric acidity in cribbing horsesild expose the
nonglandular gastric mucosa to uldaducingconditions;however this theory needs further
investigation.

Another explanation for the development of stereotygeakviors, suchsacribbing,
relates tostressinducedcentral nervous system (CNS)sfunction.Similarto what has been
described in other specje=quine stereotypies may arfsem a genetic predisposition for
upregulated, or ovesensitizegddopamine receptors in thasal ganglia of the brain (McBride
and Hemmings, 2009McBride et al. (2005) discovered that cribbing horses lgasaterD1
and D2 receptor distributisrtonsistent with individuals other speciethat showstress
induced stereotypie€onsidering thiathe basal ganglia and this dopaminergic pathway are
responsible for rewarthotivated behavior, stimulation of this sensitized regioe to chronic
stress or endorphin release may actieaig potentiateribbing behaviorgMcBride and
Hemmings, 2009)Stress may be induced byeal feedingoractices osuboptimal environmental
conditions that pr;aheeasstrewdrdatamaent such asirngesting me n t
palatable feedstuffs and exerciggsults in the release ehdorphins (McBride and Hemngs,
2009). Similarly, cribbing behaviostimulate the release of endorpharsl, as a result, may be
potentiated over time in chronic stress situatidvisBride and Hemmings, 2009 a sense,
horses may become i athesametwagdpersoh may bebome dddidiedtoi o r

exercise opsydostimulants (McBride and Hemmings, 200@)research settings, these
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behaviors are attenuatplarmacologically by administering dopamine antagonistsrandgh
the use ofcupuncture. M a management Epective, eliminatingastrictivefeeding
protocols and extending meal consumption times may have similar €fNtafside and
Hemmings, 2009)indeed McCall and others (2012) noteeductiors in the numbeof crib bites
andthe duation andchumber of cribbing bouts when horses were fed concenadtiigitum
Due to the impracticality of such a feeding regimen, the authors suggestkdttieatreseaitis
warranted to investigatbe effects ofd libitumfeeding of reducedtarch concendites and

palatable, higlgquality forageon cribbing behaviors (McCall et al., 2012).

The Effects of Dietand Dietary Changeson Carbohydrate Digestion and
Absorption in the Equine

Carbohydrate¢CHO) in forages and grairare fundamental componemsequine diets
andserve ashe primary source of dietary enerdly.terms of plant physiology, carbohydrates
are categrized as either S@art of the cell wall, oNSC, cellular contents (Hoffman et al.,
2001).In regards tequine nutritionhowever, categrizing carbohydrates dydrolyzable
(CHO-H), readily fermentable (CH®R), or slowly fermentable (CH®s) provides a clearer
illustration of howdiffering dietarycarbohydrateare processed in the digestive tract (Hoffman
et al., 2001). Unfortunatelgccurate laboratory analyses that distinglostweerthese
carbohydrate fractions are not yet commercially available (Geor, 2007). Still, researchers can use
traditional methods, such as proximate analysisgasdchromatographin conjunctionwith
proposed regression equatipttsestimate CHeEH, CHO-Fgr, and CHGFs (Hoffman et al.,

2001; Geor, 2007)Jnderstanding the interplay of these dietary componentsgagtrointestinal
physiology shouldllow for improved diedry formulation minimizeadverg alterations in

feeding behaviors, and reduce the prevalence of gastrointestinal diseases.
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Carbohydrate Digestion in the Equine Foregut

The Stomach

After swallowing, feed particles move through the esophagus and enter the stomach via
the cardiac sphincter. The equine stomach,thigeof other monogastric specjes a simple, €
shaped orgarit is divided into Alistinct regionsthe nonglandulamucosa and the glandular
mucosa, by the margo plicati$e stomacktanbe further subdivided into the cardiac, or
esophageal, area and the fundus (together known as the saccus caecus) in the nonglandular
region and the corpus and pylorus, or antrum, irgtAedular regionalthough exact definitions
and terminology may vary with sourtl Jassim and Andrews, 2009). After mixing with gastric
secretions, chyme exits the stomach through the pyloric sphincter and enters the small intestine.

The nongladular meosa comprises the proximal third of the stomach, while the
glandular mucosa accounts for the remaining-tinas. The nonglandular portiois comprised
of stratified squamous epithelium that lacks the ahititgecrete mucuyseaving these cells
unprdected fromacidc assault and prone to ulceration. In fact, 80%afinegastric ulcers
occur inthenonglandular region of the stoma@l Jassim and Andrews, 2009)herefore
high-roughageliets that promote saliva production are essential for maingaihe integrity of
the nonglandular mucosassaliva provides the onlgellularprotectionagainst acitt insultin
this region of the stomach (Ahdsim andindrews, 2009) The glandular mucosa, on the other
hand,is lined with secretory columnar epithelial cehat differentiate into surface mucous cells,
chief cells, parietaldls, orvariousendocrine cell§Merritt, 1999) Surface mucous cells line the
exposed gastric epithelium and extend into gastric gierevthey are termed mucous neck cells.
These cells secretaucins and bicarbonate, creatagrotective pH gradient in the outer

glycocalyx layer that promotes norngallular function.Thereforg only 20% ofequinegastric
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ulcers are found in the glandu mucosa despite thecreased acidity of the regigAl Jassim
and Andrews, 2009Chief cells and parietal cells line the gastric glanilkin the gastric pits
and produce pepsinogen, a zymogen protease, and hydrochloric acid THEBguine stomac
continuously secreseHCI, an evolutionary adaptation to canibus grazing behavio(sladeau
et al., 2000)Intensive management scenarios that emplstyicéed feeding protocolseate
unnatural feeding anfdsting statesThese &edingprotocolslimit the buffering effects of
ingested feed and decreasdivay production which creatdarge swings in gastric pH that can
have deleterious effects on tmedgrity of the gastric mucogbBiusted et al., 2009)nsteadad
libitum feeding of roughages recommendetb protect gastric healdds it promotes a more
stablegastricpH and lead to nearly continuous salimaproduction(Husted et al., 2009).

The stomach function@imarily as a temporary storage site for ingested feedsauitit
regulateghe flow ofchyme into the small intestineid®stagenerallymoves througlthe
stomach within 2o 6 h following ingestion However,under natural feeding situations, the
equinestomach is rarely emptjueto continuous grazing behavi@viedina et al., 208; Van
Weyenberg et al., 2006%astric motility,largely controlled by the parasympathetic nervous
system is dictated by migrating myoelectric compgsXMMC; Merritt, 1999) Gastric motility
is oftenreferred to as gastroduodenal maotility, as the stbnaad duodenum work in concert
with eachother to progress digestadligh the GIT(Merritt, 1999) In the fasted state, the
stomach is partially contractéilerrit, 1999) Swallowing, esophageal distentj@md gastric
distention provide the neural stinugl for relaxing the fundus and corpus to accommodate gastric
fill. These stimuli also initiatepostprandiatontractions in thantrumthat propel chyme into the

small intestine and mix ingesta with gastric secretions. These antral contractionat@cate
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of 3to 5 per mirand aregegulated byeedback mechanisms in the small and large intestines
(Merrit, 1999)

Dietary bulk (meal size)the extent of feed processing, andritionalcomposition
impact thetime required for digesta to flothrough the GITa processommonly referred tas
rate of passage (ROWan Weyenberg et al., 2006).ddn retention time (MRT), measured
through the use afolid and liquid phasidigestiblerare earthmarkers, is used to estimake
ROP of digesta througkach compartment of ti@&|T (Drogoulet al. 2000)Reportsof dietary
effects ongastric ROP are limited, wittotal prececal and hindgut parameters being more fully
defined.Early reportof gastric emptyinghat utilizedradiographic scintigraphyeportel the
amount of time required for half of the digesta to leave the sto(figghwas29 min and68
min, respectivelyfor liquid and solid phase digegtaojka and Cantwell, 1988)lore recently,
preferential retention of liquid and solid phakgestawvas demonstrated to be more prominent in
the hindgut Drogoulet al., 2@0). Howeverdue toincreased starch solubility resulting from
grain processing, faster transftdigestavia the liquid phase through the stomach and small
intestine could challergghindgut functionn horses feddrgeconcentrate rationgulliand et al.,
2006).Metayer et al. (2004) determined that meal size and starch cbotemiffect gastric
emptyingratesin horsesGastric emptyingvas faster in horses fed a small mediowi¥-starch
concentrate (93 + 7.6 micompared to those fed a small meahigih-starch concentrate (143 +
29.2 min; Metayer et al., 2004)he authors concludetiat fiber content and caloric demt may
affect Tsp, although further research is neededstidte the main effects of eagkdditionally,
gastric emptying was faster in lses fed small meals bfgh-starch concentrate wheompared
to those fed large meat$ high-starch concentraf@65 + 36.3 min; Metayer et al., 2004).

However, whercomparir the rates at which feed (g ifinand DE (Kcal mift) passed through

20



the stomachgastric emptying wagreater for horses fed the langeal ofhigh-starch
concentrate thai was for horses fed the small mésletayer et al., 2004Although the larger
meal emptied at a slower rate in terms of the percewffade original meal, the quantiof
starchrich ingestdlowing to thesmall iniestine was much greater than wsthaller meals
(Metayer et al., 2004)ntreasd flow of starchcould exceedsmallintestinalcapacity for
digestion an@bsorptionjncreasehe quantity of starch reaching the hindgaod thus,
compromise hindgut functidoy predisposing horses to fermentatagdosis Therefore horses
that require higkconcentrate diets for optimpérformance and production should receive their
rations in several small madhroughout the day tminimize digestive disturbances.

Due toits relatively short MRTthere islimited gastric mixing andery little CHO
digestionin the stomachThis coypled with continuousecretion oHCI, createsa pH gradient
throughout théumen First described in the horse by Murray and Grodinsky (1,3f&tricpH
ranges from approximately 5.46 to 4i6Ghe nonglandular mucosa and gradually becomes more
acidic 3.09 to 1.85)n the pyloric region of the glandular mucob&orerecent repds have
noted similar values arldrge variationsn gastric pH(ranging from 7.0 to .D), due in part to
feedingstate dietary compositionand collection methalised(Nadeau et al 2000; de
Fombelle et al., 2003l Jassim 2006; Varloud et al., 2007; Husted et al., 20@8Call et al.,
2012). Theacidic environment of the distal stomach limits microbial colonizationthedefore
provides antimicrobial protectiorgainst potentiallypathogenidacteria that may begsent in
chyme. e low pH in this region also allows for som&d hydrolysis of CHQalthough the
extent is largely unknow(Hoffman, 2003) Methods of feed processimgd MRT are probably
determinant®f the degree of acid hydrolysof dietary CHQhat occurs in the equine stomach

Blood glucose responses to variaists mayindirectly implicatetheimpactof gastricCHO acid

21



hydrolysison smallintestinaldigestion however, these relatships havaot been examined.
Gastric microbial fermentation of feedstuffs niasy more biologically importara#nd,therefore,
has received more recent investigatidhJassim and Andrews, 2009)

Due to its relatively rmderate pKHthe nonglandular mucossupportamicrobial
colonization in the saccus cae¢h$ Jassim and Andrews, 200%Recently, the contribution of
gastric microbial fermentation to feedstuff digestibility and its molgastric ulcer development
hasbeen examined. &searchers have begun to idigrgpecific microbial populationthat are
important to gastric fermentatipcharacterize theend products, and elucidate the effects of
various diets on gastric microbial metabolisrhe etent ofgastricCHO fermentation by
resident microbial populains could be significards it relates to prececal digestiatthoughit
is currently considered to be nomivethen compared tthe amount of CHO fermentation that
occurs in the hindgytle Fombelle et al., 2003; Hoffman, 2003; Varloud et al., 2@ so,
VFA concentrations in the nonglandular mucosa associated with microbial fermentation of
readily available CHEH and CHQFR in high-concentrate rations has been implicated in the
etiology of gastric ulcerReese and Andrews, 2009he role ofmicrobal fermentation in ulcer
development may be exacerbated by other factors, such as concurrent reductions in salivary
secretionghat often accompany higtoncentrate and lowoughage dietand the presence of
bile acids and pepsifAndrews et al., 2005 Neverthelessncreases in VFAnNd lactate
concentrationsesuling from starch fermentation, coupled with continuous HCI secretion,
further acidify the gastric environment and compromise the integrity of the nonglandular mucosa
(Nadeau etla 2003a.

Recentstudiesutilizing culture methods have isolatedbstantial microbigbopulations

from equinegastriccontents (de Fombelle et,&2003; Varloud et al., 2007).e0Fombelle et al.
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(2003)reported total anaerobic, cellulolytiactobacilli, streptomcci, and lactataitilizing
gastricbactrid concentrations to be. 1, 1.4, 7.8, 7.3, and 618y, colony forming units (c.f.u.)
ml™, respectivelyfor horses fed a higfiber pelleteddiet In the same study, gastric contents
collected from horses fea highstarchpelleteddiet yielded microbial cultures of 9.0, 1.0, 8.4,
7.5, and 7.6 log c.f.u. mi* for the sare populations, respectivelyhe authors concluded that
increaseaoncentrations of lactobacilli, streptococci, and laetdilezing bactera in horses fed
the highstarch dietndicated a greagr propensity for starch degradatioAdditionally, total VFA
concentrations were nearlyf@d greater in horses fed the higtarch dietpresumablyesulting
from the activiy of these bacterial pofations.Conversely, the modesbncentrationsf
cellulolytic bacterianotedin both groups of horses implylienited capacity forcellulose
degradation in the stoma¢de Fombelle et al., 20P3n horses fedhe high-starchdiet, the
greaterconcentration of lactatetilizing bacteria, coupled witecreased lactate and increased
VFA concentrabns, indicate that lactate likely wagther metabolized into propiotea(de
Fombelle et i, 2003). Others have reported thatterial concentratits cultured from the
gastric contents of horses fegelleted concatrate and meadow hay are lesthan those
reported by de &mbelle et al. (2003), bairestill indicative of significant gastric microbial
fermentation (Varloud et al., 200 Biochemichparameters, such as total lactate and VFA
concentrationswere more consistent with those repottgdle Fombelle et al. (2008§ similar
high-fiber diets were used in both stud{ede Fombelleet al., 2003Varloud et al., 2007)
Cultureindependentachniquediave been utilized to identify specific microbial strains in
the stomaclassociated with starch fermentatidd Jassim et al2005)identified several
lactateproducing bacterial strainssing polymerase chain reaction (PCR) and 16S rDNA

sequening techniquesincludingLactobacillus mucosaé. delbrueck, andL. salivarius from
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horses fed aad libitumforage dietPerkins et al. (2012) employed 16S rDINActerial tag
encodedgyrosequencingp TEFAP)andfluorescencen situ hybridization(FISH) technologies
to characterize microbial profiles of the nonglandular, glandular, and antral gastric gioas
equine stomagchas well as ulcerated mucogdthough the phylogenic analysis provided no
statistical correlatiolbetween microbial stin and gastric regiorkirmicutes Proteobacteria
andBacteriodetesvere most abundant in the gastric mucas&tobacilliandStreptococcwere
observedrom all gastric regionssing FISH with Streptococcbeingmore prevalent in the
glandular mucosd&urthermorethe authors reportesignificantindividual variation andgtrong
environmental influenseon gastric microbial populations (Perkins et al., 2012). These methods
are useful in providingnore specific characterization of gastric mhged popuhtions, asnany
newly identified strains are uncultivahl@t this time little is knownabout thempactof these
specien digestive functiom the horser theirimplications for gastric health.

Acid hydrolysisand microbial fermentatioboth contribute tostarch digestion in the
stomach. However, due to limited absorptive mechanismgnigetic value aheproducts of
gastric digestiomrelargely unknown and, therefore, not accountedrfarutrient requirement or
digestibility equationgArgenzio et al., 1974 Furthermore, the fate of gastric fermentation
products has ydb be elucidatedThere is somevidencerom in vitro experimentshat supports
the idea that there Ignited VFA absorption in the glandulartucosaArgenzio et al.1974);

however, similar measurements have not been quarnitifiggo.

The Small Intestine
As with monogastric species, the small intes{i8# is the primary site oénzymatic
digestion and nutrient absorption in the horse. Beginning at the pylorecsghand terminating

at the ileeecal junction, the small intestimgedivided into 3distinct regions: the duodenum,
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jejunum, and ileumin total, the small intestine is approximately 22 m (72 ft) in leggth
Jassim and Andrews, 2009rypts, villi,and microvilli increase the epithelial surface area of
the small intestine and maximize its secretory and absercapacity(Gray, 1992)
Gastrointestinal accessory organs in the horse epitomize evolutionary adapiations
accommodatéeedingbehaviorsPresumably becaus®rses evolved as continuous gnaz they
have a relatively largkasal flow of pancreatic secretigpsoducing approximately 30 to 40of
pancreatidluid per day(Merrit, 1999) which results in diluteénzymaticconcentrationsAs a
result A meedandp practices may, in fact, overwhelm the small intestise capaci ty for
carbohydrate digestion

Digestive secretionareprimarily releasedn the duodenunthe first segment of the
small intestineAcidic chyme flowing from the stnach stimulatea moderate increase
pancreatic and biliary secretiotigt enter the duodenum through varidusts. Secretory crypts
are also more concentrated in the duodenum. Undifferentiatedeqnyipelialcells secrete water
and ions into the dadenal lumempresumablyo dilute the chymepromotemixing of chyme
with digestivesecretions, anthcilitate nutrient absorpbn. As a resujtduodenal pHypically
ranges from 5.6 to 6.@e Fombek et al., 2003; Al Jassir2006).As digesta moves through the
small intestine, pH becomes more basic as a resattdifionalpancreati@and intestinal
bicarbonate secretionsherefore pH ranges from 6.5 to 7.2 in the jejunum and 7.2 tan/tde
ileum (de Fombek et al., 2003; Al Jsim 2006).

Villi, small fingerlike projections on the intestinal mucosa, are covered with absorptive
epithelial cells known as enterocytes. Microvilli, small projections on the surface of enterocytes,
constitute the brushorder membrane, which is thechl point for nutrient absorptioWilli and

microvilli, although present throughout the small intestine|argestandmostconcentrated in
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the distal duodenum and proximal jejunuFhese structures adapt to nutrient availability by
altering length andensityto optimize nutrient absorptiqi®hiraziBeechey, 2008)As digesta
moves through the duodenum geginum and into the ileum, digestive secretions are reduced
and there is a shift toward net water, ion, and nutrient absorftoigestion and lasorption are
optimized, then digesta entering the large intestine should primarily consist 6FEHO
However, if small intestinal function is impaired overwhelmedsignificant quantities of CHO

H and CHOFr mayescape enzymatic digestion atter thehindgut.

Mostsugar and starch digestioormallyoccurs in the smalhtestine,as there is little
salivary amylase activityn horsesandgastric contributions to chohydrate digestion are limited
(Julliand et al., 2006YOnly monosaccharides are alised across the intestinal lem, so starch
and other hydrolyable polysaccharides must be reduced to glucose, fructose, and gdtactose
absorption to occuStarch digestion in the small intestine isiriita d by p-amylase,e at i ¢ U
the saccharidasegsentin pancreatic secretiorfGray, 1992)P a n ¢ r emyasdrasapH
optimum of 6.9 and functions primarily in the duodendinis enzyme acts on starch residues
(amylose and amylopectithat are 5 or more glucose molecules in length. By cleavihgel,4 U
linkagesb et ween gl ucose monylaseraducesstarchpirdonaltddegt i ¢ U
glucose molecul@smaltotriose (3jlucose moleculesindb r a n c-lhmé dextrins (4 to 6
glucose molecules contaig an U-1,6 linkageGray, 1992. Thes oligosaccharides are further
hydrolyzed into monosaccharidestibwe brushborder glycanases maltagkicoamylase and
sucrasd-dextrinase. Thesenzymesproduced by enterocytesmbed in the glyacalyx layer of
the microvilli where they interact withmainal contents (Gray, 1992Ylonosaccharides are then
transported across the apical membrane of the enterocyte Vigludase cetransporter isoform

1 (SGLT1) andjlucose transporter (&LUTS; Gray, 1992; Dyer et al., 2002). Monosaccharides
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are also tranmorted outside of the enterocyte Mida'-independent facilitated diffusion (GLUT2
ShiraziBeechey, 2008

In spite of this efficient digestive process, equine evolutionary adaptationghienete
of starch degradation in the small intestipeedisposig horseshat consuméigh-starch rations
to gastrointestinal dysfunction andgédase (Richards et al., 200B)e tolarge pancreatic fluid
output and the resulting dilution of digestive enzymes, the hordehasii t ed acti vi ty o
amylasan the small mtesting(Richards et al., 2004ndeed, starch digestipasmeasured by
glycemic responses, improvetiene x 0 g e ramylase isitlded to equine dietdoneand in
combinationwith amyloglucosidase (maltaggucoamylaseRichards et al., 2004Thus, t
appearshatlimited quantities oendog n o wamylaSemay indeedimit starch digestion ithe
equine smalintestine (Richards et al., 2004urthermore, an adaptiedfect on glycemic
responsdias beem ot ed, s uggest iramgasetshpphentatisnongyebs ous U
ineffecive long-term (Richards et al., 2004). On the other hder et al. (2002jound
significantdisaccharidase activity within the brudtorder membrane of horses maintained on
pastue, with sucrase activity greatestthe poximd duodenum and jejununMaltase activity
wasnotedin all regionsof the small intestinand was much greategr horsexcompared twalues
reportedfor other speciesRoberts 1974; Kienzle and Radicke, 1993; Dyer et2002) More
recentwork byDyer etal. (2009)characterized the adaptivepeaity of disaccharidases and
SGLT1 toconcentratesupplemented dietRisaccharidase activity in horses supplemented
(long-term)with concentrate was similar to thaithorses maintained on pastunewever,
glucos uptake was enhancauthe jejunum and ileum a@oncentratded horses (Dyer et al.,
2009).The authors hypothesized thhis response resulted fraan increase in the nubar of

SGLT1 transporters anddeed, upon further analyse 2fold and 5fold increase in SGLT1
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protein abundanceas observet jejunal and ileal tissue samplesspectivelypbtained from
horses fed concentrates (Dyer et al., 2006)assess the adaptive capacity of SGlitestinal
tissue samples werelterted from horsescalimated to an alhay ration switched to &0:40
hay:concentrateation, andhenagainswitched to a 40:60 hay:concentreation After a :wk
adaptation period to the 60:40 ration, ileal SGLT1 expoesincreased-fld; a simikar

response was se@nduodenal expression aftenio of adaptation to the diet (Dyer et al., 2009).
Changing the diet to the 40:60 ratielrcited anincreaseonly in ileal expression of SGLT1

(Dyer et al., 2009)Cumulatively, the results from this sjudemonstratéthe adaptive ability of

the small intestine to increase glucose uptake by increasing SGLT1 expression, particularly in
the distal regionsf the S] in response tmcreasingconcentrates in the di¢Dyer et al., 2009).

A recent report fronthe same latratory indicatedhat SGLT1 upregulation is facilitated by the
sweet taste receptor, TIMTAT3 (Daly et al., 2012From an evolutionary perspective, horses
may retain ampldisaccharidasactivity and the ability to increase glucose uptakerder to

adapt to seasonal variations in soluble sugar concentrations noted in many grass species (Kienzle
and Radicke, 1993; Dyer et al., 2002; Richards et al., 2004; Kagan et al., 2Cdral®sely, as
starch is a nmor component of naturabuinediets,moderatgpancreatid}amylase activity may
have matched dietary demanBeed processing methods may be the most practical combatant to
overcame this physiological limitatioby enhancing starch availabilityhe effects of processing

on starch digestion have been well documeraétiough some reports are conicaary

(McLean et al., 1999abcde Fombelle et al., 200Yarloud et al., 2004; Al Jassin2006

Julliand et al., 2006 The caveat tamproving starch digestioand sugar adorption in the small
intestineis that it may lead to increaseuniculatingconcentrations of glucosehich, over time,

could lead tonsulin resistanc@Harbour et al., 2003
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Modern feed processing technologies commaitilzed in generatingequine dets
include grinding, micronizing, flaking, and pelleting, although grains may also undergo other
mechanical and thermal processing methods (Julliand et al., 2006; Hill, 2007). In addition to
enhancing starch availability, feed processing also alters srtegtinal MRT, which in turn
affecsthe extent of enzymatic digestion and nutrient absorptianoccursGastrointestinal
motility is dictated by the MMC, meaning it undergoes 4 distinct contractile patterns in an effort
to mix luminal contents and @pel digesta through the gut (Merritt, 1998he MMC is
characterizedy initial inactivity (Phase lipllowed by a period of irregular segmentary and
peiistaltic contractions (Phase &)d thenanintense activity front characterized by stronger and
morefrequent perigtltic contractions (Phasg.3inally, rapid contractions subside and the cycle
starts over (Phase 4; Merrit, 1998% a resul, small intestinatransit time is roughly 1 ta hin
horsegasted offed ad libitumforage,with digestamoving at 30 cm minin the duodenum and
decreasing in speed in the distal regiohthe foregu(Merrit, 1999). otal prececal ROP may
range fromlL.6to 9.9h (mean 6.8 £ 1.2 hepending on dietary and feed management factors
(Julliand et al., 2006yan Weyenberg et al., 2006ecent reviews have highlighted these
effects as they relate to feed processpngcecaMRT, and subsequent digestibilities of various
feedstuffs (Van Weyenberg et al., 2006; Julliand et al.6280I, 2007). In generapatticle size
reduction (grinding)decreasing the hay:concentredgo of a diet, and restricted feeding
practices increaggrececal MRTand slow ROP, enhancing dietary digestibi(¥edina et al.,
2002;Julliand et al., 2006van Weyenberg et al., 20p®n the other hand, increasing the
amount of fiber in the ration, reducing fiber length, and incorporating alfalfa into the diet
decreases prececal MRDrpgoulet al., 2000; Moor€olyer et al., 2003; Julliand et al., 2006;

Van Weyenberg et al., 2006). Fugrmore, liquid phase digesta passes through the small
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intestine faster than sdlphase digest@ulliandet al., 2006)As a result of this phenomenon,
large amouts of soluble CHO present in the diet may be rapidly transported to the large
intestine, vinere they may alter the microbial profile, reduce CHligestibility, and impair
hindgut function(Varloud et al., 2004; Julliand et al., 2008).Jassim(2006)examinedotal
tract apparent digestibilities pfocessed sorghum amdhole oat grains andssessed the effects
of dry rolled or steam flaked songim onthe characteristics of digestaverall, pocessinded to
improved DMdigestibility, andstarch digestibility was increasedth thediets containinglry-
rolled and stearflaked sorghuntompared to the unprocessed obls differencesvere
observed irpH or VFA and lactate concentrationgdigestabeweenhorses fedhe dryrolled
and steanflaked sorghumindicatingboth processing methods hsichilar effectson prececal
sorghum grainigestibility (Al Jassim, 2006)Van Weyenbgg et al. (200Breportedno effect of
feeding frequency of a complete pelleted meal oradyeligestibility or blood glucose
parameters,sahad been previoussuggested (Houpt et al988. Generally speakingeports
regardingfeed processing arttie effects of other dietary componeatsprececal MRT are
conflicting and not well define{ulliand et al., 2006; Van Weyenberg et al., 20Bécause of
the rapid passage rate of digesta througletjutnesmall intesting coupled withh i mi-t e d
amylase activitysignificant quantities of starch may flow into the hindgut when-siginch

diets are fed.

Carbohydrate Digestion in the Equine Hindgut

Collectivelyreferred taas the hindgut, the cecum and large colon are the primasysite
microbial fermentation inhe equine GITResident microbial populations in these segments of

the large intestindegrade dietary starclfHO-H); oligosaccharidedructans, angbectins
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(CHO-Fg); and cellulose and hemicellulose (CHF) into monosacchates that are used for
cellularmetabolism and proliferatiofiHoffman et al., 2001)Within microbial cells, these
monosaccharides undergo glycolysis, known as the EmrlldégerhotParnagpahway, where
they are converted to pyruvdteprodice adenosine triphosphate (A Hybson and Stewart,
1997; ShirazBeechey, 2008)During this process, nicotinamide adenine dinucleotide (JAD
an oxidizing agent, is reducedNADH. Fermentation pathwa reoxidize NADH and convert
pyruvate into VFA and lactategleasing carbon dioxide (G hydrogen (H), and methane
(CHy) as byproducts (Hobson and Stewart, 1997; Shigaechey, 2008\ olatile fatty acids
and lactate arabsorbed across the apioambrane of colonocytes, epithelial cells lining the
large intestine, through several mechanisms. First, many VFA are protan#tedntestinal
lumen renderinghem highly lipid soluble. Thysliffusion is a significanabsorptive
mechanism. Theralso are2 carriermediated transptars that link VFA absorption to NaCl and
H,O absorption and bicarbonate (HE)&ecretion, as has been repoitedther species
(ShiraztBeechey, 2008). The primary transporter along the basolateral membrane of cobnocyte
is monocarboxyla transporte. (MCT-1). This transportetouples the removal of onenized
VFA moleculeand one hydrogeatom(H") from the cell, thereby preventiragllular
acidification(ShiraztBeechey, 2008 Relative absorption and transpoidatrates for individual
VFA vary with luminal concentrations and phRiowever, acetate and propionate are
preferentially transported to the bloodstream, whereas butgriaegely retained by colonotas
for intracellular metabolisrfArgenzio et al., 1974)n the body, peripheral tissues utilize acetate
for energy production, the liver takes up propionate for gluconeogenesis, and butyrate is

convertedmto ketone bodies, precursors fatty acid synthesidNRC, 2007.
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TheVFA concentrationgn the luma are reflectiveof the né production (gross
production minusbsorption) of VFA by residemicrobial populations. Thus, measurements of
luminal VFA concentrations provide insight intletary effects on thmicrobial environment of
the hindgutSpecifically, the relative proportions of acetate, propionate, and butyrate, the
predominant VFAproducedcurrentlyprovide the mostinderstanding (Bbson and Stewart,
1997).Additionally, culturedependenand cultureindependent techniquésive been used to
furthercharacterize the microbial diversity within thigfering regions of the hindgu¥arious
bacterial, protozoal, and fungal strains have been iteshtifowever,t is believed thabacteria
are predominantly responsible for carbohydrate fermentatieqgumegMoore and Dehority
1993. Moore and Dehority (1993) found that defaunation, or remdyaiatozoa from the
hindgut, doesiot appear tampact cellulosaligestionandonly nominallyreduceDM
digestibilityin horses fed a higforage ration. Irhorses fed a 60:40 hay:grain ration, DM
digestibility was slightly improved by defaunation (Moore and Dehority, 1993). Thus, it appears
that protozoglay only a minor rolén total carbohydrate digestian the equingalthough they
maybe more importann starch digestion and regulating bacterial populatiotisloore and
Dehority, 1993Hobson and Stewart, 199 Generally speakingatbohydratedigestingbacteria
can be classiéid as cellulolytic, amylolytiayr lactateutilizing (Hobson and Stewart997) The
primarybacterid phyla represented in the equine hindigatudeFirmicutes Proteobacteria
VerrucomicrobiaBacterodetes ActinobacteriaandFibrobacter(Daly et al., 2001; Daly et al.,
2012; Shepard et al., 2012).

Within Firmicutes the mostbundanbacterial phyladentifiedin the hindgutseveral
classes and species are of particular concern when discussing carbohydrate dhgistion

horse specifically cellulolytic, lactat@roducing, and lactatetilizing bacterial populatins The
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predominancellulolytic species belong to tli&ostridia class and includseveral from the
Rumminococcacedamily and somdrom the Clostridiaceae and Eubacteriacéamilies. More
specifically, Rumminococcus flavefeenshas beemdentified aghe primary cellulolytic bacterial
species in the cecum using FISH technology (Julliand et al., 1999). To a lesseRexdénis
andFibrobacter succinogenemealso present (Julliand et al., 1999). Other knaetfulolytic
digestergresent in the egne hindguincludeBacteroidesp.,Bacillus cellulolase dissolvens
Clostridiumsp.,Eubacteriunsp.,andButyrivibrio fibrisolvens(Julliand et al., 1999).

Additiondly, the actions otellulolytic fungi mayplay an important role inellulose digestio;
however, research is limited in horses (Julliand et al., 1998). A separate dtassicites

known asBacilli, includes bacteria fromactobacillussp. andStreptococcusp. These bacteria
rapidly ferment starch and other dietary sugars tatagtbbson and Stewart, 199 Bailey et

al. (2003)determined that certain species, includtigovis L. mucosagl. reuteri, L.

salivarius L. delbruekii, andL. fermentumare capable of converting amino acids into amines,
potentially contributing to thbiological cascade of laminiti$hus,these populationare often
monitored when evaluating the effects of various diets on the hindgut ecosystem (de Fombelle et
al., 2003; Al Jassim et al., 200Baly et al., 2012). In contrast, severab@¥negative bateria

from theVeillonellaceadamily, includingMegasphaerap. andSelenomonasp., convert

lactate to butyrate and other intermediate VFA (Hobson and Stewart, 1997). Often collectively
termed Al ac¢ti &1 e i nthedgrobtlaaf thee popudationsften followsrapid

proliferation of the aforementioned lactgdeducing bateria. Monitoring lactateitilizing
bacterialpopulationgprovidesanindi at or f o rtolesance f@bruph andredses in

lactateproduction witlin the hindgut.

The Cecun
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As digesta leaves the small irtias, it flows through the ilemecal junction into the
cecum,an enlarged, specialized compartment of the large intebtn@recedes the large colon.
The cecums a blind fermentation reservdirat is approximately in long and has a capacity of
roughly 25 to 35 L (Al Jassim and Andrews, 20@ften compared to the bovine rumen, the
cecumis aprimary site of microbial fermentation ihé equine GITVolatile fatty acids
absorbed from the cecuatonecanprovide up to 30% athe energy requirements for horses
maintainedn allforage rations (Glinsky et al., 19)/6

Secretion of bicarbonateoupledwith VFA absorption and the addition of basic digesta
from the small intestinduffers the cecum and pronestthe proliferation of a diverse microbial
community.Cecal pH generally ranges from 6.5 to,iv&h an approximate mean of 6.8
however, cecgbH can decrease to 6.1 with laigelusions of grain in the die®Vhenhorsesare
maintained on higfiiber diets total culivable anaerobic bacteria ranigem 7.6 to 7.9 log
c.f.u mr* (Medina et al., 2002; de Fombelle et al., 2003). Respective population concentrations
for cellulolytic bacterial.actobacillussp.,Streptococcusp., andactateutilizing baderia are
6.0t0 6.1, 6.2t0 6.4, 6.2 10 6.6, and 6.1 to 7.@lod.uml™ (Medina et al., 2002; deombelle
et al., 2003). In horseacclimated to higistarchdiets, total anaerobic bactdr@ncentrations
increasd to range from7.7 to 8.6 logy c.f.uml™ (Medina et al., 2002; deombdle et al., 2003).
This response mainly reflecés increase irLactobacillussp. andStreptococcusp. populations
as cellulolyticbacteriadecreaséo 5.0 to 5.2 log c.f.uml™ (Medina et al., 2002; deombelk et
al., 2003).The population shifteeported inactateutilizing bacteriaare variegddepending on
sampling protocol$Medina et al.2002; deFombelleet al., 2003)Other changes in the
forageconcentrate ratio have produgad andmicrobial populaton shiftssimilar tothose

reported byMedina et al. (2002) and de Fombelle et al. (20608n et al., 1973; Kern et al.,
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1974; Julliand et al., 2001Changing foragéype andphysical form as well aghe inclusion of
high-fiber alternativesseens to elicit little variation incecal paramete(®rogoulet al, 2000;
McLean et al., 2000Moore-Colyer et al., 2000Coverdale et al., 2004¢ollectively,
researchergdicate that when horses are maintained on-higdr diets relative VFA
proportionsof acetate, propionate, and butyrate range from 70 to 75, 15 to 20, and 1Datal5
percent respectivelyAdditionally, lactate concentrations avegligible, typicallymeasuringess
than 1 mM(McLean et al., 2000; Moor€olyer et al., 200Qjulliand etal., 2001; de Fombelle et
al., 2003; Al Jassim et al., 2006; Muller et al., 2008; Daly et al., 2@kP}he other hand, high
starch dietsesult in ashiftin VFA proportions towards increaspcbopionateand butyrate

which leaddo increasd luminal lactate concentratits. Geaterlactate concentrationasually
correlatedwith increases ithactobacillussp. andStreptococcusp, have been reported when
rolled barleywasincluded in the diet at 30 and 50%tbétotal ration or when higistarch diets
werefed, presumably resulting froimadequate starch digestiontire small intestinghat
allowedsignificant quantitie®f starchto reach the cecum when fed at these levels (Julliand et
al., 2001; Medina et al., 2002). More extensive processing ofsyeiucedactate prodation,
possiblyas a result of improved small intestiiggiestion McLean et al., 2000; de Fombelle et
al., 2003; Al Jassim, 2006Additionally, feed processingrayresult in more appropriadéFA
production (de Fombelle et al.,@8). However, the extent of thesabilizingeffect was limited
when processed barley was incldd#50% of the total ratiorhighlighting the limited capacity
of the small intestine for starch digestidnoore-Colyer et al., 2000 Unfortunately, many
researchergail to report theeffectsof dietary parameters on somkthese variables, often
excluding lactate and microbial concentratiansl somgmesomitting pH and VFA

measurmens, which limits the scope of comparison between existing reports
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Theeffects of @rupt dieary change®n the equine hindgintave been studied to an even
smaller degrewith fewer test subject#\ study conducted by Goodson et al. (1988) was one of
the earliest reports on the effects of abruptaglisthanges on the cecal environment. Using a
cecallycannulated pony, Goodson et al. (1988) examined the effects of an abrupt change from an
alfalfa hay diet to a groundosoybean meal concentratehich wasollowed bya subsequent
abrupt change back alfdfa hayafter6 wk of acclimation to the concentrate diBuring the
concentrate challenge, cecal pH sharply decreaghth 5 to 7 h posteeding and gradually
increased to initial values by 24 h. This pH shift was accompaniedrisyderable alteratignn
the resident microflora. Whildhe pony wasnaintained orthe alfalfa hay diettotal anaerobic
bacterid concentrations were relatively stable wiibstprandiatounts being greaténan those
prior to feedingHowever, 48 hafter the abrupt change the concentrate ratidhere was an-8
fold increase in total anaerobes. Stantitizing bacteria represented 92.2 and 87.5% of the total
anaeobes at 24 h and 48 h after this dietary challeregpectivelycompared to 73.1%hen
the pony waged the lay diet Additionally, although slower to responidctateutilizing bacteria
increasedo represent 69.2% of the total bactétid after the dietary chang€otal anaerobic
bacterid countsreturned tanitial valuesafter 3 dand remained relativelgorsistentfor the
remainder of the concentrate phd3ata regarding VFANd lactateoncentrationsvere not
reported/Goodson et al., 1988pe Fombelle et al. (2001) examined the effects of abrupt
changes in théorage:grain ratio on the ceaad right ventratolons of 3 male ponieAbruptly
changing thaliet from 100% meadow hay to a 70:30 meadow hay:rolled barley ragatted in
numerical increases fatreptococcusp. and_actobacillussp. after 2%. This microbial shift
was accompard by a moderate increase in propionate concentrgt8l + 4.36 to 24.12 £

5.05 molar %)xnd a drastic increase in lactate concentrd8&:87 + 13.87 to 305.14 + 288.67
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mgL™). Unremarkable changes were detecteaialtanaerobic, cellulolytic, ardctate
utilizing bacterid populationsinsignificantchanges ipostprandiapH and VFA @rameters
support this observatio&imilar alterations irmicrobal populations, lactate concentrations, and
pH were notedvhen ponies were switched from a 100%an@v hay to a 50:50 meadow
hay:rolled barley rationlotal VFA wereincreased at 29 h, reflecting arked increase in
propionate in spite cd concurrent decrease in acetate (de Fombelle et al., 2@@iijional
research in the same tadatoryevaluated the effects of a sudden change in the type of
concentrate on the hindgut environm@réspondek et al., 2008) feeding mistake implicated
in the development of colic (Hudson et aD02). Cecal pH was unaffectedespite increased
total lactagé concentrations (2 mM) 5 h postfeeding.Concentration®f VFA were depressed
after 5 hcompared t@reprandial valuesbut returned to initial values by 29 h (Respondek et al.,
2008).Throughout these studiesnall animal umbersresulted inarge stadard errors and
limited the ability of researchers to detect differences in the sesult

Cecal notility consists of segmentary haustral contractionsperstalticmass
movementshat mix and propedigesta througthe cecocolic junctionnto the colonVan
Weyenberget al., 2006; Al Jassim and Andrews, 2009)ese coordinated actionssult in
selective retention darger particlespresumablyo promotefurthermicrobial fermentation and
to optimize fiber digestionThis processn conjunction withthe motility patternsof the large
colon, is knownSagpat héei b 6o Degouhehah,200Mdn ( CSM;
averagececal MRT is th, ranging from 2 to h and varying with die(Hyslop et al., 1999
Drogoulet al., 200D. Feeding groundyelleted brage homogenizdbhe passage rated digesta
and, as aresult, inhibitke CSMMs abi |l ity to seihtaeccecunvand y r et ai n

ultimately reducesecal MRT Drogoulet al., 2000). Howevepresumably in an effotb
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compensate forapid cecaltransit rates, colonic MRT iscreasedvith this type of die{Drogoul
et al., 2000). Thus, notal tract digestibility differences have bedrserved between chopped
and pelleted forage®(ogoulet al., 2000)Drogoulet al. (2001yeportecthat asharleywas
addedo the diettotal tractMRT increased and fiber diggbility decreasedAdditionally, liquid
phase markershowed a rapid throughput digesta though the GIT suggesting that substantial
guantitiesof starch may have reachee thindgutas the amount of barley increag@atogoulet
al., 2000;Drogoulet al., 2001)While theeffects of abrupt diaty charges on cecal motility or
digestivepassge rats have not beereported it stands to reasaat an abrupt diaty change,
particularly to a higkstarchdiet, whichslows the rate of passage and promties
aforementioned microbial and biochemical responsmdd compromise the integrity of the
colonic epithelium or prevent the excretion of fermentation gases £EBeachey, 2008;

White, 2011)Because¢he cecums reported to preferentially retain large particulate matter, the
effects of abrupt longtem forage changes mmpresignificantly impacthis environment,

whereas the impacts of concentrate processingh®anore evident in the colon.

The Colon

The large colon is a segmented organ that is divided into 4 compartments in the horse (Al
Jassim and Andrews, 2009). As digestvés the cecum via the cecacgunction, it enters the
right ventral color(RVC), andthen moves through the sternal flexure into the left ventral colon
(LVC). From here, the intestinal contents progress through the pelvic flexure into the left dorsal
colon(LDC) and, finally, the digesta flows into the right dorsal cdBDC) via the
diaphragmatic flexure (Al Jassim and Andrews, 2008 proximal, or ventral, colon is the
primary site of microbial fermentation, whereas the distal, or dorsal, colamgeyresponsible

for VFA, electrolyte, and water absorption. On arAf@athge raéion, colonic VFA satisfy up to
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50% of anergyoagurenterster maintenancéGlinsky et al., 1976; Vermorel et al.,
19973. As digesa leaves the RDG! enters the small colon where fecal balls are formed. The
rectum acts as a storage site faalematerial prior to excretiofdl Jassim and Andrews, 2009
As a less invasive alternativedecal anatolonic cannulationfeces are often sampled and used
asanindicator of hindgut function. However, Dougslal.(2012 compare the microbial
parametersf the cecum, RDCand feces using 16s rRNA gene terminal restriction fragment
length polymorphisnanddetermined thate relative environments of the hindgiiffer
significantly by region. Althouglfecal samplegrovide little informatiorregardingthe
environment of th@roximal hindgutmicrobial similarities between the RDC and the femes
suchthat fecal samples could be usedessonabléndicabrs of fermentation parameters in the
distal regionf the hindgu{Dougal et al., 2012).

Existing reports otlietary impact on the colonic environment primarily focus on the
RVC. The pH of the proximal colon is similar tioat of the cecum, allowing it to suppart
similar microbial community (de Fombelle et al., 208adetBourgeteau et al2010.
However, totamicrobial populations are greater in the RW@an in the cecunsuggestinghat
more extensivearbohydrate digestiamccursin this region(de Fombelle et al., 2003) one
study, horseged ahigh-fiber pellet had populations dbtal anaerobic, cellulolytic,
Lactobacillussp.,Streptococcusp., andactateutilizing bacteria 08.1, 6.0, 6.5, 7.1, and 5.8
logio c.f.u mi*, respectively, in th&VC. After acclimating horses to a higitarch pellet, total
anaerobicl.actobacillussp.,Streptococcusp., and lactate utilizing bacteria concentration
this regionincreased, whereas the concentratioincellulolytic bacteria decreasethese
microbial shifts were accompanied by decreasmetate anthcreasegropionate, butyratend

lactate concentration&lthough no change in pH was obseryellowing the dietary shif{de
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Fombelle et al., 2003an earlier widy using similar dietsesulted ima reduction irpH in the

RVC when horses were maintained on a kstgrch pellet (Meida et al., 2002). Microbial and
other biochemical resporseere similar between thestudiesMedina et al., 2002; de
Fombelle et al., 2003ndare consistent witthe findings of Julliand et al. (2001) for combined
cecal and colonic parameters whele barley was incorporated into the diet.

Forage type and physical form seem to have little impact on the fermerdapacity of
the RVC.Drogoulet al. (2000) noted a slight decline in VFA concentrations when horses were
fed a finely ground hay pelleompared to chopped hay. However, total tract diet digestibility
was unaffectedoresumablydue to a prolonged MRIh the cecumMuller et al. (2008) also
noted unremarkable changes in colonic parameters when horses were fed silage and haylage
comparedd hay, although there were slight depressions in &iAcentrations with the ensiled
forages Using oligonucleotide hybridization, Daly et al. (2012) observed deprédsexbacter
sp. and Ruminococcaceae populationthecolonic contents @oncentratded horses
compared to those maintained on forage ald@ihés change was accompanied by increases in
Lachnospiracea®&acteroidetesandBacillus-LactobacillusStreptococcupopulations (Daly et
al., 2012)In the same study, similar effects wa@edin the microbial communities of horses
diagnosed wth SCODcolic, emphasizinghe potentialrole of nutrition inthe development of
gastrointestinal disea¢Paly et al., 2012).

The effects of abrupt diaty changes on the colonic environment have been examined,
largely in conjunction witltecal observations. Although not significant, de Fonebetlal.

(2001) observedumericalincreases i.actobacillussp. andStreptococcusp. with concomitant
decreasesilactateutilizing bacterial populations in the RVC whberno r slietssvéreabruptly

changed fron100% meadow hay to &80 meadow hay:rolled barley ratidrhese microbial
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shifts were more exaggerated in the RVC than in the ce&bmptly increasing th rolled

barley in the ratio to 50% resulted in furthé@mncreases itactobacillussp. andStreptococcus

sp. concatrations that weraccompanied by increases in lactate, total VFA, and propionate
concentrations in the coloniltid 29 hafter the dietarghanggde Fombelle et al., 2001).
Respondek et al. (2008 portedncreases in total anaerobic, lactatdizing, Lactobacillussp.,
andStreptococcusp. colonic bacterial concentrations when barley was abruptly substituted for
the pelleted concenteimealto which horses were acclimated simultaneous decrease in

colonic pH and increase in total lactate concentrations and VFA concentrations were also noted
(Respondek et al., 2008)sing forages originating from the same criglghonen et al. (2009)
reported no differences in microbial or biochemical parameters in colonic digesta when horses
were switched to haylage sitage rations from hayherefore differentforageconservation
methods seem to have little effect on colonic fermentation (Muheingin 2009).

The olonic flexures regulate digestiypassage rates under the CSM protessaximize
fermentation and absorpti¢Al Jassim and Andrews, 2009olonic MRT is a function of the
propulsive and retropulsive actions of haustral contractamwell as thenhibitory effects of
the flexural anatomyVan Weyenberg et al., 200#side fromregulation ofROP, he abrupt
changes in luminal diameter at these sites, particularly at the pelvic flalsopredispose the
horse to colonic impacti@thatmaycause colic (ShirazBeechey, 2008). Feeding large
guantities of poor quality haypay promotehis cascadeColonic MRT has been estimated
between 25 to 45 h depending on diet and the calculationsDssgb(let al., 2000; Van
Weyenberg et 812006). Feeding a groundynhpellet significantly increasdstal and colonic
MRT when compared to choppedyh although no differences have bedéserved for dietry

digestibility (Drogoulet al., 2000)Although feed processing seems to have little ichpa total
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tract MRT, it mayselectivelyaffect the ROP of digesta througaryingcompartmets of the
GIT and thereforeimpact the amount of soluble carbohydrate that reaches the Golmgo{let
al., 2000; Rosenfeld and Austbo, 2009). Indeed, a auatibin ofenhanced colonic MRT and
increasedCHO-H rich digestaeaching tle hindgut as a result of consung high-starch diets
may explain the observed relationship betwiesdingconcentrats altered colonic microbial
communities, and the prevalencecofic, specifically SCOLODaly et al., 2012).

In recent reviews, ShiraBeechey (2008and White (2011) discussedoposed dietary
cascads that compromiskindgut functim and the mechanisms by whitttese cascadésadto
intestinal diseases, suchasic and laminitisTheseauthors proposkthatdietary factors alter
gut microbial characteristics and cause fermentative dysfunetsoevidenced bghanges ipH,
VFA, and lactate (Shirafeechey, 2008White, 201). Specifically, increases in lactic aeid
producing bacteria and concomitant decreases in cellulolytic populégamh$o altere®VFA
parameters and decredsetestinal pH (ShirazBeechey, 2008). These changes compromise the
integrity of colonocytes, dicing theefficacy of theircellular and mucad barrier functionthus
resultingin cellular acidification angotentialleakingof endotoxins into systemic circulation
(ShiraziBeechey, 2008; White, 2011). Thesdlular changealsoaffect water, electlyte, and
nutrient absorption, whichlter the consistency of luminal digesta, potentially increasing the risk
of impaction (Lopes et al., 200&urthermorecellular injury initiates inflammatory responses
that may be responsible for abdominal pairoeasged with colic hite, 2011). Thelietary
factorsimplicated in the development of gastrointestinal diseasestadedurtherevaluated to
determine whethahey indeed elicit the deleteriougestinal and histochemical responses
currently proposedly researchers (ShiraBeechey, 2008; White, 2001)xisting literature

regarding abrupt diaty changesn the equindargely uses pony modelsutDougal et al.
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(2012) noted significant differences between hindgut characteastios horse and pony
suggesting that ponies may not balid modes for the effects of dietry changes on the general
horse populationTherefore despite reports of suddeletary alterationand their effects on the

hindgut of ponies, much of this work needb®&reevaluatkon a larger scale in horses.

Summary

Althoughdietary effects ofeeding behaviors, digestive parameters, and gastrointestinal
disease have traditionallyeenevaluated individuallyepidemiological and empirical evidence
suggests that researchers may need to consider a more holistic approach when evaluating the
effects of various diets and daey changes on equine health and production.dbyet
compositionand feeding managemdmtavily influencefeeding behaviorsyhich in turn impact
feedstuff digestibilityn the small intestinandmay ultimately affechindgutfunction.High-
fiber diets andd libitumfeeding practices seem to promote normal feeding behaviors and
gastrointestiniahealth however, these feeding regimens are not always practical, specifically for
intensely managed horsésside from the dietary implications, horses subjected to these
intensive management strategies alsoexposed to situations thaepartfrom the natural
equine environmerandhave been implicated as causal factors related to the development of
abnormal behaviors and gastrointestinal disecasd hese i ncl ude changes to
turnout and exercise duration, and healthcare regiBemusethe equine digestive tract is
predisposed to dietaipduced dysfunction under modern management schemes, further
investication of these relationships is warranted.

Effects of various types of equine diets on microbial populations and fermentation
characteristics in the hindgut have been well documeivet .very little information is available

on the effects of abrupt dietary changes on the equine hindgut. Moreover, experimental diets do
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not necessarily réfct diets traditionally fed in the Unitegtates othe dietary changes horses

are likely to face. Available reports have used small sample populations @ ) , of t en wi t
ponies, that may not accurately represent the effects of abrupt dietary changes on the general

horse populationin inducedlaminitis studies, horses are dosed with large quantities of either

starch or oligofructose to simulate cahlydrateoverload scenarios (Mnovich et al., 2006).

While these studies shed light on the pathophysiology of laminitis, their extremity limits

resear chersoé6 ability to extrapolate results to
behind the increased colic risk associated with moderate dietary changes need further elucidation
atboththe moleculaandin vivolevels. Current research in tlasea is limited and biologically

significant parameters are ambiguous, as most research subjects nel@y dénical signs of

disease; however, epidemiological evidence suggests that the relationship between the equine

diet and gastrointestinal disease significant. Aailable information on the effects of various

diets and dietary changes on the hindgut, together with the known alterations in prececal

digestion, create a more complete picture of the relationship between diet and gastrointestinal

heath. As such the effects of relevant deaty changes need to be evaluated on a larger scale.
Understanding these basic implications for gastrointestinal health will allow forsegro

feeding and management strategies to attenuate adverse effects géryenatacidable sudden

changes in the equine diet.

44



Literature Cited

AlbaneseV., A. S. Munsterman, F. J. DeGraves, and R. R. HarXiik® Evaluation of intra
abdominal pressure in horses that crib. Vet. Surg. 42(68628

Albright, J. D., H. O. Mohammed, C. L. Heleski, C. R. Wickens, and K. A. HQ@®Q Crib-biting
in US horses: breed predispositions and owner perceptions of aetiology. Equine Vet. J.
41:455458.

Alexander, F1966 A study of parotid salivation in the horsePhysiol. 184:64656.

Al Jassim, R. A. M. 2006. Supplementary feeding of horses with processed sorghum grains and oats.
Anim. Feed Sci. Technol. 125:381.

Al Jassim R. A. M.andF. M. Andrews 2009. The bacterial community of the horse gastrointestinal
tract and its relation to fermentative acidosis, laminitis, colic, and stomach ulcers. Vet. Clin.
Equine. 25:19215.

Al Jassim, RA. M., P. T. Scott, A. L. Trebbin, D. Trott, and C. C. Pollit. 2005. The genetic
diversity of lactic acid producing baciiin the equine gastrointestinal tra€EMS

Microbiol. Lett. 248:7581.

Andrews F. M.andJ. A.Nadeau. 199Clinical syndromes of gastric ulceration in foals and mature
horses. Equine Vet. J. Suppl. 29:84.

Andrews, F. M., B. R. Buchanan, S. Blié, N. A. Clariday, and L. H. Edwards. 2005. Gastric
ulcers in horses. J. Anim. Sci. 83:EE21.

Archer, D. C.,andC. J.Proudman2006. Epidemiological clues to preventing colic. Vet. J. 172:29
39.

45



Argenzio, R. A., M. Southworth, and C. E. Stevel®/4. Sites of organic acid production and
absorption in the equine gastrointestinal tract. Am. J. Physiol. 226 (B3

Argo, C. M. G., Z. Fuller, C. Lockyer, and J. E. Cox. 2002. Adaptive changes in appetite, growth,
and feeding behavior of pony nearofferedad libitumaccess to a complete diet in either a
pelleted or a chafibased form. Anim. Sci. 74:51528.

Aytekin, I., A. C. Onmaz, S. U. Aypak, V. Gunes, and O. Kucuk. 2011. Changes in serum mineral
concentrations, biochemical and hematologizabmeters in horses with pica. Biol. Trace
Elem. Res. 139:30307.

Bachmann, I., L. Audige, and M. Stauffach2®03 Risk factors associated with behavioural
disorders of crikbiting, weaving, and bewalking in Swiss horses. Equine Vet. J. 35:158
163.

Becker,E. 1962 Dental disease in the horse. Handbook of special pathology of domestic animals.
Pp. 642651.

Bailey, S. R., M. L. Baillon, A. N. Rycroft, P. A. Harris, and J. Elliot. 2003. Identification of equine
cecal bacteria producing amines in arvitro model of carbohydrate overloakhpl.
Environ. Microbiol. 6920872093.

Berger, A., K. M. Scheibe, K. Eichorn, A. Scheibe, and J. StrdigB9 Diurnal and ultradian
rhythms of behavior in a mare group of Przewalski h@Esgius ferus przewalskii

measured through one year under sergerve conitions. Appl. Anim. Behav. 64-17.

Bonin, S. J., H. M. Clayton, J. L. Lanovaz, and T. Johng20667. Comparisons of mandibular
motion in horses chewing hay and pellets. Equine ¥€9258262.

46



Boswinkel, M., A. D. Ellis, and M. Sloet van Oldruitenborgbsterbaan2007. The influence of low
versus high fibre haylage diets in combination with training or pasture rest on equine gastric
ulceration syndrome (EGUS). Pferdeheilkunde. 23:12G.

Boyd, L. 1986 Behavior problems of equids in zoos. Vet. Clin. North Am. 2:663.

Brown, W. H, C. A. McCall, W. H. McElhenney, and T. R. FeBA07. Variation in cribbing
frequency with altered feeding schedules. Pp38%n Proc. 28 Equine Sci. Soc., Hunt
Valley, MD.

Buckley, P., J. Morton, and G. Colem&007. Repeated observations of naturally occurring
laminitis in pony club horses in regional Australia. Pp110n Proc. ACVSC Sci. Meet.,

Gold Coast, Australia.

CairnsA. J., A.Cookson, and B. Jhomas. 2002Starch metabolism in the fructgnasses: Patterns
of starch accumulation in excised leavesafum temulentunh. J. Plant Physiol. 159:293
305.

Carter R. A., K. H. Treiber, R. J. Geor, L. Douglas, and P. A. HaZG92 Prediction oincipient
pastureassociated laminitis form hyperinsulinemia, hygptinemia and generalized and

localized obesity in a cohort of ponies. Equine Vet. J. 41178L

ChattertonN. J., P. A. Harrison, J. H. Bennett, and K. H. Asay. 1989. Carbohydratepang in
185 accessions of graminae grown under warm and cool temperatures. J. Plant Physiol.
143:169179.

Christig J. L., C. J. Hewson, C. B. Riley, M. A. McNiven, I. R. Dohoo, and L. A. BA166

Management factors affecting stereotypies and loodgition score in nonracing horses in
Prince Edward Island. Can. Vet. J. 136-143.

47



Clegg H. A., P. Buckley, M. A. Friend, and P. D. McGree2008 The ethological and
physiological characteristics of cribbing and weaving hoi&sppl. Anim. Behav. Sic
10968-76.

Cohen N. D., P. G. Gibbs, A. M. Woods. 1999. Dietary and other management factors associated
with colic in horses. J. Am. Vet. Med. Assoc. 215688

Cooper J. JandG. J.Mason.1998 The identification of abnormal behavior and beharab
problemsin stable horses and their relationship to horse welfare: a comparative review.
Equine. Vet. J. Suppl. 27%.

Coverdale, J. A., J. A. Moore, H. D. Tyler, and P. A. Millarwerda. 2004. Soybean hulls as an
alternative feed for horses. J.iAn Sci. 82:1663L668.

CrowellDavies S. L.andK. A. Houpt.1985.Coprophagia by foals: Effect of age and possible
functions. Equine Vet. J. 1777-19.

Daly, K., C. S. Stewart, H. J. Flint, and S. P. Shi2eechey2001.Bacterial diversity within the
equine large intestine as revealed by molecular analysis of cloned 16S rRNA genes. FEMS
Microbiol. Ecol. 38:141151.

Daly, K., C. J. Proudman, S. H. Duncan, H. J. Flint, J. Dyer, and S. P. Shéedhey. 2012.
Alterationsin microbiota and fermentation products in equine large intestine in response to

dietary variation and intestinal disease. Br. J. Nutr. 1079%8P

Daly, K., M. Al-Rammahi, D. K. Arora, A. W. Moran, C. J. Proudman, Y. Ninomiya, and S. P.
ShiraziBeechey2012. Expression of sweet receptor components in equine small intestine:
relevance to intestinal glucose transport. Am. J. Physiol. Regul. Integr. Comp. Physiol.
303:R199R208.

48



De Fanbelle, A., V. Julliand, C. Drogduand E. Jacotot. 2001. Feeding andnobial disorders in
horses. 1. Effects of an abrupt incorporation of two levels of barley in a hay diet on microbial
profile and activies. J. Equine. Vet. Sci. 2139-445.

De Fombelle, A., M. Varloud, A. G. Goachet,Jacotot, C. Philippeau, C. Drogpand V. Julliand.
2003. Characterization of the microbial and biochemical profile of the different segments of

the digestive tract in horses given two distinct didtsm. Sci. 77:293304.

Dey, P. M.andJ. B. Harborneeds.1997 Plant Biochemistry. Academic Press, San Diego, CA.

Dorn, C. R., H. E. Garner, J. R. Coffman, A. W. Hahn, and L. G. Tritschler. 1975. Castration and
other factors affecting the risk of equine laminitis. Cornell Vet. 6647

Dougal, K., P. AHarris, A. Edwards, J. A. Pachebat, T. M. Blackmore, H. J. Worgan, and C. J.
Newbold. 2012. A comparison of the microbiome and the metabolome of different regions of
the equine hindgut. FEMS Microbiol. Ecol. 82:6822.

Drogod, C., C. Poncet, and J. Tisserand. 2000. Feeding ground and pelleted hay rather than
chopped hay to ponies. 1. Consequences for in vivo digestibility and rate of passage of
digesta. Anim. Feed. Sci. Technol. 87:11130.

Drogod, D., J. L. Tisserand, and C. Poncet. 2000. Feeglingnd and pelleted hay rather than
chopped hay to ponies. 2. Consequences on fiber degradation in the cecum and the colon.
Anim. Feed. Sci. Technol. 87:1345.

Drogod, C., A. de Fombelle, and V. Julliand. 2001. Feeding and microbial disorders is.larse
Effect of three hay:grain ratios on digesta passage rate and digestibility in Joiigsine.

Vet. Sci. 21487-491.

Durham A. E.2009 The role of nutrition in colic. Vet. Clin. Equine 25:83.

49



Dyer, J., E. Fernande2astano Merediz, K. S. Kdmon, C. J. Proudman, G. B. Edwards, and S. P.
ShiraziBeechey. 2002. Molecular characterization of carbohydrate digestion and absorption

in equine smalintestine. Equine Vet. J. 3349-358.

Dyer, J., M. AlRammahi, L. Waterfall, K. S. H. Salmon, RGkor, L. Boure, G. B. Edwards, C. J.
Proudman, and S. P. Shird&eechey. 2009. Adaptive response of equine intestinal
Na'/glucose cetransporter (SGLT1) to an increase in dietary soluble carbohydrate. Eur. J.
Physiol. 458:419130.

Edouard, N., G. Fleurke, W. MartinRosset, P. Duncan, J. P. Dulphy, S. Grange, R. Baumont, H.
Dubroeucq, F. J. Per&arberia, and |. J. GordoB008 Voluntary intake and digestibility in
horses: effect of forage quality with emphasis on imltial variability. Animal. 21526-

1533.

Egan C. E., T. J. Snelling, and N. R. McCEw&210.The onset of ciliate populations in newborn
foals. Acta Protozool. 49:14%47.

Elia, J. B., H. N. Erb, and K. A. Hou201Q Motivation for hay: effects of a pelleted diet on
behavior and physlogy of horses. Physiol. Behai01:623627.

Ellis, A. D.andJ. Hill. 2005 Nutritional Physiology of the Horse. Nottingham University Press.
Nottingham, UK.

FisherD. S., H. F. Mayland,and J. C. Burdi®92 Var i ati on i n r talimi nant s o

fescue hays cut either at sundown or at sunup. J. Anim. Sci. 7776822

Fleurance, G., P. Duncan, H. Fritz, I. J. Gordon, and M. F. Grepisstalot. 2010. Influence of
sward structure on daily intake and foraging behavior by hoksasial. 4480-485.

5C



Fureix, C., H. Benhajali, S. Henry, A. Bruchet, A. PrunirEzzaouia, C. Coste, M. Hausberger,
R. Palme, and P. Jego. 2013. Plasma cortisol and fecal cortisol metabolites concentrations in
stereotypic and noestereotypic horses: do stereotypar¢es cope better with poor
environmental conditionsdBMC Vet. Res. 9-10.

Garcia,L. N. 2004 The effect of an oral antacid on gastric pH and cribbing behavior in horses. M. S.

thesis. Auburn University, Auburn, AL.

Garner, H. E., D. P. Hutcheson, J. R. Coffman, A. W. Hahn, and C. Salem. 1977b. Lactic acidosis: a

factor associated with equine laminitis. J. Anim. 86t10371041.

Ghergariy S., G. Bale, M. Musca, and L. Kada@94 Epidemiological, clinical and batemical
features of blood and urine in cattle in an area of enzooticmnatacia. Re. Rom. Med. Vet.
4:37-47.

Geor,R. J.2007. Equine carbohydrate nutrition: Implications for feeding management and disease
avoidance. N. G. Zimmermann, ed. Pp.-154 in Proc. § Mid. Atl. Nutr. Conf., College
Park, MD.

Gillham, S. B., N. H. Dodman, L. Shuster, R. Kream, and W. R&884 The effect of cribbing
behavi or eanddrphmindasesaAppl. Anim. Behav. Sci. 41-14638.

Glinsky, M. J., R. M. SmithiH. R. Spires, and C. L. Davis. 1976. Measurement of volatile fatty acid
production rates in the cecum of the pony. J. Anim. Sci. 42:1485.

Goodson, J., W. J. Tyzinik, J. H. Cline, and B. A. Dehority. 1988. Effects of abrupt diet change from
hay to cmcentrate on microbial numbers and physical environment in the cecum of the pony.
Appl. Environ. Microbiol. 541946:1950.

Goodwin D., H. P. B. Davidson, and P. Harris. 2005a. Sensory varieties in concentrated diets for

stabled horses: effects on behawdaod selection. Appl. Anim. Behav. Sci. 90:3349.

51



Gray, G. M. 1992. Starch digestion and absorption in nonruminants. J. Nutr. 22Z2.72

Harbour, L. E., L. M. Lawrence, S. H. Hayes, C. J. Stine, and D. M. Powell. 2003. Concentrate
composition, form ath glycemicresponse in horses. Pp. 3230 inProc. 18' Equine Nutr.

Physiol. Symp.East Lansing, Michigan.

Hawkes J., M. Hedges, P. Daniluk, H. F. Hintz, and H. F. Schryver. 1985. Feed preference of
ponies. Equine Vet. J. 17:22.

Hill, J. 2007. Im@cts of nutritional technology on feeds offered to horses: A review of effects of
processing on voluntary intake, digesta characteristics and feed utilization. Anim. Feed Sci.
Technol. 138:92.17.

Hillyer, M. H., F. G. R. Taylor, C. J. Proudman, G.Blwards, J. E. Smith and N. P. French. 2002.
Case control study to identify risk factors for simple colonic obstruction and distention colic
in horses. Equine Vet. J. 3%5463.

Hintz, H. F., R. A. Argenzio, and H. F. Schryv&f71 Digestioncoefficierts, blood glucose levels
and molar percentage of volatile acids in intestinal fluid of ponies fed varying fgrame
ratios. J. Anim. Sci. 33:99295.

Hobson, P. N. and C. S. Stewart, eds. 1992 Rumen Microbial Ecosyste 2ndrev. ed.Chapman
and H&l, London, UK.

Hoffman R. M., J. A. Wilson, D. S. Kronfeld, W. L Cooper, L. A. Lawrence, D. Sklan and P. A.
Harris. 2001. Hydrolyzable carbohydrates in pasture, hay, and horse feeds: direct assay and

seasonal variation. J. Anim. Sci. 79:5806.

Hoffman, R. M. 2003. Carbohydrate metabolism in horses. IVIS Rev. Vet. Med. I.V.1.S (Ed.)

International Veterinary Information Service, Ithaca, NY.

52



Hoskin S. O.andE. K. Gee2004 Feeding value of pastures for horses. N. Z. Vet. J. 58332

Hothersal] B. andR. Casey2012 Undesired behavior in horses: A review of their development,
prevention, management and association with welfare. Equine Vet. Ed4Z9(235.

Hothersal) B.,andC. Nicol.2009 Role of diet and feeding in normal and stereotypittadviors in
horses. Vet. Clin. Equine. 25:14B1.

Houpt, K. A.199Q Ingestive BehavioVet. Clin. N. Amer. Equine.:819-337.

Houpt, K. A. 2012. A preliminary answer to the question of whether cribbing causes salivary
secretionJ. Vet. Behav. 7:32324.

Houpt, K. A., P. J. Perry, H. F. Hintz, T. R. Houpt. 1988. Effect of meal frequency on fluid balance
and behavior of ponies. Physiol. Behav. 42:407%.

Hudson J. M., N. D. Cohen, P. G. Gibbs, and J. A. Thompson. 2001. Feeding practices associated
with colic in horses. J. Am. Vet. Med Assoc. 219:14425.

Husted, L., L. C. Sanchez, K. S. Baptiste, and S. N. Olsen. 2009. Effect of a feed/fast protocol on pH
in the proximal equie stomach. Equine Vet. J.:858-662.

Hyslop, J. J., G. Btefansdottir, B. M. L. McLean, A. C. Longland, and D. C. Cuddeft®89 In
situincubation sequence and its effect on degradation of feed components when measured in

the caecum of ponies. Anim. Sci. 69:1157.

Ike, K., S. Imai, and T. Ishiil984 Establishment of intestinal ciliates in ndern horses. Jpn. J.
Vet. Sci. 47:3A3.

Jain R. K.andR. C. Chopral994 Effect of feeding a low phosphorous diet on feed intake, nutrient
utilization, growth and certain blood parameters ivesl Indiaa J. Anim. Nutr. 1205-210.

53



JohnsonK. G., J. Tyrrell, J. B. Rowe, and D. W. PethitR98 Behavioral changes in stabled

horses given nontherapeutic levels of virginiamycin. Equine Vet. J. 30439

Julliand, V., C. RiondefA. de Vaux, G. Alcarazand G. Fonty1998 Comparison of metabolic
activities betweeiromyces citroniian equine fungal species, dhidomyces communis.

ruminal species. Anim. Feed Sci. Technol. 70:168.

Julliand, V., A. de Vaux, L. Millet, and G. Fonty. 199@entificationof Rumminococcus
flavefaciens as the predominant cellulolytic bacterial species of the equine égqim.
Environ. Microbiol. 6537383741.

Julliand, V., A. de Fombelle, @rogoul and E. Jacotot. 2001. Feeding and microbial disorders in
horses. 3Effects of three hay:grain ratios on microbial profile and awts: J. Equine Vet.
Sci. 21543546.

Julliand, V., A. de Fombelle, and M. Varloud. BOGtarch digestion in horseshd impact of feed
processingLivest. Sci. 100:44562.

Kagan I. A., B. H. Kirch, C. D. Thatcher, J. R. Strickland, C. D. Teutsch, F. Elvinger, and R. S.
Pleasant. 20Xl Seasonal and diurnal variation in simple sugar and fructan composition of
orchardgrass pasture and hay in the Piedmont region of the United Statesme MeguSci.
31:488497.

Kagan, I. A., B. H. Kirch, C. D. Thatcher, C. D. Teutsch, F. Elvinger, D. M. Shepherd, and R. S.
Pleasant. 2011b. Seasonal and diurnal variation in starch content and sugar profiles of

bermudagrass in the Piedmont region oflimgted States. J. Equine Vet. Sci. 31:520.

Kaseda)Y. 1983. Seasonal changes in time spent graamgresting of Misaki horses. Japd.
Zoological Sci. 54:464169.

54



Kern, D. L., L. L. Slyter, J. M. Weaver, E. C. Leffel, and G. Samuels®n3. Pony cecum vs. steer
rumen: The effect of oats and hay on the miciladtasystem. J. Anim. Sci. 363-469.

Kern, D. L., L. L. Slyter, E. C. Leffel, J. M. Weaver, and R. R. Oltjen. 1974. Ponies vs. steers:

Microbial and chemical characteristicsinfestinal ingesta. J. Anim. Sci. 38:5584.

Kienzle E.andS. Radicke1993 Effect of diet on maltase, sucrose, and lactase in the small
intestinal mucosa of the horse. J. Anim. Physiol. Anim. Nutr. 7008

Laut, J. E., K. A. Houpt, H. F. Hintand T. R. Houptl985 The effect of caloric dilution on meal
patterns and food intake of ponies. Physiol. Behav. 355549

Le JuneS. S., J. E. Nieto, J. E. Dechant, and J. R. Sn28€Q Prevalence of gastric ulcers in
Thoroughbred broodmares ingbare: A preliminary report. Ved. 181251-255.

LechtenburgV. L., D. A. Holt, and H. W. Youngberd.972 Diurnal variation in nonstructural
carbohydrates dfestuca arundinacegschreb.) with and without N. fertilizer. Agron. J.
64:302305.

Little D. andA. T. Blikslager.2002 Factors associated with development of ileal impaction in
horses with surgical colic: 78 casd9862000). Equine Vet. J. 3464-468.

Lopes, M. A. F., N. A. White, M. V. Crisman, and D. L. Ward. 2004. Effects of feeding larg
amounts of grain on colonic contents and feces in hoksesJ. Vet. Res. 65:68894.

Malamed, R., J. Berger, M. J. Bain, P. Kass and S. J. pitQ. Retrospective evaluation of crib
biting and windsucking behaviors and owsperceived behaviorataits as risk factors for
colicin horses. Equine Vet. J. 686692.

Mayes E.andP. Duncan1986 Temporal patterns of feeding behavior irefranging horses.
Behav. 96105-129.

55



McBride, S. D. and A. Hemmings. 2Q08ltered mesoaccumbens and nigteatal dopamine
physiology in associated with stereotypy development in aodent species. Behav. Brain
Res. 159:11318.

McBride, S. and A. Hemmings. 2008 neurological perspective on equine stereotypy. Jinequ
Vet. Sci. 2910-15.

McCall, C. A, T. R. Fenn, W. H. McElhenney, W. H. Brown, and P. J. Tyler. 2012. Cribbing

behavior of horses consuming ad libitum concentrate feed. Prof. Anim. Sci. 28803

McClure S. R., L. T. GlickmanandN. W. Glickman 1999 Prevalence of gastric ulcers in sho
horses. J. Am. Vet. Med. Assoc. 215:1113(B3.

McGreevy, P. D., P. J. Cripps, N. P. French, L. E. Green, and C. J. Ni&&l.Managemenfiactors
associated with stereotypic and redirected behanitra Thoroughbred horse. Equivet.
J. 27:8691.

McGreevyP. D, L. A. Hawson, T. C. Habermann, and S. R. Cattle. 2001. Geophagia in horses: a
short note on 13 cases. Appl. Anim. Behav. Sci. 7112%)

McKell, C. M., V. B. Younger, F. J. Nudge, and N. J. Chattert®9 Carbohydrate accumulation
of coastal bermudagrass and Kentucky bluegrass in relation to temperature regimes. Crop
Sci. 9:534537.

McLean, B. M. L., J. J. Hyslop, A. C. Longland, D. Cuddleford, and T. Hollands. 1999a.
Development of the mobile bag technique to determine the degrakietstics of purified
starch sources in the peecal segment of the equine digestive tract. Pp. 138. BSAS,
Scarborough, UK.

56



McLean, B. M. L., J. J. Hyslop, A. C. Longland, D. Cuddleford, and T. Hollands. 1999b. Effect of
physical processing on in situgtadation of maize and peas in the cecum of ponies. Pp. 134.
BSAS, Scarborough, UK.

McLean, B. M. L., J. J. Hyslop, A. C. Longland, D. Cuddleford, and T. Hollands. 1999c. Effect of
screen diameter on particle size and water holding capacity of 15 lstea®th equine

feedstuffs ground through a 1.0 mm and a 0.5 mm screen. Pp. 136. BSAS, Scarborough, UK.

McLean, B. M. L., J. J. Hyslop, A. C. Longland, D. Cuddleford, and T. Hollands. 1999d. In vivo
apparent digestibility in ponies given rolled, micronipeextruded barley. Pp. 133. BSAS,
Scarborough, UK.

McLean, B. M. L., J. J. Hyslop, A. C. Longland, D. Cuddleford, and T. Hollands. 2000. Physical
processing of barley and its effects on irteal fermentation parameters in ponies. Anim.
Feed Sci. Teatol. 85:7987.

Meding B., I. D. Girard, E. Jacotot, and V. Julliarg02 Effect of preparation dbaccharomyces
cerevisiaeon microbial profiles and fermentation pattern in the large intestine of horses fed
high fiber or high starch diets. J. Anim. S80:26002609.

Meding B., C. Drogoul, and V. Jullian@002 Feeding practices and digestive transit times. Eme
Journee de la Recherche. 28%1

MenziesGow, N. J., L. M. Katz, K. J. Barker, J. Elliot, M. N. Brauwere, N. Jarvis, C. M. Marr, and
D. U. Pfeiffer.201Q Epidemiological study of pastusssociated laminitis and concurrent
risk factors in the South of England. Vet. Rec. 167:690.

MenziesGow, N. J., and N. J. Young. 2011. Antibiotic resistance in fecal bacteria isolated from

horses redeing virginiamycin for the prevention of pastdassociatetaminitis. Vet.
Microbiol. 152:424428.

57



Merritt, A. M. 1999 Normal equine gastroduodenal secretion and motility. Equine Vet. J. Suppl.
29:7-13.

Metayer,N., M. Lhote, A. Bahr, N. D. Cohen,Kim, A. J. Roussel, and V. Jullian@004 Meal
size and starch content affect gastric emptyingorses. Equine Vet. J. 3@6-440.

Milinovich, G. J., D. J. Trott, P. C. Burrell, A. W. van Eps, M. B. Thoefner, L. L. Blackall, R. A. M.
Al Jassim, J. MMorton, and C. C. Pollit. 2006. Changes in equine hindgut bacterial

populations during oligofructoseducediaminitis. Environ. Microbiol. 8385-898

Mills, D. S., and C. A. Macleo®002. The response of ciiting and windsucking horses to
treatment with antacid mixture. Ippologia 13:83.

Moeller, B. A., C. A. McCall, S. J. Silverman, and W. H. McElhenr908 Estimation of saliva
production in cribbiting and normal drses. JEquine Vet. Sci. 285-90.

Moore, B. E., and B. A. Dehority. 1993. Effects of diet and hindgut defaunation on diet digestibility
and microbial concentrations in the cecum and colon of the horse. J. Anim. Sci. 71:3350
3358.

Moore-Colyer, M. J. S., J. Hyslop, A. C. Longland, and D. Cuddleford. 2000. lrtezal
fermentation parameters in ponies fed botanically diverse liideed diets. Anim. Feed. Sci.
Technol. 84:183.97.

Muhonen, S., V. Julliand, J. E. Lindberg, J. Bertilsson, and A. Jansson EXt#%s on the equine
colon ecosystem of grassdagje and haylage diets afteraorupt change from hay. J. Anim.
Sci. 87:22912298.

Muller, C. E., D. von Rosen, and P. Uden. 2008. Effect of forage conservation method on microbial
flora and fermentatiopattern in forage and in equine colon and feces. Livest. Sci. 119:116
128.

58



Murray, M. J. and C. Grodinsky. 1989. Regional gastric pH measurement in horses and foals. Equine
Vet. J. Supp. 7:-36.

Nadeau, J. A., F. M. Andrews, A. G. Mathew, R. A. Argenid,. Blackford, M. Sohtell, and A.
M. Saxton. 2000. Evaluation of diet as a cause of gastric ulcbmses. Am. J. Vet. Res.
61:764-790.

NadeauJ. A., F. M. Andrews, C. S. Patton, R. A. Argenzio, A. G. Matthew, and A. M. Saxon.
2003 Effect of hydochloric, acetic, butyric, and propionic acids on the pathogenesis of

ulcers in the nonglandular portion of the stomach of horses. Am. J. Vet. Res442104

Nadeau, J. A., F. M. Andrews, C. S. Patton, R. A. Argenzio, A. G. Matthew, and A. M. Saxon.
2003. Effect of hydrochloric, valeric, and other volatile fatty acids on the pathogenesis of

ulcers in the nonglandular portion of the stomach of horses. Am. J. Vet. Res44713
Nicol, C.J.1998. Understanding equine stereotypies. Equine Vet. J. &p025.

Nicol, C. J., H. P. Davidson, P. A. Harris, A. J. Waters, and A. D. WiB002 Study of cribbiting
and gastric inflammation and ulceration in horses. Vet. Rec. 156G58

NRC. 2007. Nutrient Requirements of Horsé%rdyv. ed. Natl. Acad. Press, Washington, DC.

O 0 R e B.I1200¢ Reducing cribbing frequency in horses through dietary supplementation of
tryptophan and calcium carbonate. M.S. thesis, Auburn University, Auburn, AL.

Perkins, G. A., H. C. den Bakker, A. J. Burton, H. N. Erb, S. P. McDonough, P. L McDonough, J.
Parker, R. L. Rosenthal, M. Weidmann, S. E. Dowd, and/KSimpson. 2012. Equine
stomachs arbor an abundant and diverse mucosal microbiota. Aopiron. Microbiol.
78:25222532.

59



Pollit C. C.andM. B. Visser 2010. Carbohydrate alimentary overload laminitis. Vet. Clin. Equine
26:6578.

Pollock C. J.andT. Jones1979 Seasonal patterns of fructan metabolism in forage grasses. New
Physiol. 83:915.

Ralston S. L.1986 Feeding behavior. Vet. @li North. Am. Equine Pract:@9-621.

Redbq I., P. Redbeérorstensson, F. O. Odberg, A. Hedendahl, and J. HI988 Factors affecting

behavioral disturbances in raherses. Anim. Sci. 66:47531.

Reese, R. Egnd F. M. Andrews. 2009. Nutrition and dietary management of equine gastric ulcer
syndrome. Vet. Clin. EQuin@5:7992.

Respondek, F., A. G. Goachet, and V. Julliand. 2008. Effects of dietaryclaomt
fructooligosaccharides on the intestinal micradlof horses subjected to a sudden change in
diet. J. Anim. Sci. 86:31823.

Richards, N., M. Choct, G. N. Hinch, and J. B. Ro2vé 0 4 . Examination ef the
amylase and amyloglucosidase to enhance starch digestion in the small intestine of the horse.
Anim. Feed. Sci. Technol. 114:2305.

Roberts M. C. 1974 Amylase activity in the small intestine of the horses.Ré&t. Sci. 17:40401.

Rosenfeld, I., and D. Austbo. 2009. Effect of type of grain and feed processing on gastrointestinal

retention times in horses. J. Anim. Sci. 87:33996.

SadetBourgeteaysS., C. Philippeau, C. Faure, S. Dequiedt, and V. Jdlliad10.Comparison of
bacterial community structure between right ventral colon, caecum and feces by Automated
Ribosomal Intergenic Spar Analysis (ARISA). Pp. 235 in Proc.  Joint Symp. Rowett
INRA, Scotland, UK.

60



Sahin, T., I. Cimtay, and G. Akso®001 Investigations on some biochemical parameters in lambs
with pica and in healthy lambs. Turk. J. Vet. Anim. Sci. 25:608.

Salter R. E.andR. J. Hudson1979 Feeding ecology of feral horses in western Alberta. J. Range
Manage. 32:22-225.

Shepherd, M. L., W. S. Swecker, Jr., R. V. Jensen, and M. A. Ponder. 2011. Characterization of the
fecal bacteria communities of forafgd horses by pyrosequencing of 16S rRNA V4 gene
amplicons. FEMS Microbiol. Lett. 326:6a8.

ShewmakerG. E., H. F. Mgland, C. A. Roberts, P. A. Harrison, N. J. Chatterton, and D. A. Sleper.
2006 Daily carbohydrate accumulation in eight tall fescue cultivars. Grass Forage Sci.
61:413421.

ShiraziBeechey, S. P. 2008&olecular insights into dietary induced colictirehorse. Equine Vet.
J. 40414-421.

Sojka J. E.andH. D. Cantwell.1988 The effect of dietary composition on gastric emptying rate in
ponies. Pp. 24 in Procdequine Colic Res. Symp., Athens, GA.

SouthwoodL. L., D. L. Evans, W. L. Bryden, and B.Rose. 1993. Nutrient intake of horses in
Thoroughbred and Standardbred stables. Aust. Vet. J. 706864

Tinker, M. K., N. A. White, P. Lessard, C. D. Thatcher, K. D. Pelzer, B. Davis, and D. K. Carmel.
1997. A prospective study of equine colic risicfors. Equine Vet. J. 29:45/48.

TraubDargatz, J. L., C. A. Kopral, A. H. Seitzinger, L. P. Garber, K. Forde, and N. A. VZhlé.

Estimate of the national incidence of and operatitaa| risk factors for colic among
horses in the United Statesisig 19981 spring 1999. J. Am. Vet. Med. Assoc. 2198

61



Trieber, K. H., D. S Kronfeld, T. M. Hess, B. M. Byrd, R. K. Splan, and W. B. St&t0a6
Evaluation of genetic and metabolic predisposition and nutritional risk factors for pasture
associatetaminitis in ponies. J. Am. Vet. Med. Assoc. 228:193815.

Varloud, M., A. de Fombelle, A. G. Goachet,[@ogoul and V. Julliand. 2004. Partial and total
apparent digestibility of dietary carbohydrates in horses as affected by the diet. Anim. Sci.
7961-72.

Varloud, M., G. Fonty, A. Roussel, A. Guyonvarch, and V. Julliand. 2007. Postprandial kinetics of
some biotic and abiotic characteristics of the gastric ecosystem of horses fed a pelleted
concentrate meal. J. Anim. Sci. 85:25216.

Van Weyenbay, S., J. Sales, and G. P. J. Janssens. 2006. Passage rate of digesta through the equine

gastrointestinal tract: A review. Livest. Sci. 99:3.

Vermorel, M., W. MartinRosset, and J. Vernet. 1997a. Energy utilization of twelve forage or mixed

diets for naintenance by sport horses. LsteProc. Sci. 47:15167.

Vervuert, I., N. Brussow, M. Bochnia, D. Cuddleford, and M. Coenen. 2013. Electromyographic
evaluation of masseter muscle activity in horses fed (i) different types of roughage and (ii)

maize afte different hay allocationsl. Anim. Physiol. Anim. Nutr. 97:51521.

Waite R.andJ. Boyd.1953. The watesoluble carbohydrates in grasses. . Changes occurring
during the normal life cycle. J. Sci. Food Agric. 4:1804.

Waters A. J.,C. J. Nicol,and N. P. Frencl2002 Factors influencing the development of
stereotypic and redirected beh@aws in young horses: findings of a four year prospective
epidemiological study. Equine Vet. J. 34:55729.

Watts K. 2010 Pasture management to minimize the risk of equine laminitis. Vet. Clin. Equine.
26:3613609.

62



White, N. A. 2011. Intraabdominal conditions causing colic: How they alter normal physiology and

why they result in pain. Pagesl4 in Proc. AAEP Focus Meetiran Colic, Indianapolis, IN.

Willard, J. G., J. C. Willard, S. A. Wolfram, and J. P. Baké&77. Effect of diet on cecal pH and
feeding behavior of horses. J. Anim. Sci. 45987

Wilson, J. R.andC. W. Ford.1973 Temperature influences on the in witlgestibility and soluble
carbohydrate accumulation of tropical and temperate grasses. Aust. J. Agric. Res. 24:187
198.

Wylie, C. E., S. N. Collins, K. L. P. Verheyen, and J. R. New261.3 A cohort study in equine
laminitis in Great Britain 2002011 estimation of disease frequency and description of

clinical signs in 577 cases. Equine Ve#43(6)1-7.
Zeyner A., C. Geibler and A. Ditrich2004 Effect of hay intake and feeding sequence on variables

in feces and faecal water (dry matter, pH valrganic acids, ammonia, buffering capacity)
of horses. J. Anim. Physiol. Anim. Nutr. 88L8.

63



Chapter2-ThEf f e Atbs u@ft Di et @amyt ICdh alHigr & ¢

Envirommenthe Hor se

Abstract

Abrupt dietiry changes are associated withreased risk for gastrointestinal diseagses
the horseparticularly colic andaminitis. However few studies report the effects of abrupt
dietary change®n the equine hindgatndpublishedreportsoftendo not reflecthetypes of
dietary changethat domestic horses are likely to encounter. This study evaluated the effects of 4
abrupt dietary changes on the hindgut of the horse. Arranged in a longitudinal design, the
experiments examined tleéfects of an abrugthange fom a baseline hay:concentraé¢ion to a
complete pelleted digan abrupt change from a baseline ration to a 100% grass hay ration, an
abrupt change from a grass hay diet to an alfalfa hay diet, and an aiesgitation o large,
concentrate meakor each experiment, &cally cannulated horses wereclimated to the
baselindaiets for ateast21 d. Beginning on d 14 of each acclimation perdaily preprandial ¢
1 h) cecal and fecal samples were collected in order to establish baseline fermentatio
parameterdrinal baselineecal and fecal sampes wetgainedmmediatelyprior toeach
dietary change. Cecal and fesamples were collected at 1, 5, 24, 36, 48, 60, andf@olving
the dietary changes in Experimefit 2, and 3A 21-d washout peod began at the conclusion of
each collection period and served as the acclimation period for the next expebioestd.the
potentialfor severe gastric disturbances duribgperiment 4, recovery hay meals were provided
12 and 24 h aftefieedingthe lage concentrate meal. This abbreviateddbeal and fecal
collection period to 36 Hn Experiments 3 and 4, lactaiélizing bacteria were cultured and the
resulting growth curves were used to assess changes in microbial populatixqseriment 1,
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meancecal pH decreased from 6.Bieprandidly to 6.01five h after the diedrychange P <
0.0001). At 24and 36 hmeancecal pH was similar to baseline valfs> 0.05) However,
meancecal pH decreased again at 48,#&fd 72 h to 6.01, 5.63, and 5.83%pectively P <
0.0001).Meancecallactate was increased abdwaseline values @8 and 60 h P <0.0001)
following the initial dietary challengéean cecalactateconcentrationgxceeded 1 mNh
severdhorses from %o 60 h,potentiallyindicatingan increasedsk for digestive pset. Fecal
pH mirrored cecarends, althougkhere were no changesfecallactate concentration(® >
0.05. However, total VFAN feceswereincreased 3old over baseline values from 872 h
after the diedry charge. Thedietary changan Experiment 2 elicited fewetectibleresponses
cecal and fecal paramete@ecal pH decreaseB € 0.001) 5h after the abrupt diaty change
and diurnal decreases in cecal pH were not@dstprandiatollectionsobtained 12 h following
the morning mea36 and60 iy P <0.00]). These pH changes were associated with increases in
cecalconcentrations adicetate and butyrat® € 0.05). Diurnal variation was asoted in fecal
pH (P < 0.09; however the effect wasess prominent. There were no observed changes in cecal
or fecd lactate concentratior(® > 0.05. Cecal pHwasreduced from baselinealues fron36to
72 h afterthe dietrry changen Experiment 3P < 0.05) These changes werecampanied by
increasesn cecalconcentrations dbctate P < 0.0001) and VFAR < 0.05). In response to the
dietary changan Experiment 3lactateutilizing bacteria expgencedl-log increassin
inoculationoptical density ©D) readingsat 24and48 h and 4og increassat 36and 60 h.
Fecal parameters were largely unaffected, although fecal pH increased ovér $0@©%).In
Experiment 4, ecal g1 was reduced 5 h after the concentragal(P < 0.0025)and was
accompanied by concomitant increasesoncentrations dactate P 00.001) and propionatd(

00.0006).In response to the concentrate mealturablelactae-utilizing bacteria demonstrated
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a 2log increasen inoculation OD readingat 24 h and retured to baselingaluesby 36 h.

Again, fecal parametersave largely unaffected, although fecal pH decreased overBre (
0.05).Overall, thedietary challenges presented in this series of experiments closely
resemblalietary challenges domestic horses are likely to encothdarthose abrupt dietary
changes reported previousighanges irthe cecaland fecaparameterseported hereimay
indicatean increased ristor gastrointestinal illnesllowing these types adbrupt dietary

changs. Changesn the amount and type cbncentrate, ahangan hay type and quality, and
abnormal feeding incidengse all investigated in this repodnderstanding the implications of
this study as they relate gastrointestinal healtbhouldallow for improved feeding and
management stiegies to prevent and attenuate the adverse effects generated by unavoidable

sudden changes in the equine diet.

Key words:cecum, colicequine, diedry change, lactatatilizing bacteria

Introduction

Horses have evolved as continuous grazers thaethn foragebasedliets However,
many domesticated horses are confined in stalls with limited pasture access and are provided
concentratesupplemented diet&\n increasegbrevalence of gastrointestinal dise in these
horses idikely a consequence ttis intensive manageme(@urham, 2009 In fact,
epidemiological studies have reported 5 to 10 colic cases per 100 horses annually, making colic
one of the most prevalent diseasathin equine populations (Tinker et al., 1997; Trdddrgatz
et al., 2001)Risk assessmenitgve implicatedecent dietary changescludingchangsin the

type or amount of concentratshanges in hay type or quality, alterations in feeding frequency,
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and abnormal feeding incidentsthe etiology of colic and other gastrointestinal diseases
(Tinker et al., 1997; Cohen et al., 1999; Hudson et al, 2001; Hillyer et al., 2002).

Abrupt dietary changes aref concern due to their impact on the hindgut environment.
While the microbial eosystenof the hindguivill adjustto gradual dietary changesidslenly
changing fronforage to aliet containingconcentrateincreasing the amount of concentrate in a
ration, and changing the concentrate tygtldead to increasedumbes of total anaewbic and
starchutilizing bacteriadecreasedellulolytic bacteria, andlteredlactateutilizing bacteria
populations in the cecum and colon (Garner et al., 1978; Goodson et al., 1988; de Fombelle et
al., 2001; Respondek et al., 200Bgcreases in pHna increases in total lactate and propionate
concentrations usually accompany these microbial shifts, often within 5 h following the abrupt
dietary change (Garner et al., 1978; Goodson et al., 1988; de Fombelle et al., 2001; Respondek et
al., 2008). Thesdisruptions in the microbial ecosystem can lead to gastrointestinal and systemic
disorders.

Aside from these general trends, little is known about the effects of abrugptdiet
changes on the hindgut envirormhe=urthermoreprevious reportslo not necesarily reflectthe
types ofdiets traditionally fed in the United States or theafigthangeslomestichorsesare
likely to face. Typical scenarios where equines may be exposed to an abrupt dietary change
includerecoveryfrom colic surgery, a lack of éelstuffavailability, and feeding mistakes.
Interestingly, horses recovering from colic surgery often encouniatentionalabrupt diedry
change when reintroduced to feed. In an effort to prevent further complications and to quickly
restore proper gudtinction, horses are often provided highly digestible feeds or forages during
their initial recovery thiamay not resemble their poolic diet. Horsesretypically fed small

amounts of alfalfa, hangrazed, ointroducedto a complete pelleted ration kmlving a choke or
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colic episode. To dat#here are no published reports available tizate examined the impact of
this type ofabruptdietarychange on the hindgut environmeiithe horse

A lack of feedstuff availability may force owners to suddenly changehtheir s e s 6
rations. Abruptly changing the hay:grain ratiype of hayor hay qualityhaveall been
implicated asisk factos for colic (Durham, 2009). Yehoresearcherlavereportedthe effects
of abruptly increasing the amount of forage provided in the ration, although increasing the
fibrous bulk of the diet increases gastrointestrate of passag€rOP) and could be linked to an
increased risk for intestinal impactions (Van Wdyeng et al., 2006).

Changes in the amount and type of fiber will affect forage digestibility and its
gastrointestinal ROP (Van Weyenberg et al., 2088Ylitionally, forages will vary in their
hydrolyzablecarbohydrate@HO-H) and crude protein (CP) comte which may affect hindgut
fermentation parameters (Kagan et al., 2@)1Muhonen et al. (2009) examined the effects of
abrupt changes from hay to silage or haylage on the colon. Although no significant effects were
observed, silage and haylage arepugiular forages in the.B. and, thus, the application of
these results is limited. CurrentlyoresearcherBave examined the effects of abrupthanging
from a grass hay diet to an alfalfa hay dietthe hindgut environment.

The effects of carbohydiechallenges on the hindgut environment have been most
thoroughly nvestigated in studies where laminitis is induced withadministration oforn
starch oligofructo®, or inulin (Garner et al., 197&rueger et al., 198@ailey et al., 2003
Milinovich et al., 200%. Goodson et al. (1988) and de Fombelle et 8012 evaluated the
effects of theabrupt incorporation of novel grain mixturesamthe diets ohorses previously
acclimated tdhayalone Respondek et al. (2008) challenged hovgiéls a novel grain to mimic a

feeding mistake and simulate an giirahange in grain type; howeydhnere are feveontrolled
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studiesthat describe the effects of abruptly increasing the amount oftgraihich horses have
previously been acclimateduchasa feeding incident where a horsecidentallyingests more
feed than it normally receives.

Thus,the objective othis studywas to assess the effects of abrupt dietary challesrges
the equine hindgut by evaluatisgenarios thadomestichorses arelkely to encounter
Specifically, experimentsicludedan abrupt change dietary form and composition, an
increase in the amount of dietary fibarghangen the type and quality of gaand arincrease in

the amount of dietary concentrate

Materials and Methods

Horses
All procedures were approved by the Institutional Animal Care and Use Committee at
Kansas State University. Nineyr-old Quarter Horses (4 mares, 5 geldings) witlin#ral mean
BW of 530+ 15.4kg were usedh the studyHorses werditted with cecal annulae (flexible
rumen cannulg#7C; 3.8 cm center diameter and 8.9 cm walkiness; Bar Diamond, Parma,
ID; Beard et al., 20113 years prior to experimentatiddorses weréousedndividually in 3.05
m X 3.66 m stalls bedded witling shavings and receiv8do4 h of daily turnout onto a dry lot.

Water was providedd libitum

Experimentd Design and Collectiorbchedule

This study was arranged into a longitudinal design consisting of 4 sequential

experimentsThe experimentgbrotocols are summarized in Figures 2.1 and 2.2.

Experiment 1
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The effects of an abrupiietary change from a baseline diet (Bb)a complete pelleted
diet (CD) on the hindgut environmentere examined in Experimenturing a 2-d
acclimation period, drses were fed a BL ratiaonsisting of 1.5% BWativeprairiegrass hay
(DM basis)and 0.5% BW textured fed®M basis;TF; Omolene 20pPurina Mills LLC, Gray
Summit, MQ. All TF wasfed in the morningd0700 h) anday rations were divided into 2
feedingsper day(0700 and 1900 h)Hay refusals were weighed prior to the morning and
afternoon feedings and dailyge intake wererecorded. No TKefusals wer@bservedBody
weights wee measured weekly (between 1300 4400 h) and dietadjusted aoordingly.
Sampling of cecal and fecal matetegan on d4to provide baseline information for each
horse prior to the dietary chandggecal and fecahaterialwascollectedfrom each horsé h(-1
h) prior to feeding (Ch) for 8 din order to establish average fermentation parameters for each
horsewhile consumingBL. Throughout all experiments, the data obtained from biological
samples collected at h in the days preceding the dietary changes were utilized to establish
baselinevalues for each paramet&aily sampling wasuspended on d 24 experiment Hue
to the malfunction ofaboratory equipmen®he acclimation period was extended andsks
were naintained on Bluntil the equipment was replacecedal and fecalallections resumed
on d 28 with a ninth collection that allod/ér comparisons with previolmselinesamplesin
total, horses receiveslL for 28 d.On d29, cecal and fecal samples were again collectdu
relativeto the morningieeding At 0700 h (0 h), hoes were fed 2% BWf a completgelleted
feed produc{CD; Equine Senior, Purina Mill4,LC, Gray Summit MO). Cecal and fecal
sanples were collected 1, 5, 24, 36, 48, 80d72 hfollowing the initial feedingHorseswere
fed CD again at 24 and8 h immediately following the respective collections of cecal and fecal

material Feed refusals were collected, weighad recorded prior teach feedingVital signs
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and behaviorsvere monitored hourlin all horsedor signs of colic or laminitis for 24 h

following theinitial dietary challengeA 21-d washout period begaaiter thesampling of cecal
and fecal material &2 h during whichhorses were gradually-geclimated to and aintained

on BL. Concentrate meaisere offered in increasing increments of 0.4%Raintil the target
amount, as determined by BW, was achieved. Hay was offered at 1.5% BW each day of the

washout period.

Experiment 2

The washouperiodfollowing Experiment alsoserved as the aaciation period for
Experiment 2during whichthe effects of an abpi change from Blto a 100% grass hay diet on
the hindguenvironmentvere examinedSimilaly to Experiment 1, horses werecimated to
BL, consisting of 1.5% BWative prairiegrass hay (DM &sis)and 0.5% BWTF (Omolene 200,
Purina Mills, LLC, Gray Summit, MOfpr 21 d Baselinedatacollection began on d 14. Cecal
and fecal samples were collected ¢hh) prior to feeding (@) for 8 d.Unfortunately sampling
proceduresvereagainsuspended on d 18 duernt@lfunctionof laboratory equipmenihe
acclimation period was extended araides were @ntained on Bluntil the equipment was
replaced. @llections of ecal and fecainaterialresumed on d 2Z.he ®llectionsfor d 4 and 5
wererepeated andaily sampling procedures continued uatiiotal of 10 baseline collections
had been obtainedh total, lorses received Bfor 26 d. On the morning of d 27, cecal and fecal
samples were again collecteldhrelative to the morning meakt 0700 h (0 h), horses were fed
2.5% BWhnative prairiegrass hay (GHDM basig. Cecal ad fecal samples were collected 1, 5,
24, 36, 48, 60and72 h relative to the initial feedinglay rationg2.5% BW) were fed again at
24 and48 h. Feed refusals werelleated, weighed and recorded prior to each feediogy

weights were measured weekly (between 1300 and 1400 h) and dietechdpeirdinglyVital
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signs and behaviomgere monitored hourlin all horsedor signs of colic or laminitis for 24 h
following the initial dietarychange Following thecollection of cecal and fecal material7& h,

a21-d washout period began during which horses were maintained on a 2.5&t+BM\tion.

Experiment 3

The washout periofbllowing Experiment Zerved as the alomation period for
Experiment 3In this experiment, horses were subjected to an abrupt clfrang&H to alfalfa
hay (Medicago sativaAH). Grass hayations(2.5% BW; DM basis)vere fed once daily (0700
h) throughout the acclimation peri@hd fay refusls were weighed prior to the morning
feeding, at which timéaily feed intakewererecorded. Body weights were measured weekly
(between 1300 and 1400 h) and diets adpisiccordingly. Baselingatacollection began on d
14. Cecal and fecal samples weddlected 1 h {1 h) prior to feedingor 8 d. On the morning of
d 22, cecal and fecal samples were again celte1 hrelative to the morningeeding At 0700
h (0 h), hoses were fed 2.0% BWH (DM basig. Cecal and fecal samplere collected 1, 5,
24, 36, 48, 60and72 h relative to the initial feedingf AH. Alfalfa hayrations were fed again at
24 and48 hrelative to the initial feeding-eed refusals were collected, weighetdrecorded
prior to each feeding/ital signs and behaviomsere monitored hourlin all horsedor signs of
colic or laminitis for 24 h following the initial dietaghangeAgain, following the 72 h
collectionof cecal fluid and feces 21-d washout period began during whicbrses were
gradually reacclimatedo andmaintained on BLConcentrate mealdF) were offered in
increasing increments of 0.45 &g until the target amount, as determined by BW, was

achieved. Grass hay was offered at 1.5% BW on each day of the washout period.

Experiment 4
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The washouperiod for Experiment Jlsoserved as the aamation period for
Experiment 4As in Experimerg1 and 2, b TF was fed in the morning (0700 h) and hay rations
were diided into 2feedingsd™ (0700 and 1900 hBody weights were measured weekly
(between 300 and 1400 h) and diets adpsstaccordinglyBaselinedatacollection began on d
14. Cecal and fecal samples were aifled 1 h {1 h) prior tothe morningeedingfor 8 d. On the
morning of d 2, cecal and fecal samples were agalltected-1 hrelative to feedingof the
morning mealAt 0700 h (0 h), horses were fed 1% BW TF (Omolene 200, Purina Mills, LLC,
Gray Summit, MO). Fed at this level, TF supplihorses with approximately 3.&t@rch kg
BW, doublingthe 1.9 g starctkg™ BW that horses were acclimated to in BL. Potter et al. (1992)
reported that the equine small intestine has the capacity to digest up tstar€éhgkd’ BW.
However, de Fombelle et al. (2001) elicited changes in cecal fermentation parameters by
presentiig ponies with 2.3 gtarch kit BW. Here, the experimental diet was designed to mimic
a potential feeding mistake that woumdpactthe hindgut environment, bugmainwithin the
upper tolerance limit proposed by Potter et al. (1992). Ceddkanl samp#s were collected 1,
5, 24 and36 hfollowing the concentrate medlative prairiegrasshay was offered at 12 (0.5%
BW; DM basig and24 h (1.0% BW DM basig, but no additional concentrate was offered
following the meal at 0. .HFollowing thecollectionof cecal and fecahaterialat36 h, horses
were placed on a recovery diet of 1.5% B#ive prairiegrasshayfor 2.5 d. Feed refusals were
collected, weighedandrecorded prior to each feedingtal signs and behaviomsere monitored

hourlyin all horsesfor signs of colic or laminitis for 24 h following the initial dietary challenge.

Sampling Protocobk
Hay samples were collected prior to starting the trial and fre2€iq) for subsequent

proximate analysis. A subsample was immediately analyzed for DM to allow dietary calculations
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on a DM basis. &ina Animal Nutritionprovided estimates of DM in the &ad CD for dietary
calculations. Feed samples were obtaipedodicallythroughout the collection period and were
frozen ¢20°C) for later proximate analysis.

Cecal samplesapproximately250mL) werecollected via gravitylow into 506mL
containers (Spcimen Storage Containers, #14955117A, Fisher Scientific, Pittsburg, PA).
Immediately following collection, 0.1 m&ubsamplesf cecal fluidwereallocatedn duplicate
into prepared Hungate culture tubes filled withmL ofa semidefined lactatSDL) medium
the composition of which is describedTiable2.1. This medium was prepared in 1 L batches,
autoclaved, and flushed with nitrogemy{Nas. Prior to aliquotinghe Hungate culture tubes
were flushed wittN, and capped with rubber stoppév creaé an anaerobic environmewt
1.0%indigo carmine solution was incorporated into tediumas an anaerobic indicator; in the
presence of oxygen, tmeediumwould turn geen in which caseaffectedtubes were discarded
prior to inoculationCulture tubegilled from the same batcbf mediumwere used in each
samplecollectionfor all horsesCecal fluid wasanalyzed for pH using a portable pH meter
(Accumet Portable pH Meter AP62, Fisher Scientific, Pittsburg,i#jediately following
collection For eachimepoint in which cecal material was collectadExperiment 1four 1-mL
subsamplesf raw cecal fluidvere transferred to microotifuge tubes and deproteinated with
250m of 6N perchloric acidUnfortunately, the acid in these samples wasadequagly
neutralizedo allowfor VFA analysesThus, he deproteinizing agent wasbsequentlghanged
to metaphosphoric acid foremaining experiments. Specificallpur 1-mL subsamplesf raw
cecal fluid from each horseere transferred to microggifuge tubes and deproteinated with 250
m of a 25% (wt/vol) metghosphoric acid solutioduring each collection timepointhese

samples wer&ozen ¢20°C) for later determination of VFA and total lactatstent
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Immediately followingeachcollection ofcecalfluid, fecal samples were obtained per
rectum. Fecal material garoximately 250 t@00g) was collected into 56ML containers
(Specimen Storage Containers, #14955117A, Fisher Scientific, Pittsburgh B8J-g
subsamplevasimmediatelyfrozen ¢20°C) for later analysis of fecal dry mattEanr pH
determinationapproximately 30 g of feces wemaxedwith 30 mL of deionized water. The pH
probe was submerged in the mixture until the pH reading stabilized (Accumet Portable pH Meter
APG62, Feher Scientific, Pittsburg, PA). The mixture was then strained throlagers of
cheesecloth. Four-thL subsamples of the supernatant were transferred to microcentrifuge tubes
and deproteinated with 250 of a 25%(wt/vol) metaphosphoric acl solution.These samples

werefrozen ¢20°C) for later determination of VFA and total lactatecentrations

Microbial Analyses
Following inoculationof cecal fluid into SDL medim, culture tubes were maintained at
38°C until arrival at the laboratory, where iaitabsorbance readings, or optical densii@d),
were determined using a spectrophotometer set at a wavelength of 600 nm. Culture tubes were
thenincubated aB8°C for 36 hTwelveh following inoculation culture tubes were vortexed and
OD were recordé. This process was repeated evéiy foran additional4 h.Thesedatawere
used to construct growth curves for lactatdizing bacteria andlo characterizeéhe effects of

dietary changes on microbial population characteristics

Chemical Analyses
Feed samples were dried at 55°C in a foraedven for 24 h and allowed to air

equilibrate. Subsamples were then ground througimanlscreen in a Wiley Mill (Model 4,
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Thomas Scientific, Swedesboro, NJ) and sent to the Michigan State University Diggynosti
Laboratory (Lansing, Ml) for proximate analyses.

Deproteinated cecal and fecal samples wieaeved and centrifuged at 17,00Q for 15
min at 4°C. Concentrations of total lactate were measured colorimetricallye{Bard
Summerson, 1941Foncentratias of VFA were determined usingHewlett Packard 5890 gas
chromatograplequipped with 673A autesampler and ChemStation software (Agilent
Technologies, Santa Clara, CA). A 2 m x 2 mm Carbop@kABglasscolumn (Supelcp
Bellefonte, PA was usedNitrogenwas used as the carrier gas at a flow rate ahf4nin™. The
oven, injection port, and detector (flame ioniaa) port temgratures were 175°C, 200°C, and
200°C respectively

The100-g fecal samples were thawed and $ubsamples were analyzed upticatefor
DM (error rate < 5%). Samples were weighe@ .i4-cm aluminum pangFisherbrand, Fisher
Scientific, Pittsburg, PA)dried in a forcedhir oven at 105°C for 24 h, allowed to cool in a

desiccator for 30 min, and reweighed. Fecal % DM was Gakulilas

We t webrgyh twe i ht
gy. g!lOO
Wet weight

Statistical Analyses
Body weight and feed intake data were analyzed using the AUTOREG procé@AS
(Enterprise Guide, SAS version 9.2, SAS Inst. Inc., Cary, NC) to assess changes owiléme
accounting for serial correlation. The MIXED procedure (Enterprise Guide, SAS version 9.2,
SAS Inst. Inc., Cary, NC) was used to compare least squares (bLE8MIEANS) betweerfeed
intakefor horses orthe BL and experimental diets. Significance was deieeah atP O0.05for

all tests
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Fermentation parameters werabazed using PROC MIXEQEnterprise Guide, SAS
version 9.2, SAS Inst. Inc., Cary, NC) for repeated measures with horse as a random effect.
Baseline {1 h) data was assessed for changestawerand for serial correlation using an
autoregressive covariance test with day as the fixed effect. If values remained stable oWwer time (
> 0.05), then baseline data we@mbined and SMEANS were calculatedifferences between
LSMEANS for all collectonswere assessed using Tukagjusted pairwise comparisons. For
both analyses, degrees of freedom were determined using the Satterthwaite approximation.
The NONLIN procedure (Enterprise Guide, SAS version 9.2, SAS Inst. Inc., Cary, NC),
employing the Maguardt method, was used to obtain pater estimates f@D at the time of
inoculation( § , g r o wy dnd populat®n njakimums;jdao describéacterih growth

CUrves.

Results
Dietary Composition

The feed analyses for tlgets utilizedareshownin Tables2.2, 2.3, 2.4, and 2.5 for
Experiments 1, 2, 3, and 4, respectively. Upgperiencing the dietary chanigeExperiment 1,
horses encountereah alterationn the physical form of the ratidnom a mixed hayconcentrate
dietto a complete g@leteddiet This dietary change alsdtered the amount of dietangutral
detergent fiberNDF), acid detergent fibetADF), crude proteinCP), and ¢her extract (EE)he
horsegeceived Abruptly changinghe hay:concentrate ratio Experiment Ampacted the
amount of dietary fiber, CP and starch in the ratitm&xperiment3, horses encountered a
change irhay type and qualityalong with changeis the amount otlietary fiber,nonfiber
carbohydratesand CPthat were ingestedJpon receiving theoncentrateneal n the final

experimat, horses encountered a chamgthe hay:concentrat@atio thatdoubled the amount of
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starch providedAside from developing loose siis by the end of the samplipgriod in
Experiment 3, a otherapparent signs afigestive distress were obged inanyhorses during

anyexperimendl period

Intake and Body Weight

Mean dry mattemtake (DMI)of BL was 9.9 + 0.30 kg, 9.6 + 0.42 kg, and 10.3 £ 0.36 kg
for Experimens 1, 2, and4, respectively, with nchanges ilDMI during eachacclimation
period(P > 0.05) In Experiment 1, mean DMI @D was 10.9 + 0.32 kgvhich was not
different from BL @ = 0.46) While small refusals were noted on ttey that CD was
introduced larger refusals were noted on subsequent. dayExperiment 2DMI was greaterfor
horses while consumingH (10.5 * 0.45 kgjhan forhorses consumingL (P = 0.02.
However, GH was fed at greater rate2(5% BW\vs. 2.0% BW for B, so this differences
easily explained, considering that theraeveo feed refusalsbservediuring Experiment 2For
Experiment 3, mean DMI for horses consum@ig at 2.5% BWwas 11.7 + 0.4&g andthere
were no changefroughoutheacclimation period. Initially, brses eadily accepted AH (DMI
= 10.1+ 0.95kg); however, refusals wergreaterfor the 2d following the dieary change,
reducing daily DMI to 8.&kg and 9.2g, respectively® < 0.0001). Dy matter intakevas
greaterfor horses consumingH than for AH P < 0.0001);in addition to declining
consumption rates on days 2 and\Bl was fed at 2.0% BWompared to 2.5% BW for GHo
decreased DMl is easily explaindifferences in feeding protocolsroughout the phases of
Experiment 4 precludetheaningful comparisons ofNDl between the BL, TF, and recovery hay
meals Horses readily consumed the experimental TF meals and naleefusre observed.

Overall, body weiglgweremaintained throughout the study.
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Cecal and Fecal Parameters

Experiment 1
Parametersneasured in cet#uid for Experiment lare summarized in Tab®6. Cecal

pH wasdecreaseffom baselinevalues(6.87) atl (6.59;P = 0.03 and 5 h §.01;P < 0.0001)
following the abrupt dietary change. By 2d4d 36 hcecalpH values returned tcelseline levels
(P> 0.05) However, at 48, 60, and 72decal pH again decreasd®< 0.0001)0 6.01, 5.63,
and 5.84, respectivelyvleanconcentrations dbtal lactatan cecal samplewere elevatedbove
baseline valueat48 h P = 0.04) and0 h P < 0.000) andreturnal to baseline valudsy 72 h
(P> 0.05) Thee werelarge standard errors total lactate presumablylue to individual
variationbetween horse8ecausendividual tolerance levels are of concern when discussing
colic risk, individualcecalconcentratios of total lactatare plottedagainst theyroup means for
each samplinggme pointfollowing the dietary changi@ Figure 2.3 Total lactateconcentrations
exceeded 1 mhh several individuals by 5 h and remained elevatagkrtain individualgor all
measurements throu@® hfollowing the dieairy challenge. By 72 h, onlyHorseexperienced
total lactae concentrations above 1 mM

Table 2.7summarizes theetal paametersneasured duringxperiment 1Fecal pH
followed a similartend to cecal pHFive hours after the dietary change, fecal pH decreased
belowthemean baseline valué.60) to 6.04R < 0.0001). Yet, at 24 and 36 h, fecal pH was
elevated above baseline valuBs<(0.001). By 48, 60, and 72 h, fecal pH again declined, as
compared tdaseline valuego 6.13, 5.69, and 6.07, respectivélO0.0004). No differences
were observed in concentrations of total lactate between fecal samples collected at any time
point; however, concentrations of total VFA were elevated in fecal samplestedliat 36, 48,

60, and 72 hKE < 0.01), with a Jold increase over baseline values observed at 48 and 60 h.
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While all VFA were elevated above baseline values from 36 to PXH(05), the
acetate:propionate ratio decreasederically during this timandicating a relatively larger
increase in propionate present in the feées (.05). No changes were observed in fecal DM

content during this experiment.

Experiment 2
Table 2.8summarizes the parameters measured in cecaldblliected during

Experimant 2. Cecal pHwasdecreasetielow baselin® h after the abrugthangeo GH (P <
0.001) Subsequently, diurnal decreabetow baseling-1 h) cecal pHvalueswere noted 2 h
following the morning meal on botha8 and d29 (36 and60 h P < 0.00). No changes
differing from baseline valuaa concentrations dbtal lactatan cecal contenta/ere observed.
Figure 2.4depicts individuatoncentrations dbtal lactatan cecal fluidplotted with thegroup
LSMEANS for each time pointAlthoughconcentrations oftotal lactate showed individual
variation, all meagements were well below 1 mMoncentrations of isbutyrate decreased 5 h
following the dietary changd®(< 0.05), but experienced no other significant changes. ¥ea| c
concentrations dbutyrateincreased above baseliae5, 36 60,and72 h after the dietry change
(P < 0.015. Postpradial decreases were noted in the comagnohs of 2methylvalerateat 5,
36, and 60 h. Compared to baseline values, valerate concentrations wesetheteg0 h
following the dietary changd®(< 0.05).Additionally, the acetate:propionate ratio wasreased
above values obtained-dtand 1h aB6 h, althouglthere were no other differenciesthe
acetate:propionate ratimtedbetweersamplesollected at each time poimtio other changes
were observeth concentrations atecalVFA.

Fecal parametefer Experiment Zare summarized in Table 2Becal pH remained

stable 5 h after the abrupt dietary change to GH; however, pH was elakatebaseline

80



valuesat 48 and 72 h following the dietary chan§e<(0.01). No changes in fecal lactate
concentrations were detected. Total VFA concentrations were reduced & 3@Lt0(), which
coincided with a decrease in acetate concentrat®rs)09. Propionate concentrations were
less than baseline values at 48 and 72 ¥ 0.05). Fecal concentrations of butyrate and valerate
were reduced below baseline values at 24, 36, 48, and 72 h after the dietary Era0diby.
Theacetate:propionate ratwas increased?2 h following the dietary changl = 0.02. No

other differences were observed in fecal concentrations of VFA in this experiment. Fecal DM

was reduced at 286,48, 60, and 72 h compared to baseline méars0.05).

Experiment 3

Parametes measured in cecduid are summarized in Table 2.fdr Experiment 3As
noted inExperiments 1 and 2ecal pHagainwasdecreasetielow the baseline me#6.72)5 h
after abruptly changing from GH to A{6.52 P < 0.01). Gecal pHagain demonstrated a diurnal
pattern andvas reducetbelow the baseline mean 36 60, and 72 h® < 0.05). Total lactate
concentrationgexceededbaseline valueat 24 and36 hfollowing the dietary chang@ < 0.05);
however, total lactate measuremgmizduced large standard errgnesumablydue to individual
variationwhich made it difficult to detect differencdsgure 2.5llustratesindividual
concentrations dbtal lactate plotted against theeanlactateof all cecal samples collected at
each time point Concentrations obtal lactateexceede@ mM for 1 horse at 5 h. By 24 3,
horses exceed thikreshold withconcentrations abtal lactatan cecal samplesf 4.5, 5.4, and
8.4 mM This increas&asmore pronounced at 36 h, where total lactaincentrations exceed 1
mM for every horse (range:@3 to 9.76 mM. By 48 h, btal lactate concentratiomsturned to
baseline valuebr all horsesTotalcecalVFA concentrationsvereincreased 5 h after the

dietary change and remained elevatdtbve baseline valuésr the remainder of the sampling
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period P < 0.05),which coincided withncreased acetate concentrationsecal fluid collected

at each of the same time poiiis< 0.05). Propionate cono&ations were increased at 24, 36
and 60h compared to baselirff < 0.05) Butyrate oncentrations werelevated above baseline
at 5, 24 36, and 6(h after the dietry change P < 0.05).1so-butyrate an@-methylvalerate
conentrationseexceededbaseline values for eaelt 24, 36, 48and 72 Hollowing the dietary
changgP < 0.05).Threemethylvalerate concentrations were increased above baseline values at
24, 36, 48, 60, and 72 R k 0.05).Valerate concentrations initially increased at Pk (0.05).
From 24to 72 h, valerate concentratis exhibited a4old increase over baseline and 1 h values
(P <0.0001).Although he acetate:propionate ratio increased atB+(@.01), itwas not

different fom baseline at other samplitime pointsdue to concomitant increasi@ acetate and
propionate.

Growth curves for lactatatilizing bacteriaobtained from cecal fluid collected during
Experiment 3are presented in Figei2.7 Specific subsets of thebacterial growtrcurveshave
been arranged to show baselinkelfon d 4 to 21) curvesomparedvith othersamples
collectedpreprandidy (-1, 24, 48, and 72 t@ndpostprandidy (1, 5, 36, and 60 fp the
morning mealThemeanbacterial growtlcurvegenerated from cecal samples collected prior to
the dietary change anded to generate a baseline aver@fjd on d 14 to 21) isearlyparallel
to that of the samples obtained 1 h prior to the dietary chthngegh the firs20 h of
incubation at which pointhe curves begin to overlay/henbacterial growtlcurvesgenersed
while horses were on Bare compared tbacterial growth curves generated freabsequent
preprandiatecalfluid sampledollowing the dietary chang@4 h, 48 h, 72), there is a
upward shift in the growth curvelie to a greater OD reading at the time of inoculatabitl,

the growth rate and population maximums for the cugeserated by samples collected 24 and

82



48 h following the dietary changeem tamirror that of the baseline growth curvekwever,
the gowth curve for samples obtained 72h following the dietary change depetsrangly
slowergrowth rate that culminates withgreater population aximum in the stationary phase.
When baselingrowthcurves are compared thosegenerated fronpostprandibcecal fluid
sampledollowing the dietary chang@ h, 5 h, 36 h, 60 hjhere is a visual orease in
inoculation OD and alowergrowth rate for the growth cungenerated from cecal fluid
collected 1 h following the dietary changéne growth curvénititated 5 h following the dietary
changepresents an inoculation OD similar to that of the baseline growth curves and also depicts
a slower growth ratéelhe 36 and 60 h growth curves begin with greater inoculation OD readings
and achieved greater pdption maximums, in spite @pparently slower growth rates, when
compared to the baseline curves.

Table 2.11summarizes the fecal parametersasuredor Experiment 3. Ecal pH
increased above the baseline m@ni8)by 48 h(6.99)and remained elevated tlugh 72 h
(710,PO 0.05). No differences were observed for
concentration#n the fecal samples obtainelt 36 h, propionate concentrations were greater
than at 48 {P = 0.033, although both values were similarthee baseline mea ¢ 0.05).
Fecal concentrations of idmutyrate, 3methyvalerate, and valerate also increased 36 h
following the dietary changd®(< 0.05). Twemethylvalerate concentrations were elevated at 24
and 36 h compared to baseline me&hs (0.05). The acetate:propionate ratio did not differ
between samplesecal DM was decreased from baselimall samples collecte86 to 72 h

after the dietary change in this experiment.

Experiment 4
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Table 2.1Zummarizes the parameters measured in clegalfor Experiment 4As in
the previous experimentcal pH decreasdiklow the baseline me46.96)5 h after the abrupt
dietary changeo a large concentrate mgal59; P = 0.0(); however, this parametegtumed to
baseline values by 24(F > 0.(6). There was a corresponding increaseanal concentrations of
total lactateby 5 h(P = 0.0004), which also returned to baseline valbbgs24 h Figure 2.6
depictscecal concentrations tdtal lactatan individual horseglotted against the groupeans
One hour after the diaty challengel horse had aecal concentration abtal lactate irexcess
of 1 mM (1.54 mN). By 5 h, all but 2 horses had total ket concentrations over 3 mlh fact,
3hor ses 6 toacerdrations exce¢dadile n{ld.04, 13.94, and 15.76 m)VAlI
individuals hadtotal lactate cocentrations below 1 mMy 24 h. Total VFA and acetate
concentrabnsinitially decreased 1 h following the dietary chanBe<(0.05) and latepeaked at
5 h, although these values wereditferent from baseline parametéz> 0.05) Cecal
propionateconcentrationsvereincreased at 5 HP(= 0.0004 and subsequently decreasel
returned to baseline valudé hfollowing the large concentrate me@lecal isebutyrate
decreased at 36 h,opared to baseline value® € 0.05).Cecal butyrateoncentrations
decreased at 1 h and increased atdsltompared to baseline val@es< 0.05).Cecal
concentrations of valerateere elevated at &nd 24 hover baseline valug® < 0.05). The
acetateproponate ratian cecal fluidwas primarily influencedy changes innopionate. At 1
and 5 hfollowing the dietary changehe ratio decreased, whereas at 36 h the ratio incressed
compared to baseline valu@s< 0.05).

Growth curvegyenerated biactateutilizing bacteriacollected from the cecum of horses
in Experiment 4 are presented in Figure Z8rves have been organizedhe same manner as

presentedn Experiment 3Baseline gowth curvegthe average of samples collectiet prior to
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themorning feedings on d 14 to 2hd samples collected 1 h prior to the administration of the
large concentrate meadyerlapthroughl2 h of incubation, exhibiting similar inoculation ODs
and lag phase#fter 12h, the growth curves diverge during the fdease of growth
Nonetheless, the populations of lactatdizing bacteria in these samples seemed to reach
similar maximumsalthough aistinctstationaryphase was not observed in these samples
spite of the limitedlietarydisruption windowused n this experimenthebacteria cultured from
cecal samples collectédand 24 Hollowing the dietary disruption demonstratédible shifts in
growth patterneompared to thbacterialgrowth curves generated frdmaselinececal fluid
collections In examining the prepradial curves,htere was an upward shift in the inoculation OD
when bacteria were collected in cecal fla#l hfollowing the dietary disruption compared to the
inoculationOD for bacteria collected in baseline cecal sampidsle the grovth rates appear to
be similar, thepopulation maximums greaterfor bacteria collected at 24dompared tahat of
bacteria collected frorhaselinesampling periodsin the postprandiatecal fluid sampleghe
inoculation OD is increaséslh after the concentrate meal was.f¥dt, the 5 h curve appears to
have a slower growth rate and reaches a population maximum similar to that of the baseline
growth curves.

Fecal parameters for Experiment 4 are summarized in Table 244. gHremained
stable until36 hfollowing large concentrate meal, at which time it fell below the baseline mean
(P <0.01). No changes iriecal measuremesof totd lactate VFA concentrationsor DM

contentwere detectedh this experiment

Discussion

Experiment 1
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The dietarychangerom the baseline ratiolo a complete pelleted diptesented in the
first experiment exposed horses to an abaltptrationin dietary compositiomas well as the
physical form of the feedindwas sufficient to elicit astable response imndgut fermentation
parameters. The initial changes in cecalgvkl similar tahe postprandiaéffects noted by
Goodson et al. (1988), who evaluated the effects of an abrupt change frorfoaagalldiet to
an allconcentrate dietGiven that mean prececal ROP is 6.8 + 1i2 the hors€Julliand et al.,
2006; Van Weyenberg et al., 2006)etinitial decrase incecalpH noted in this experimeratt 5
h waslikely the result ofa stimulatol effect of feedinghat promptgshe rapid trasit of liquid
phase digesta through the small intestine (Goodson et al., RB&Rulet al., 2000)Native
prairie grass hay is a mixagtass forage and is often of fairly lequality (Olson et al., 2008)
The proximate analysis of native prairie graag used in this studgvealed that the hay used
waslesserin DE and CP andreaterin NDF, ADF, and ash when comparedéferencevalues
for matue mixedgrass hay (NRC, 2007); however, in comparison to proximate analysis values
for tallgrassprairie hays collected from the central plains region (Olson et al., 2008), the hay was
greater in DM and ash and lesser in NDF, ADF, Bigl potentially indicating lesglant
maturity at the time of harvesiextured feed an@D compositions were simil&o the
guaranteed analyses provided by the manufactaigroughseveral components die
proximate analyses of the diets were comparaiéedegree of feed processinghie CD may
haveincreasd the quantityof fine particlesreachng the cecumThe reducedNDF and ADFof
the CD dietin addition to the smadt particle size, may havded to increasechicrobial
fermentationn the cecum, resulting in decreag®d values andhcreasedotal lactate
concentrations. At 5, 48, 60, ard h following the dietarychangececal pH valuewere less

thanor approximatelyequal t06.0,which is considered to bedicative of subclinical
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fermentativeacidosigRadicke et al., 1991Pn the other hand, cecal pH wamilar tobaseline
values at 2&nd 36 h after the digty changeThis is not entirely unexpected, as all baseline
measurements were obtained immediately prior to the morning meal, and the 24 and 36 h
measurements were also obtained immediately prior to the morning meal. Some of the
differences in cecal pH tedthroughouthis experiment may be primarily a reflection of
preprandial veruses postprandial cecal environmBeatsuced passage rate, as a result of
reduced particle size, coupled wglreaterCP content angresumablyncreased bicarbonate
secretionsn response tacreased VFA absorptigishiraziBeechey et al., 2008could have
temporarily buffered the cecal environment at these time poitigrses following the dietary
alteration but these data adbfficult to interpretwithout knowingspecifc effects of the dietary
change on MRT throughout the hindgund without measuring bicarbonate secretiMan
Weyenberg et al., 2006).arger feed refusals were noted for CD meals&e@nd 48 h
following initial dietary changewhich may be &ehavioralproduct of hindgut disturbances.
Horseshave been shown ttevelop taste aversions to feeds that have previously made themill
(Houpt et al., 1990; Matsuoka et al., 1996; Raymond et al., 280Bdugh no apparent signs of
digestive digtess wee notedn this experimentit is plausiblethat the reduced DMbbserved for
the CD diets may represent a learned feed aversion due to acidotic conditions in the cecum
following the dietarychange

The alterations in fecal phi the first experimenmirrored cecal pH trendshccording to
Drogoul et al. (2000) and Van Weyenberg et al. (2006), colonic MRT ranges from 25 to 45 h,
depending on dietary characteristitbus, alterations in pH arather fermentation parameters
should not be evident in the feag®il many hours after the disturbance has occurrédide

cecum The decrease in fecal pH observed at 5 h may represent postiadandiaparameters,
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whereas the pH shifts after 48 h may reflect the effects of the dietary cMorgerequentecal
sanpling andobtainingpostprandial fecadampés while horses wereonsumingBL may have
aided infurther elucidang the effects of the dietary change on the relationship between cecal
and fecal parameter§he stable lactate concentrationshe fecegould indicate that the lactate
produced in the cecum and colon wasstly metabolized priadto excretionpeing thasimilar
concentrations have been previously repoitdtie equingBerg et al., 205; Muller et al.,
2008).The fecalconcentrations 0¥ FA obtained in this exgriment while horses were f&L
werelessthan those reported by Al Jassim (2006) and Dougal et al. (2012) for horses maintained
on a mixed grass hay and concentrate ration. The reduced concentbtemadVFA in these
horsegorobably reflect the reduced digestibility and ferm@bility of the native prairie hay used
in the BL diet Feces collected 36, 48, and 60 h after the dietary challenge had greater total VFA
concentrationswhich mayreflectthefi b e t t e rdigeptaresulting fprd COfinally passing
through tke gastrointestinal tract (GIQrogod et al., 2000). If so, it would appear tlaat
minimum of2 d arerequired for theeffects of arabruptdietarychange from a hay:concentrate
ration to a complete pelleted meéalbe observed in fecal material

Current industry practice is to place horses on a CD following colic surgery (regardless of
the nature otokthe tioespsios aneeffort to provi
to horses with a disturdeésIT. Exposing horses recovering from colic surgery te type of
dietarychangemaypredispose them to addition@lT complications bynducing subclinical
cecal acidosisTheseacidicconditionsimpair normal cellular function in the intestinal lumen
which could lead to epithelial necrosis and, ultimatalyd ironically,colic (ShiraziBeechey,
2008).Althoughnot evaluated in this study, arcrease in feed qualityvhich may occur with

the switch to a CDalsocould result in increased gas produetiesulting from increased
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microbial fermentationvithin the equinésIT, which may lead to further abdominal discomfort
Thehorses used in this study were cecaliynulatedwhich may have allowed excess gas to
escapethuscircumventingntestinal distation and signs of abdominal discomftirat may have

occurredwith intact horses

Experiment 2

In the second experimenbraply changing the hay:grain ratto include more hagnd
eliminate the concentratkd not elicit biologically significant regmses. An initial decresa in
cecal pH at 5 h was notédpwever, thigpostprandiatlecrease in piHas been observeaa other
studies, regardless of diet, and may be theltre$ digesta passing from tlsenall intestinento
the cecun{Goodson etlg 198; Drogoul et al., 200@g. A similar decrease in cecal pfiso
may havebeen noted h following the morning mead similar postprandiabamples had been
obtained while horses were consuming BL, thus the decline noted in this experiment cannot
necessanl be attributed to the dietary chang§estprandiaéffects oncecalpH were also noted
in samples collected@6 and 60 Hollowing the initial dietary chang& his may correlate to
diurnal variations in forage intake and fermentation réesurance eal., 2010) although these
parameters were not evaluatedhe current studyincreases in cecal butyrate, as were observed
in this experiment and that mighaveresuledfrom increased dietary forage, in fact, are likely
beneficial for colonic healthArgenzio et al., 1974 Colonocytes, epithelial cells lining the large
intestine, preferentially absorb acetate and propionate into the bloodstream (Argenzio et al.,
1974). Acetate is metabolized by peripheral tissues for energy production, whereas f@opiona
taken up by the liver for gluconeogenesis (Argenzio et al., 1974). Butyrate, on the other hand, is

retained and metabolized by the colonocytes to help regulate cellular function (Argenzio et al.,
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1974; ShirazBeechey, 2008). So, foradpased dietshiat lead to an increase in cecal butyrate
concentrations, as seen with this dietary change, may promote intestinal health.

Diurnal effects were atsnoted in fecal parameters obserdedingthe second
experimentPreprandial pH values obtained from thedsincreasd over timefollowing the
dietary changeproviding evidence that bufferingeffect of an all forage diet on tH@IT tract
may have occurredrecal DM decreased 24 72 h after the diaty change although this
decrease was not sufficientit@luce diarrhea or any abnormal fecal output increase in the
water holding capacity of thdigesa resulting fromincreased fibecontentor increases in
alimentary secretions due goeatetDM content of thehaymaypartially explain this change
(VanWeyenberg et al., 2006As evidenced by the proximate analysis, the native prairie hay
used in this study was of fairly poor qualitiyhas been reported that feedpaprquality
forages may increagke risk of colonic impaction@iudson et al., 2001however no
measurabler visibledisruptions in the hindgut environmemére detecteds thehay contenof
the diet increasenh this experimentThus, when feedstuff availability is limitetthe GIT of
horses may tolerate an abrupt increase in the amount of conserveditaagerease ithe

concentratgortion oftheir rationfairly well.

Experiment 3
An abrupt change from@H ration to anAH rationin the thirdexperimentlicited

significant dharges to the hindgut environmeftecal pH and lactate concentrations were similar
to observationseported by Respondek et al. (2008) after a suddange in grain type to barley,
indicating that an abrupt change in hayeymd qualitynay begjust as radial to the hindguas

the introduction of a novel grailvhile horses consumed the initial meal of AH in its entirety,

refusals were noted for most horses at subsequent feedings, whichagaasult froma
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learned feed aversion in response to dietasirels resulting from theitial dietarychange
(Houpt et al., 1990; Matsuoka et al., 1996; Raymond et al., 2B8&3imate analysis revealed
that e composition ofhe AH used in this experimemtas typicalof reference values listedr
immature legura hay (NRC, 2007) antherefore horses experienced an abrupt reduction in
dietary fiber and an increase in dietary CP andfitmer carbohydrateas a result of the dietary
changegrom poor quality GH to very good quality AlForage type and physical for as well as
high-fiber alternativeshave been reportéd cause little variation in cecal parameteirborses
adapted to foragbased diets (Drogoul et al., 2000; McLean et al., 2000; MGolger et al.,
2000; Coverdale et al., 2004); howeuee abrupt change in hay type and qualitythis
experimentas associated withcreased cecal lactate and VFA concentrations which
simultaneously led teeduced cecal pHCecal pH, however, nevapproachedhelevels noted
in the first experimentherefoe, it appears that a change in forage type and quaditthough
disruptive- is better tolerated by the hindgut than the abrupt introduction of A€@ith the
first experiment, these shifts within the hindgut environnnegy alsgpredispose horses to
excessive gas production and intestinal dysfunction (SHaeechey, 2008).

Fecal parametemgere largely unaffected by tltketarychangen Experiment 3which
may be dugn part to the selective retention mechanisms in the hindgut. Larger pagreles
preferentially retained in the cecum and ventral cgbatentially confining the effects of the
dietaryalterationto the proximal colon. AdditionallyncreasedVRT in the colon may have
provided more time for fermentation parameters taligate (Drogoul et al., 2000 however 4
horses developed loose stools by the end oéxperimentprovidingfurther evidence that these

horses may have experiencedigestive disturbanc&€hanges in the water holding capacity due

91



to forage type, increasespnoximal alimentary secretions, and changes in electrolyte and wate
absorptiorall could impact water content of the fe¢gain Weyenberg «il., 2006).

Overall, an abrupt change from a laality grass hay to a higuality legumehay
elicited alteratnsin cecal metabolitessupportingan increased colic riskThe data indicatéhat
the risk isgreatesturing thefirst 36 h after thebrupt introduction of AHalthough these data
must be interpreted with caution as postprandial samples weobtagted while horses were
consuming GHHowever, because pH remained fairly stable in the cecum and increased in the
fecesfrom 48 to 72 has the horses continued to consume &igbufferingeffect of increased
CPmay besufficientto offsetthe observedhcreassin cecallactate and VFA concentrations.
Increases in cecal populations of lactatdizing bacteria may have also mitigated the effects of
increased lactate production as the microbial ecosystem adapted to the new diet, further
stabilizing thepH of the cecumAs with Experiment 1, cecabnnulatiormay haveallowed
excess gas tescapdrom the cecum andttenuatedntestinal distention and abdominal pain;
however, reduced DMI of AH and reduced fecal DM rhaye beeindicaive of digestive
distressTherefore horse owners are advised to av@sd much as possiblghrupt changes in the

type and quality of hafed to their horses when faced wiimited forage availability.

Experiment 4

Althoughdietarystarch challenges habeen conducteoh horsegGoodson et al., 1988;
de Fombelle et al., 2001; Respondek et al., 2G88vious researchemavenot necessarily
examinedliets traditionally fed in the United Statasthe dieary changes that domestic horses
are likely to faceTheabrupt change frorBL to a large concentrataealin this experiment
elicited a significant response iraal parametenmmeasuredt 5 hthat may have beeanitigated

by theconsumptiorof a haymeal 12 an@4 hfollowing the large concentrate me@hus,
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feeding haymay be beneficiah instances wherexcessive grain consumption has occurfidgk
postprandiatliecrease in cecal pdas accompanied by a marked increase in total lactate and
VFA concentrationsThe magnitude of théncrease anthevariability in cecal lactatenay be
biologicallyrelevantwhen evaluatingan n d i v ristt foraghstomtestinal disegses it may
beindicaive ofthe reaction of the fermentative bacteridis or henindividual hindgutto

dietary changes. Theecal concentrains oftotal lactatefor this dietary challengeeregreater
than those reported by Respondek et al. (2008) in the colonic contents of kposesido a
novel grain source; however, they are less thaeebeallactate concentrations reported by
Moore ¢ al. (1979)in horses following severestarchoverload challenge used to induce
laminitis. In this experiment,ltanges in VFA concentrations were marked binarease in
propionate at 5 h that subsequently decreas&#thyand returned to baseline valu&milar
shifts in VFA concentrations have been reported for other grain challenges (Goodson et al.,
1988; de Fombelle et al., 20Qir)dicating that the amount of dietary starch providethis
experimentatliet (3.8g starch kg' BW) wassufficienttoexceed he smal |l intestine
for starch digestion anthusalteredthe cecal environmengtarch digestion and monosaccharide
absorption in the horse are limited by low aka@mylase activity in the small intesti(RRichards

et al., 2004)which in turn limits the expression of monosaccharide transporters along the
epithelium(Dyer et al., 2009)Duringthis dietary challengthe capacity for starch digestiand
absorptionn the small intestinenay have beeaverwrelmed thereforea portion of undigested
starch andinabsorbed monosaccharidi&sly pas&d to the cecum where they wéeemented

by resident microbes to produce the obseriedaions in cecal parameteRreviously,
researchers have suggested thatdmall intestine has a digestive capagityp to 4.0 gstarch

kg BW (Potter et al., 1992), although an upper tolerance limit of &t@rgh kg' BW may be
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moreaccurateavhen horses encounter an abrupt increase in dietary starch (Radicke et al., 1991
Kienzle et al., 1992Nevertheless, researchers agree that many factors influersegites of
starch digestion and absorption in the small intestine, including starch source, degree of grain
processing and mastication, feeding frequency, rate oftingeacclimation to the diet, and
individual variation (Radicke et al., 1991; Potter et al., 1992; Kienzle et al., 1992; Meyer et al.,
1995; McLean et al., 2000 light of the adaptive capacitie§theequineGIT for CHO
digestion and absorption (Shnt-Beechey et al., 2008; Dyer et al., 2009), extended acclimation
periods in addition to small, frequent meafeay increase the tolerancetbé GIT todietary
starch inhorses that regre concentrate supplementation.
Fecal parameters were largelyaffected by theietary challenge in Experiment By 36
h following the large concentrate mgiaical pHdecreased, which may be ditit ed t-o0 fAst ar
richo di gesta from the cecum an dthoughnotsignifidamt,al | y p
fecd DM numericallyincreasd over time. Lopes et al. (2004) suggested that increased fecal DM
in response to a higétarch diet waa product of compromised wat@nd nutrient absorption in
the colonwhich alters the electrolyte balance of the lumfrcording totheseresearchesx
dehydration of colonic contents may predisposedsoto intestinal impaction and other
gastrointestinal complications (Lopes et al., 20@4)erall,an abrupt increasa the amount of
concentrat®ffered to a horseom 0.05% BWto 1.0% BWelicited concentrations of cecal
lactate greatethanthose reportedith a novel grain source and may, infactimeas e a hor s
risk for colic. While sudden increases in dietary concentrates also are a known causative factor in
the developmet of laminitisin horses (Pollit and Visser, 20.@he increase provided in this
experiment did not induce any observable laminitic charigesovery hay meals fed 12 and 24

h following the dietary challenge may have attated further deterioratiasf the hindgut
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environment, as cecal pH observations never approached the values reported for Experiment 1.
Thus, in the event of an unavoidable sudden increase in the grain or concamyad@enpf
the diet, horse owners are advised to provide-kirgn faage in addition to crgtherapyof the

legs and feetMitchell et al., 2014 as a precaution until the eginarianarrives.

Bacterial Growth Curves

In Experiments 3 and 4nicrobialgrowth curve data were used to observe the effects of
the abrupt dietary changes on the lactdtézing bacterial populations of the cecuihese
bacteria convert lactate to butyrate and other intermediate VFA (Hobson and Stewart, 1997) and
the growth othese populations often follows rapid proliferation of lactat@ducing bacteria,
such ad actobacillussp. andStreptococcusp., which ferment starch and other dietary sugars to
lactate Monitoring lactateutilizing bacterial populations providesird i cat or f or an
tolerance for abrupt increases in lactate production within the hindgut.

Bacterial growth curves typically display four distinct phases of growth, including a lag
phase, log phase, stationary phase, and ghabe, whiclpresent as a sigmoid curve when
plotted on a grapfiNovick, 1955). The lag phase occurs after inoculation and is the period in
which the bacteria adjust to the conditions of the media. The log phase is a period of exponential
growth As bacteriahumbergeach the maximal population that can be sustained by the
medium, the bacteria degté the medium of nutrients antetabolicby-productsaccumulate
These factors limit bacterial growth and lead to the stationary phase, where the growth rate and
death ratare equivalentThe death phase presents when the bacterial population is no longer
supported by the medium and the death rate exceeds the growth rate.

These phases were observed for each sampling timepoint in Experiments 3 and 4 using

optical density (@), or turbidity, readings. As lactatdilizing bacterial populations grew in the
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SDL medium, the broth became more opaque which increased the OD readingluttieen

over time, the OD readings presented the sigmoid curve typical of bacterial groveh. curv
Comparisons of the growth curvetbacteria collectetfom each sampling timepoint allowed

for inferences regarding the effects of the dietary challenges on the microbial ecosystem of the
hindgut. More specifically,sfts in theOD at the time of inculation, growth rates (lag and log
phases), and population maximum (stationary phase) OD provide insight into microbial
population dynamics, especially when examined in combinationcetalpH, VFA, and lactate
shifts.In Experiment 3, the increased Iakation OD at 1 h, and thus presumed increase in the
number of bacteria, may have contributed to the increased cecal VFA concentrations noted at 5
h. The rapid ROP aligesta through the small intestimay have stimulated fermentation and
bacterial growt in the cecumtesulting in the visual increase of the inoculation @iPedat 1 h
(Julliand et al., 2006; Van Weyenberg et al., 2008)s increase in the microbial population
observed via inoculation OB not specific to lactatatilizing bacteria however, as the growth

rate appears slower than the baseline cuaméshe population maximumvasnot different from
baselinevalues The SDL mediumwasselective for bacterial populations that utilize lactate
growth and proliferationalthough itwaspossiblethatother types of bacteria also grén the
cultureas therevereother potential energy substrates in the medscecalpopulations of
lactateutilizing bacteria increasd, is expected thahe growth curve will shift upward and be
charactezed by faster growth rates in the media. The absence of this shift at 1 h supports the
assumption that the proportion of lactatdizing bacteria has not yet changed in the cecal fluid.
The abrupt decrease in cecal pH and increase in total VFA costtemérat 5 hmay have
temporarily created suboptimabnditionsfor resident microbial populationasthe microbial

inoculation ODat this timepoints similar to that of the baseline curvBsised on previous work
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in our laboratory wittMegasphaera elshii, we estimate that a 4 h difference along thaxis
between the inoculation O@f a growth curveand data points on the baseline growth curve
reaching the same OB indicative of a dog increase in the population (J. Drouillard, personal
communicatn). If this same growth timeline applied to thenixed cultureobtained in these
experimentsthere is approximately altg increase in lactatetilizing bacteria 24 Ifiollowing
the abrupt introductionf AH and a 4log increase by 36 h following theetary change.
Although population parameters returrstmilar values as those observe@4thby 48 h
following the dietary changevhich could be a diurnal effect of fasting, cecal conditiwese
still supporting a thrivingactateutilizing bacterid populationby 60 h as evidenced by ti#log
increase from baselin@he lack ofatraditional Sshapedyrowthcurvefrom bacteria collected
at 36 and 60 following the dietary changékely indicatesthat lactateutilizing bacteria
represent aignificant proportion of the total bactdr@opulation The growth curves at these
time points appear to bypass the lag phase of growth and immediately enter the log phase, which
occurs when large bacterial populations are present in the inoculum (illedde personal
communication)By 72 hfollowing the dietary changenicrobial pgulationsappeaedto have
acclimatedo the experimental dietith a reduction in the concentration of lactatdizers, as
the lag phase is reestablishedhe growth arves generated

In Experiment 4no changein lactateutilizing bacteriavereobserved up té h
following theadministration of the large concentrate meddere the growth rates were slower
than those of the baseline curves andobygulation maximummwere no different from baseline
values If we applya timeline similar to that d¥legasphaeralsdeniito our mixed culturetotal
microbial populations experienta 1-log increase ahe 1l hsampling timepoinand a 4log

increase at 5 h following thaietary changel.actateproducing bacteria, such 8s&reptococcus

97



sp. and_actobacillussp., have population turnover rates of about 27 min (Hobson and Stewart,
1997). Therefore, the initial increase in bactesmevidenced by the increase in the indmia
OD, and slower growth rateotedat 1 and 5 Hollowing the dietary change probably an
increase in these populations in response to the starch challebgeteriaculturedfrom cecal
fluid collected24 hfollowing the dietary disruptigrtherewasa 1-log increase invhat were
presumablyactateutilizing bacteriadue to thegreater inoculation O@ndtheupward shift in
thepopulation maximum. By 36 h, theappears to ba 4log increase irtotal bacterial numbers
basedonan increased OD reading at the time of incoluatmwever, due to the longer lag
phase it would seem that lactatilizing bacteriaverea smaller proportionf the total

microbial population at this time point. Thdecrease in lactate utilizing bags numbersvas
probably due to decreased substrate availabilitytibei@assage of time following the
carbohydrate meal without any subsequent concentrate provided to the &iedsesuld be a
sign that the microbial populatiomgerere-stabilizing.

Themost recently reported researggardingabrupt dietary changes the equine
monitored fermentation and microbial parameters for 29 h following the dietary change (de
Fombelle et al., 2001; Respondek et al., 2001; Muhonen et al., 2009). As evideoced by
bacterialgrowth curvesand cecal and fecal paramete8 h may not be long enough to
distinguish relevant shifts in lactatilizing bacterial populationdn Experiment 3, gpwth
curvesgenerated by bacteria obtair@sl 60, and 72 following thedietary disruptiongndicate
that lactateutilizing bacteria experience notable growth during this tiamel these effectaay
have gone unnoticed in previous saslDe Fombelle et al. (2001) reported no significant
alterations in lactatatilizing bacteial populations when barley was abruptly incagied into

the diets of ponies.fe authors indicated that their dietary challenge provided &&ch kg
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BW per mealandtheyconcluded that thechallenge was naufficientto elicit the more

extreme responses noted in indudadhinitis studies (Garner et al., 1978; derfbelle et al.,

2001). These observations coincide viite uppedigestive capacitpf the small intestinef 3.5

to 4.0 gstarch kg BW proposed by Potter et al. (199Respondelet al. (2008), on the other
hand, noted a-Ibg increase in colonic lactateilizing bacteria 29 h after changing the type of
grain in the dietvhile providing 2.8 gstarch kg BW. In theirstudy, colony forming units were
counted on roll tubes and petri plates after a 48 h incubation periadirfidreasen the lactate
utilizing bacterial populatiominoteds similar to what was observed in the current study at 24 h.
Had Respondekt@l. (2008)continued to mnitor lactateutilizing bacteridpopulationsbeyond

29 h theymay havenotedfurther increases ihacterialpopulationsconsistent withthose
observedn this study.These dataoincide witha small intestinal digestive capacity 2.0 g

starch kg BW proposed by Kienzle et al. (1992) and supported by Julliand et al.)(2006
Muhonen et al. (2009) indicated no significant changes in lactéitang bacteridpopulations
when diets were abruptly changed from hay to either haylagiégage However, in Experiment

3, gowth curves obacteria generated frooecal fluid following an abrupt change from GH to
AH depict a llog increase in bacterial populations at 24 h andag4ncrease at 36 h.
Additionally, ponies served as the expgental moded in previousreports(de Fombelle et al.,
2001; Respondek et al., 2008; Muhonen et al., 200&)ses may be mo lesssensitive to
dietary alterationthanthe pony thuscaution should be exercised in extrapolating data obtained

from ponies to draw conclusions regarding the horse

Summary
The dietaryalterationgnvestigated in this study were designed to mimic abrupt dietary

changes that domesticated horses are likely to encaaritex United State§ hedietary
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alterationdn these experimenigoduced hindgut conditions similar to those reported in
previousstudies that utilized dietary changhsught to be more extrem@verall, the results

from the currenexperimentsupport the epidemiological evidenbat associates increased

colic risk with abrupt dietary changes in type or amount of concentrate, changes in hay type or
quality, and abnormal feeding incident4ore specifically, it appears that exposing horses
recovering from colic surgery to a comi@eliet may predispose them to additional GIT
complications by inducing subclinical cecal acidosdditionally, abruptly increasing the

proportion of the current hay in the diet is of less concern than changing the type of hay. Lastly,
abnormal feedingiicidents that abruptly increase the amount of concentrate in the diet are likely
to negaively alter the conditions of the hingldnderstanding the implicatisrof this study as

they relatego gastrointestinal health should alldar improved feeding anchanagement

strategies to prevent and attenuate the adverse effects generated by unavoidable sudden changes

in the equine diet.
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Figure 2.1. Experimental protocol during Experiments 1, 2, and 32

Acclimation : : Washout
Period45 . Experimental Diet . Period

V) TIT I Td

- 1h | +1h+5h +24h +36h +48h +60h +72h
Baseline | |

Sampled*® EXp. EXp. Exp.
Diet Diet Diet

Short thick verticalarrows denotéhetime of collectionof cecal and fecal materigdlative tothe abrupt introduction dhe
experimentadiet

?_ong, thin verticalarrows denote the feeding schedule of the experimental diets (Exp.rbsefswere fed at 0 h and immetdkidy
following the 24 h and8 h colledions of cecal and fecal material

3Experiment 1: Horses were aicchted to a baseline di€t.5% BW native prairie hay, 8% BW textured feed) for 28where cecal
and fecal material was collected an hour prior to feedihg) during each of the last fithe acclimation periadOn d 29, diets
were abruptly changed tocamplete pelleted fee@.0% BW) A washout period followed the 72 h collectiprotocoland served as

the acclimation period for Experimg2



“Experiment 2: Horses weeeclimated to a baselimbet (1.5% BW native prairie hay, 8% BW textured feed) for 26 d where cecal
and fecal material was collected an hour prior to feedihg) during each of the last 10 d of the acclimation pefdd 27, diets
were abruptly canged to a@0% native prairie hay die2 (6% BW). A washout period followed the 72 h collectmatocoland
served as the acnoliation period for Experiment 3

°Experiment 3: Horses were acclimated to a%Gtative prairie hay ratio(2.5% BW) for 21 dvhere cecal and fecal material was
collected an hour prior to feedingl(h) during each of the last 8 d of the acclimation pef@ud 22, dietsvere abruptly changetd

100% alfalfa hayZ.0% BW). A washout period followed the 72 h collectimotocolandserved as the alomation period for
Experiment 4
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Figure 2.2 Experimental protocol for Experiment 42

Acclimation : : » . Recovery
Period . Experimental Diet and Initial Recover Period
: -1h | +1h +5h +24h +3§h
Baseline |
Sampled Exp. Hay Hay Hay
e

Short thick verticalarrows denote the time of collectioficecal and fecal materigdlative toanabrupt dietary change

% ong, thinverticalarrows denote the feeding schedule of the experimental diet (Expabiehay haymealswere fed atL2 hand
immediately following the 24 h ar@b h collection®f cecal and fecal material

3Experiment 4: Horses were acclimated to a baseligte(1.5% BW native prairie hay, 8% BW textured feed) for 21where cecal
and fecal material was lbected an hour prior to feedingl(h) during each of the last 8 d of the acclimation pe@dd 22 horses
were fedalargemeal consisting only dextured feedX.0% BW). A2.5d recovery period followed th&6 h collectiorprotocol

during which hores were maintained on a grass hay diet (1.5% BW native prairie hay)



Figure 2.3 Individ ual concentrationsof total lactate in cecal fluid compared to the group mea in response to an abrupt
dietary change from BL to CD'in Experiment 1%°
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1BL = Baselinediet (1.5% BWhative prairie hay, 8% BW textured feed)CD = Complete pelleted di&2.0% BW)
Each symbotepreserstvalues obtained fromindividual animas; bars represent the grouMEANS
3Dashedverticallines represent Cimeal offerings at 0 h and immediately falimg the24 h and 48 leollection of cecal fluid
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“T h el dfimepoint represents the LSMEANS all baseline measures taken 1 h prior to feeding onHayisrough 21 and on d 28
and 29 while horses were consuming BL
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Figure 2.4 Individual concentrationsof total lactate in cecal fluid compared to the group mean in response to an abrupt

dietary change from BLto GH® in Experiment 2*°
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1BL = Baselinediet (1.5% BWhnative prairie hay, 8% BW textured feed)GH = Grass haf2.5% BW native prairie hay)
’Symbols represemgalues obtained frorimdividual animas; shadedars represent tHeSMEANS for thegroup

3Dashed verticallines represer&H meal offerings at 0 h and immediately falimg the 24 h and8 hcollection of cecal fluid
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“T h el dfimepoint represents the LSMEANS all baseline measures takem prior tofeeding on days 14 thrgh 18 and 22
through 27 while horses were consuming BL
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Figure 2.5 Concentrationsof total lactate in cecalfluid of individual horsescompared to the group mearin response to an

abrupt dietary change from GH to AH" in Experiment 3*°
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3Dashed verticallines repesentAH meal offerings at 0 h and immediately éalling the 24 h and8 hcollectionof cecal fluid
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“Theldi ti mepoi ntLSMEANS ofallsbasalinesmedsiires taken 1 h prior to feeding on days 14 through 22 while horses

were consuming BL
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Figure 2.6 Individual concentrationsof total lactate in cecal fluid compared to the group mean in rgzonse to an abrupt

dietary change from BL to TF' in Experiment 4>
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3Dashed verticallines represent TF (0 h) and recovery (&3 h, 24 h, 36 hineal offerings
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“Theldi ti mepoi ntLSMEANS ofallshasalinesmedsiires taken 1 h prior to feeding on days 14 through 22 while horses

were consuming BL



Figure 2.7 Lactate-utilizing bacterial growth curves in response to an abrupt dietry change from GH to AH" in Experiment 3?
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'GH = Grass hay2.5% BW native prairie haypH = Alfalfa hay(2.0% BW)

Obtainedfrom mixed cecal contentnd incubateéh a semidefined lactate mediuin anaerobic Hungate culture tubes at 38°C for

36 h

3Graphdepictsbacterialgrowth curves from altecal samples collected at each time pdihe mean growth curvgenerated from

bacteria collected durintpe kaselinececal collections Baseline Average:l h relative to feeding oth 14 to 2} is represented by the

solid, black line The baseline collection takérh prior to horses consuming the novel noethe morning of the dietary change is
represented by the soligrey lineand labeled Day 0 BLOthergrowth curves generated fratecal samples collectguleprandidly

on each day following the dietary chargge represented by solid, black lines and markers as folledvg( v) , 48 7hh (60), an
( D&rowth curve generated frormpostprandiatecalcollections are represented by dotted nes and mar kers as f ol
(y), 3660 (ho),Ddand

* BL = Baseline collection; reflects bacterial growth obtained from cecal fluid collected 1 h prior totéimg diange

°Graph isolatethe mean baseline bacterial growth curves from all cecal samples collected 1 h prior to the morning meal on d 14 to 21
and just prior to the dietary changé Hb)on d 22

®Graphcompares the growth curves generated by baaibt&ined from cecal fluid collectgaeprandiato the morning meal on each

of the days following the dietary change (24 h, 48 h, 72 h) to the baseline growth curves

‘Graphcompares the growth curves generated by bacteria obtained from cecal fluid collected 1 h, 5 h,postptaridiato the

morning meal (36 h and 60 h) to the baseline growth curves



Figure 2.8 Lactate-utilizing bacterial growth curves in response to an abrupt diet change from BL to THn Experiment 42
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