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ABSTRACT

Dehorning is a commonly performed husbandry procedure in cattle to limit injury
and conform to modern facility design. Prior research provides evidence that dehorning
results in increased nociceptiondastress through changes in behavioral,
neuroendocrine, and physiological respongéterations in these actions allow
investigators to evaluate pain and stress reducing practices. In addition to improved
welfare strategies including institoh of polledbreeding programs ambnducting the
procedure on young anats, calves may benefit from the administration of analgesics
including local anesthetics, nateroidal antinflammatory drugs (NSAIDs)and G-
agoniss. Reviews of the literature have indicdi@ multimodal approach including local
anesthetics and NSAIDs may be the optimal strategy to mitigate the negapoase
following dehorning. Sincao analgesic products are currently labeled for citttiee
United States, providing an appropriatel @ffective analgesieemains challenging. As
such, wehave studied thpharmacokinetics and clinical efficacy of different NSAIDs
calves undergoing cautery dehornihgtially, we evaluated the pharmacokinetics and
clinical efficacy of firocoxib follaving cautery dehorning in calves. Although this
NSAID was well absorbed orally in calves and inhibited prostaglandin for 48 h compared
to placebo treated controls, mininaadalgesieffects were observed using a study dose
of 0.5 mg/kg. Subsequentiye evduated the pharmacokinetics and clinicdicafcy of
carprofen in a similacautery dehorning study. Using tApprovedanttinflammatory
doseof 1.4 mg/kgin the European Union, oral carprofen was well absorbed and

moderately inhibited prostaglandin fgo to 96 hhoweveminimal analgesic effects



viii
were observed. Following descriptions of the pharmacokinatidseffectof oral
carprofen and firocoxiba comparison of four NSAIDg&rprofen, flunixin meglumine,
firocoxib, and meloxicamorally administerd at 2.0 mg/kg was conducted as a field
trial. Although responses indicative of pain and stredsctionvaried among the
treatment groups, evidence from the field timalicate meloxicanmay havesuperior

potency compared to the other evaluated NSAN&eover, the use of orateloxicam

provides optimal analgesiéor 24 hfollowing a onetime doseof 2.0 mg/kg



CHAPTER 1

GENERAL INTRODUCTION

Introduction section wdified from a manuscrigiublished inveterinary Clinics of North

America: Foa Animal Practicé

Dissertation organization

Thefollowing dissertation is constructed usitinge alternate thesis organization
guidelines The second chapter is a literature review of pertinent methods used to
evaluate pain and stress in calves as veeHl aummary of previously studied analgesics
following cautery dehorning. Its contestprimarily derived froma previouslypublished
chapter inveterinary Clinics of North America: Food Animal Practice A Bov i n e
dehorning: Assessing pain and providinglggeicnanage ment . 06 Addi ti ona
contributions to this chapter can be found in anotteterinary Clinics of North
America: Food Animal Practice hapt er, ACI i ni cal Phar macol o
cattle. o The third chaptferaland mtsacenousbes t he p
firocoxib in calveswhich is published in th@ournal of Veterinary Pharmacology and
TherapeuticsThe fourth chapter details thealgesi@ffects of oral firocoxib following
cautery disbuddingvhich has been accepted for publicatin theJournal of Dairy
ScienceChapter 5 describes both the pharmacokinetics and clinical efficacy of carprofen
administered orally and subcutaneously immediately prior to cautery dehorning. This

paper has been submitted to foeirnal of Animal Scigcefor review. In chapter 6, we

! Stock ML, Coetzee JF. Clinical pharmacology of analgesic drugs in cattle. Vet Clin North Am Food
Anim Pract. 2015;31:1138.



compared the clinical efficacy of carprofen, flunixin meglumine, firocoxib, and
meloxicam on pain and stress associated with cautery dehorning in a fiel@hisal
chapter habeen prepared for submission to #oeirnal d Animal ScienceChapter 7
details the derivation of a pastress indexwhich compiles and analyzéise responses
reported in chapter 6 using os@mmaryariable.A summary othe resultsncluding
future areas of research are proposechapter 8

Many contributions have been madedamyauthors. Johann (Hans) F. Coetzee is
the major professasf this dissertatiomnd was involved in all aspects of thedy
including study design and subsequent analgizanne Millman was involved in study
design, data collection and analysis. In addition to overall guidance on laboratory sample
analysis, immunoassay development and analysis were derived by Walter Hsu. Laura
Barth provided expertise in data collection, study design, and study logistics. Chong
Wongprovided the statistical model for statistical analysaary Wulf provided sample
analysis using LEMS and guidance on additional laboratory analysisk Van Engae,
Erica Voris, Rebecca Parsons, Ledbéur conducted sample collection and inpugtirdy
design.Sarah Baldridge and Dee Griffin assisted in the construction of the literature

review including in figure and table preparations.

Introduction

Pain states in cattle are common. Both iatrogenic pain due to livestock
management procedurasch as dehorning or castration and disesss®ciated pain
including lameness, abdominal disorders, or sepsis are frequently encountered.

Regardless of the origin, a noxious insult is typically translated into a chemical and



electric signal where it is mathted in the dorsal horn of the spinal cord and perceived in

the brain(Muir and Woolf, 2001; Gottschalk and Smith, 2001Fhis initial phase is

often associated with acute pain; however, a second prolonged and diffuse phase often
results in local hypeensitivity(Gottschalk and Smith, 2001 ersistency of this delayed
response may cause systemic hypers-apeoeitiuvi
pain)(Gottschalk and Smith, 2001; Kissin, 20@0hically manifesting as hyperalgesia

(i.e. increaed pain from a painful stimulus) and allodynia (i.e. pain from apaamful
stimulus)(Ochroch et al., 2003)Analgesics are provided, if possible, to mitigate both

the acute and prolonged phases of pain associated with the noxious stimuli.

When evaluang pain relievers such as nateroidal antinflammatory drugs
(NSAID) for clinical analgesia t he Food and Drug Administra
Veterinary MedicindFDA-CVM) recommendeffectivenesdedetermined byhe
control of clinical signs of pain assiated with a diseag&uidance for Industry #123
2006) Althoughthe pain state imtrogenicallyinduced evaluation of an analgesic in a
postdehorning model may conform to the recommendation by the-EBK due to the
frequency of the procedure penfeed in the dairy industryrurthermoredemonstrating
an analgesieffectusing a pain state induced fraxeommon industry practice will
support its adoption and use in clinical practicepared to more controlled modsi
inflammation such as a subcuémus depositionf formalin. It is important to note that
in order to determine analgesic efficaGF| #123 recommendble use o¥alidated
methods of pain assessment in the target species.

Pain assciated withdehorningresults in both the describedute and delayed

responses. Following the initial noxious insult either from a surgicaion (e.gBarnes



delorners) or cauterystress as determined by cortisol concentrations peaks
approximately 30 minutes post procedure (Stafford and Mellor, 20pSaibsequently, a
delayed response occurs as evidenced by increased sensitivity and behavioral,
physiological, immunological changes that may persist for up to 44 (Caeszee, 2013,
Stafford and Mellor, 2011; Heinrich et al, 201Becentlypoth Ballou and colleagues
(2013)and Sutherland and colleagues (20Eported thaamputatiordehorning results
in a more acute painful response comparesiitgicalcastration as determined by
cortisol concentrations obtained under the same experimental condtimtiermore,
dehorning 2 to 3 weeks peststration resulted in an increased stress response and
decreased ADG compared to animals that aenputatiordehorned first and later
castratedMosher et al., 2013).

Providing analgesia to cattle is not withas challenges. Primarily, from a
regulatory perspective, no analgesic drugs are specifically approved for the alleviation of
pain in livestock Smith et al., 2008)The Animal Medicinal Drug Use Clarification Act
(AMDUCA) of 1994 permits extrdabel drig use (ELDU) in order to relieve suffering in
cattle(FDA, 1994) As such, analgesics would be permitted under AMDUCA given the
criteria for ELDU are followed. In addition to these regulations, pain medications can be
costly, difficult to administer, she#cting requiring frequent administration, and
cortrolled substances necessitateeterinary licens@Coetzee, 2013Moreover, cattle
do not overtly demonstrate signs of pain, making it difficult for some producers to
observe the value in providing palief especially given a lack of support for economic

gain(Coetzee, 2013)



In spite of these challenges, analgesics have demonstrated benefits to cattle during
pain states. Followindehorning analgesics have reduced the physiologic, behavioral
and newendocrine changes that occur subsequent to the noxious ¢&hagk et al.,
2013) Although, translation of these responses into economic gains continue to be
difficult, activation of the sympathetic nervous system has demonstrated
immunosuppressive fefcts that may incite and progress systemic infectféfeng et al.,
2011) Although this relationship has not been elucidatedtihec@ may offer an
explanation of the reduced puéite and bovine respiratory disease morbidity for cattle
receiving mabxicam following castration upon arrival to a feedlSbetzee et al., 2012)

Previous comprehensive reviews of the literature have reported that effective
analgesia in cattle is achieved through dtimodal approach (Stafford and Mellor,
2005b; Stock eal., 2013. Administering different pharmaceuticals to antagonize or
attenuate the transmission, modulation and perception of the painggnakzes pain
relief (Muir and Woolf, 2001) Furthermore, the provision of a combination of
compounds with diffeent onsets and duration of action addresses both the acute and
delayed phases of pain. With a multimodal approach, effective drug concentrations may
be optimized to coincide with the occurrence of pain. Analgesia is maximized by
combining local anesthesiaonsteroidal anii nf | ammat ory drugs ( NSAI
agonistsN-methyl D-aspartat¢dNMDA) receptor antagonists, and neuropathic pain
antagonists. These analgesic options are review€tapter 2vith special attention
towards evidencbased compands investigated with randomized, placebo controlled

trials (RCT).



The conclusions from reviews strongly support the use of both an NSAID and
local anesthetic at the time off prior todehorning to mitigate the associated distress and
nociception (Stdbrd, and Mellor, 2011; Stock et al., 2013). Given the positive results of
a study treating dehorning pain with meloxicam, an NSAID with a prolongedifeath
cattle, lworked under the hypothesis that a persistently acting NSAID would be the most
usefu in providing pain relief to calves immediately pahornng (Heinrich et al.,

2010. Moreover, oral medications were investigatethag potential to be thenost
practicalon-farm methocf analgesic administration

Scant informations publically availableevaluating oal NSAIDs in cattle. As
such, linvestigated NSAIDs available in the United States with oral formulations in other
species with reported persistent concentrations or effects. Firocoxib is € Gafing
NSAID available in both dogsd horses to treat osteoarthritigh once daily dosing as
a result of a lengthy halife in these species. To determine if similar pain relieving
effects and prolonged concentrations were observed in cattle, the pharmacokinetics were
determined and desbed in chapter &ndthe analgesic efficacy results of a preliminary
dehorning study are detailed in chapter 4.

In addition to firocoxib, the pharmacokinetics of intravenous and subcutaneous
carprofenin calves indicatea half-life greater than 40durs (Delatour et al., 1996)n
addition, it is approved for the treatmenfpain associated witbsteoarthritis in dogs.

Given thereported pharmacokinetic properties in calves and analgesic effects in dogs,
oral carprofen was compared with a subcutanéloss in greliminarydehorning trial
detailed in chapter 5. Included in this chapter is a description of the pharmacokinetics of

subcutaneous aratal carprofen.



Following the preliminary studie®f firocoxib and carprofen in calvels
comparedhe clinicd efficacy of carprofen, firocoxib, flunixin meglumine, and
meloxicam to placebo treated controls following dehoriming field trial This study is
presented in Chapter 6. Previous studies have evaluated the oral pharmacokinetics of
meloxicam and fluniin meglumine in calves (Moshet al, 2012 Odensvik, 199%
Moreover, the analgesic effects of meloxicam have been reported in prior dghorni
studies (Henrich et al., 20118llen et al., 2013). The primary purpose of this study was to
potentiallydeternine the optimal NSAID administeretally to control pain and distress

following cautery dehorning in a field setting.
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CHAPTER 2

LITERATURE REVIEW

Modified from a combination dfivo manuscriptgublishal in Veterinary Clinics of

North America: Food Animal Practiée

Matthew L. Stock

Abstract

Dehorning or disbudding in cattle is performeddorariety of reasons including:
safety for handling, decreased incidence of carcass wastage due to bruisifegdewy
trough space needed, decreased risk of injury to other cattle, increased value of the
animal, and fewer aggressive behaviors exhibited. There are a variety of dehorning
methods employed to effectively remove cornual tissue from cattle incluadimgutation
employing a cutting tool, cautery using a hot iron, and chemical application of a caustic
paste. Pain associated with this procedure has been mostly evaluated through behavioral,
physiological, and neuroendocrine changes following dehornirggneral, following
dehorning, an immediate acute stress or painful response is observed during the first 30
min which plateaus for approximately 6 hours before returning to baseline 7 to 8 hours
following the procedure; however additional behavior dateshggested a more
prolonged period of pain. Analgesics including local edylockades, anti

inflammatories and opioids have demonstrated an effective attenuation of the cortisol

! Stock ML, Baldridge SL, Griffin D, Coetzee JBovine dehorning: assesg pain and providing
analgesic managemeet Clin North Am Food Anim Pract. 2013;29:133.

2 Stock ML, Coetzee JF. Clinical pharmacology of analgesic drugs in cattle. Vet Clin North Am Food
Anim Pract. 2015;31:1138.
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response. Although local anesthesia aids in the reduct@narfisol reponse in the
immediate postiehorning period, a delayed cortisol increase is typically observed most
likely associated with the loss of anesthetic effect.-Sl@noidal antinflammaory drugs
have demonstrated continued effective analgesia followingdmied of acute cortisol

rise as evidenced by the moderation of a prolonged cortisol responstoraltyi,

sedative with analgesic properties haslemonstrated transienattenuation of the acute
phase of pain associated with dehorning. Followingeadtitire review, and similar to

pain management of other routine procedures performed in cattle such as castration, a
multimodal approach to analgesia is recommended for dehorning procedures including

the use of a local anesthesind antinflammatory.

Literature Review

Dehorning is a commonly performed practice in both beef and dairy cattle
industries. Dehorning or disbudding in cattle is performed for a variety of reasons
including: safety for handling, decreased incidence of carcass wastage dueing,bruis
less feeding trough space needed, decreased risk of injury to other cattle, increased value
of the animal, and fewer aggressive behaviors exhiR®d1A, 2012). Disbudding is a
method of removing horns in calves up to around 8 weeks old when hasrablbi 10
mm long(Stafford and Mellor, 2005)Once horns grow longer, they become attacbed t
the underlying frontal sinug-or the purpose of clarity, all disbudding and dehorning will
be collectively referred to as dehorning throughout the chapter.

Although cattle are naturally horned for protective purposes, modern commercial

industries decrease the necessity of these defenses. Within these production systems, for
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reasons listed above, cattle without horns can be more desirable. Horn growth is a
genetically heritable autosomal recessive tfliedugorac et al., 2012fpolled cattle,
which are hornless animals, result from an autosomal dominance patterin has been
shown recently to be a result of allelic heterogeneity of the polled (Medugaoac et

al., 2012) Since the polled genetic inheritance reflects that of an autosomal dominant
inheritable trait, artificial genetic selection could result in the decline of this undesirable
characteristic of intensively raised cattle. This artificial @@ for polled cattle has
beenused in the beef industry to reduce horned calvés8by from 1992 to 2007 due to
producers breeding for polled anim@sSDA, 2009a) However, this breeding selection
has not translated into the dairy industry with a reggb84% of dairy operations in the
United States still dehorning calv@$SDA, 2009b) Breeding strateggehave recently
been modeled to determine the effect of increasoligd genetics witin a dairy herd
while evaluating the impact ayenetic merit (Sprlock et al., 2014).

An increased societal concern and awareness for food animal welfare has
influenced discussions regarding the humane treatment of livestock (Rollin, 2012).
Routine procedures in cattle such as dehorning can have a negative pubptiguerce
Corsequetly, several countries including those belonging to the European Union,
Australia and New Zealand have created dehorning welfare legis{8tiaifiord and
Mellor, 2005) In North America, The Canadian Code of Practice for Dairy Cattle
recommends the use of a local anesthetic combined with analgesia and sedation for
dehorning calves; however there are no current regulations for analgesic use in the United
StateqBradley and MacRae, 20114lthough it should be noted that the AVMA

A s u p phe use of pracedures that reduce or eliminate the pain of dehorning and
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castrat i ngsuggéstschaattt Ifeaov aandabl e met hods of mi
include application of local anesthesia anel &dministration of analgesc®VMA,
2008).Moreover,the American Association of Bovine Practitionéias recently released
guidelineswhich include the use of local anesthesia and systemic pain relief to enhance
the welfare of cattle undergoing dehorning (AABP, 2014).

Survey evidence in the Unit&tates suggestsatdehorning and castration are
oftenperformed together (92%) and usually completed without the use of analgesics
(Coetzee et al., 2010, survey of NorthCentral and NorttEastern United States dairy
producers indicated that 12.4% wskcal anesthetic nerve block and only 1.8% use
systemic analgesia at the time of dehorr{iaigiwider et al., 2008)Additionally, in
another survey of United States veterinarians, 49% reported administering an analgesic to
beef cattle less than 6 monitbfsage during dehorning whereas 63% of the respondents
used analgesics in dairy cattle at dehorning calves of the same age (Fajt et alA2011)
Canadian survey indicated that approximately 72% of veterinarians provided analgesia at
the time of dehorningalves(Hewson et al., 2007)nterestingly, additional positive
influences for providing analgesia to calves at dehorning included geography where
significant public outreach for animal welfare has occu(keglvson et al., 2007)

The use of analgesics@uas local anesthesia, systemic-armftammatoriesand
sedativeshavebeen investigated by several studies following dehorning using behavioral,
physiologi@l, and neuroendocrimesponsefor painassessmerisStafford and Mellor,

2011) Generally, whemising cortisol concentrations as indicator of stresgvidence
exists of a rapid cortisol increase following dehormegking within the first 30

minutes Cortisol concentrains then plateau from@ hand then decline returning to
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baseline 7 to 8 following dehorning (Figure 1). Local anesthetics mitigate the cortisol
response for their respective duration of action (i.e. lidocaine: 2 h; bupivac&ine: 4
following the procedure but a delayed cortisol response is observed presumably once
sensitivityreturns to the anesthetized a(Patrie et al., 1996; McMeekan et al., 1998;
Sutherland et al., 2002Anti-inflammatories have aided in the reduction of this delayed
cortisol responsgSutherland et al., 2002; McMeekan et al., 1998; Stilwell et al9;200
Milligan et al., 2004; Allen et al, 2013; Glynn et al., 2018 ditionally, the use of
sedatives magontribute to the reduction of the initial cortisol respe; however the
delayed inflammatory response is unaffec@tfford et al., 2003; Stilwedt al., 2010)
Most studies evaluating stress and pasponses dehorned cattle investigate the acute
response; however very few studies have examined chronic pain or stress responses
following dehoning.

Sufficient challenges to accurately assess and manage pain in food animals exist
within the United States. The following review will assess tools specifically utilized in
the evaluation of the effectiveness of pain relief following dehorning. Auwtditiy,
supportive evidencevaluating analgesiagill be detailed. Studies included in this
analysis were identified as those that addressed the pain associated with dehorning using
either analgesitreated or placebtreated controls. Paimesponsedetegmined in these
studies were used to determine a percent change associated mightieeatmentTable
1 and2). The numerical values of the biomarker used for comparison included: maximum
concentration (Gay, area under the effect curve (AUEC), and fpettme point
concentrations. Additionally, these values were further summarized following

categorization by analgesiegimen when applicable (Figure 2 and@f the nineteen
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dehorning studies included in #essummary graphseven trials were explity stated as
maskedAdditional discussions of studies with an undocumented maslatgsdtave
been includeds descriptive data.

Following this summary analysis, a multimodppeoach using local anesthetics
andnon-steroidal antiinflammatory drgs isrecommended for the most effective
reduction of pain response in cattle following dehorning. These recommendations are
similar with other reviews concerning the management of pain in cattle following

dehorning(Stafford and Mellor, 2011)

Methods of assessment

The study of pain and stress in animals is compiesestigations into the
treatment of a noxious event remain challenging to our continued poor assessment of
the pain responggleckrell, 2008).Furthermore, studies of analgesics may prove
circularas fnanal gesics are those sutharethots&e es t ha
signs eliminated bg n a | g e adsan,s1891)( NBverthelessaluation of several pain
indices has been ggested to improve pain assessment in anifhdéony and Kent,
1997).Through a combination of responses evaluatindp#teavior autonomic nervous
system (heart ta, ocular temperature), the hypothalaipittitary-adrenalaxis (cortisol),
and tissue saitization (mechanical nociception threshold) leading to release of pain
neurotransmission (substance P), several indices can be measured to collectively assess
the pain in animals following dehorning. Evaluating the combination of multiple pain
related imlices potentially allows the induced pain state (i.e. cautery dehorning) to be

examined not merely as reflexive nociceptioh dsia response involving cerebral and
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emotional perceptiarin addition, the use of a variety of responsay help to account

for theindividual variationsof responss typically observed in pain and stretglies.

Behavior

Behavior changes are often monitored and recorded in studies involvirgnpiain
stress The observed changes have been suggested as a more sensitivéompaker
compared to other physiological markers such as co(#isul et al., 2002) Behavior
indices have been recorded using videogrg@raf and Senn, 1999; Milligan et al.,

2004; Morisse et al., 1995; Faulkner et al., 2000; Vickers et al., 2@¥arich et al,

2010; Doherty et al., 2007; Duffield et al, 201€hute behavio(Baldridge et al.,2011)
accelerometerélheurer et al.,2012and remote triangulation devic@heurer et al.,
2012).Head shaking, ear flicking, head rubbing, transition betwstanding and lying,

inert lying, vocalization, and grooming are all behavioral changes frequently recorded in
an ethological evaluation of cattle following dehorn{@ggndahiNielsen et al., 1999;
Stilwell et al, 2009; Morisse et al., 1995; Faulkraard Weary et al., 2000; Vickers et al.,
2005).

Although behavioral responses can be objective and collected with reliable
guantitative methods, differences may exist in regard to interpretétitime case of
dehorningyeliable behavioral indicators phinto assess cattle following dehorning with
and without analgesiaave been examing&aulkner and Weary, 2000; Heinrich et al.,
2010; Duffield et al., 2010For example,tihas been suggested that head rubbing may be
a result of increasknociceptionor indicative of irritation, itching or healin@uffield et

al., 2010) A correlation between behavior responses and changes to cortisol
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concentrations has been revievgegbporting a strong associati(@tafford and Mellor,
2005)

Recently, Heinrich andolleagues evaluated the behavior changes following
cautery dehornin@Heinrich et al., 2010)Based on behavioral changes, the authors
determined that pain may be present for up to 44 h following the pro¢cedchioh
corresponded to the end of the studyipd Other studies have indicated a continuation
of painful or decreased normal behaviors for up to 72 h after dehd8taford and
Mellor, 2011; Faulkner and Weary, 2000he duration of pain observed in these studies
beyond other physiologic or neaendocrine parameters further supports the necessity to
provide longlasting effective analgesia for catftdlowing dehoning. Additional
research should include investigations icloonic pain responses associated with

dehorning.

Physiology

Changs in physiology response are frequently observed following dehorning
Serum catisol, heart rate, respiratory rated average dairy gain (ADG) are often used
in studies evaluating the efficacy of analgesics in painful or stressful procedures such as
dehaning. Cortisol concentrations should be interpreted with caution due to variations in
cortisol response following a stressor as weldwide variety of inciting causes that can
activate the hypothalamypstuitary-adrenal (HPA) system responsible fortsml release
(Molony and Kent, 1997; Mellor and Stafford, 199HMpwever, cortisol changes over

time have been used frequently as a parameter assessing stress in cattle following



17

dehorning(Graf et al., 1999; Petrie et al., 1996; Sutherland et al., Zi0&ell et al.,
2008; Allen et al., 2013)

In cattle dehorned without analgesia, most studies indicate an initial peak in
cortisol is observed within the first 30 minutes and subsequently plateaus at an elevated
concentration until returning to baseliapproximately 7 to & following the procedure
(Sylvester et al., 199&chwartzkopiGensweiret al, 2005Stafford and Mellor, 2011)

It has been hypothesized that the initial peak in cortisol is a result of a significant noxious
nociception due to the meoval of the horn tissue whereas the observed plateau results
from pain associated with inflammati@McMeekan et al., 1998 he antiinflammatory
potential of cortisol has been suggested to result in the attenuation of the inflammatory
mediated pain regmse(McMeekan et al., 1998; Sutherland et al., 2002)

Cortisol responseayvary with ageln astudy investigating the analgesic
effects of ketoprofen in dehorned calves 2 days to 2 weeks abldge calveswithin the
studyhad significantly lower serum cortisol concentratipns and post dehorning
(Milligan et al., 2004)In contrast, Dockweiler and colleagues (2013) determined that
cortisol concentrations were elevated in 6 month old calveparedt 0 O 8 we ek
calvesfollowing castration Although the insult differedage may be of consideration in
evaluatingstudies using different aged subjects.

Heart rate has been monitored and recorded in dehorning studies as an indicator
of physiological siess(GrgndahiNielsen et al 1999; Heinrich et al., 2009; Stewart et
al., 2008;Stewatrt et al., 2009; Coetzee et al., 20Cmparedd either sham dehorned
calves calves included in the study, which were not dehoroedaseline value$eart

rate renained elevated for at le&h in dehorned calves receiving no analgesia

ol
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(GrgndahiNielsen et al., 1999; Stewart et al., 2009; Heinrich et al., 2@@®)tional
studies have indicated a decreased heart rate acutely following treatment with an
analgsic compared to dehorned calves treated with a plateteovart et al., 2009;
Coetzee et al., 2012)

Previous literature has provided equivodala for an increasexyerage daily
gain (ADG) following dehorning with analgesi&tudies have indicated an incsed time
spent at the grain feeder and an increase ADG following the use ofstanoidal anti
inflammatory at the time of dehorning when compared to those not treated with any
analgesigFaulkner and Weary, 200Bteinrich et al., 2010Baldridge et al.2011;
Coetzee et al., 2012; Glynn et al., 2Q1&though GrgndahNielsen and colleagues
(1999)did not observe any difference in ADG or feed intake in the 7 days following
dehorning, there was a significant difference in animals treated with analgieties
time of dehorning initiating rumination more quickly than those without analgesics
provided. This improved rumination has also been reported in other studies with extended
observation period&Sylvester et al., 2004)

Other physiologic parameterave been evaluated in cattle following dehorning
indicating a pain response (Table 3). Plasma adrenocorticotropic hormone (ACTH),
vasopressin, noradrenaline, and adrenaline concentrations increased acutely following

dehorning and remained elevated for od th(Graf et al., 1999; Mellor et al., 2002)

Neuroendocringesponse
Neuroendocrine changes have been assessed in many studies evaluating

nociception following dehorning including: substanc@&Betzee et al., 2012)
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electrodermal activityBaldrdge et al., 2011 )nfrared thermograph{Stewart et al.,
2009) heart rate variabilityStewart et al., 20095and electroencephalography (EEG)
(Gibson et al., 2097

Substance P is a neuropeptide expressed within portions of the neuroaxis involved
with pain, stress, and anxief§oetzee, 2011)ncreased concentrations are found in
cattle following castration compared to those sham castratedhdlergtially supporting
its use as biomarker of a pain respo(Seetzee et al., 2008 study investigated
substance P concentrations followstwpopdehorning in 16 to 20 week old calves treated
with an antiinflammatory at the time of dehorniriGoetzee et al., 2012Animals
treated with meloxicam had a significant reduction in mean substance P conagntratio
compared to the placebo treated contfoll®wing scoop dehorningn addition, there
were no significant differences observed in cortisol concentrations between the two
groups, thereby suggesting an improved sensitivity of using substance P asr&drsioma
of painin comparison with cortisollt should be noted that substances R very unstable
peptide requiring immediatgrocessing which may be difficult to complete in field
designed trials (Mosher et al., 2014).

Heart rate variability has been giggted to reflect a measurement of the
autonomic nervous system through the assessment of synipatiteparasympathetic
activity, thuspotentially providing an evaluation of distrggsn Borell et al., 2007)

Using heart rate variation, the control bétintervals between consecutive beats is
increased through vagal tone (increased HRV, high frequency (HF) power) or
sympathetic (decreased HRV, low frequency (LF) power)-3nwveek old calves

dehorned using a cautery dehorning unit, changes in heaxtanaation illustrated a
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sympathevagal imbalance coinciding with reported pain associated with dehorning
(Stewart et al., 2009)

Additionally, a decreased ocul@mperaturdias been suggested as a
neuroendocrine response mediated by sympathetic vagdcban of conjunctival blood
vesselsipon the induction of pai(Stewart et al., 2008Btewartand colleague&009)
investigated oculaiemperature concurrently with heart rate variability andntepl a
decrease in oculaemperature during the saree period as the changes in heart rate
variations further supporting the sympathagal imbalance-However, this response has
not been reported by other dehorning studssg scoop or cautery methg@aynn et
al., 2013; Allen et al 2013; Stock et &Q15)

Analysis of an EEG following a painful procedure has besdidatedfor
detection of acute pain in dehornif@ibson et al., 2007)Acute noxious sensory stimuli
produce changes within EEG frequencies reflecting the cerebral cortical electriasy acti
perceiving the nociceptiofGibson et al., 2007Mean EEG frequencies were evaluated
in calves 24 to 36 weeks of age following amputation via scoop dehdfaibgon et al.,
2007) EEG frequencies were recorded following the induction of minimaklaesa in
the calves usingiiravenous ketamirend propofal Although the use ahjectable
anesthesianay have confounded the results, specific wavelengths were significantly
altered following dehorning indicative of noxious nociception. Animals in waildcal
nerve block was administered had significantly less changes in EEG frequencies
potentially supportinghereporteddecreased nociception following dehorning compared

to dehornedontrols(Gibson et al., 2007)
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Mechanical Nociception Thresho{MNT)

Following an acute injury, inflammatory mediators such as prostaglandins,
bradykinin, serotonin, and histamine will accumulate at the site of injinese
molecularchangesesult in he increased nociceptor sensitivity associated alitddynia
andhyperalgesian pain statesThis change in nociceptor sensitivity has been evaluated
using different methods and techniques including pressure algometry for mechanical
threshold determination or G@aser or concentrated areas of heat for thermal thicesho
determination. Mechacal nociception thresholds have besvestigated in rodent burn
modelsindicating a prolonged recovery op t028 days to return to baseline nociception
thresholdfSummer et al., 2007).

In cattle dehorning studies, MNT has bg®@eviously measured to evaluate an
analgesic effeadf NSAIDs (Heinrich et al., 203@lynn et al., 2013Allen et al., 2013;
Stock et al., 200mand localnesthetic§Tapper et al., 2011Heinrich and colleagues
(2010) reported a 31% increase in MNlldwing administration of IM meloxicam.
Moreover, Tapper and colleagues (2011) indicated up to 83 h of increased MNT
following administration of an ethanol nerve blobknimal effectson MNT were
observed following administration of oral meloxicam (Gltral, 2013; Allen et al.,
2013), intravenoufunixin (Glynn et al., 2013)and oralffirocoxib (Stock et al., 2015).
The tested dose or data collectiamich included repeat handling and blood collection
may have heightened the avoidance responsegdhiMiT determination potentially

explaining the incongruity between studies.
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Dehorning analgesic strategies and their effects on pamesponses

Dehorning methods

Management practices have been adopted to dehorn animals icarftem to
modern facity designs There are three primary methods to dehorn cattlenipuaation
using equipment such 8arnes, Keystone, gauges, saws and gigli wire; 2) Cautery
using a hot iron electrically, gas, or battery powered and 3) Chemical application of
caustic pate usually consisting of a strdp@lkalineagent such as sodium hydroxide or
calcium hydroxide.

Several studies have evaluated the different dehorning techniqueatorerel
changes ipainresponses Sylvester and colleagué€s998)compared the diffences in
cortisol concentrations in calves dehorned by 4 different methods of dehorning: Barnes
scoop dehorning, guillotine shehgsaidy a butc
found no differences among treatment groups during the 36 hours postidgtior
cortisol, except calves dehorned by guillotine shears had a significantly lower cortisol at
2 to 2.5 hours post procedure. The cortisglx@nd integrated cortisol response was not
statistically different among treatment groups. Another studgsitigated differences in
cortisol response to variations in performing the technique of scoop dehorning
(McMeekan et al., 1997Fhallow scoop dehorning versus deep sasmprning were
performed inl4 to 16 week old Friesian calves and no significaféihce was found
between rises in cortisol concentrations or the integrated cortisol response from 0.25
hours after dehorning to 5 hours after dehorning. The only difference noted was cortisol
concentrations in calves undergoing shallow scoop dehoreiagned to control values

by 8 hours while deep scoop dehorning calves returned by 6 hours.
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Several studies have investigated cauésrg means to destroy or remove tissue
In lambs, an attenuated cortisol response was observed following tail dockig@usin
thermocautery device compared with a kififester et al., 1991)t was suggested that
the tissue damage caused by the heat from the hot iron destroyed the nociceptors adjacent
to the wound, thus mitigating the cortisol respof&eafford andMellor, 2005) This
reported cortisol variation was also observed while comparing cautery dehorning with
amputation. A study using scoop versus cautery dehorning by Petrie and colleagues
(1996)using 6 to 8 week old Friesian calves found scoop dehorning witr®ptolision
of anesthesia or analgesia produced a significantly higher cortisol AUG7fminutes
to 2 hours post procedure as compared to cautery dehorning. The examination of two
different electriccautery dehorning methods using 3 to 4 week old Hinlshlves
indicated ndlifference in Gax(Wohlt et al., 1994)

Chemical dehorning methods have also been recently evallvedse et al.,
1995; Vickers et al., 2005; Stilwell et al., 2008ging behaviors such as head shaking,
head rubbing, and lymto standing transitions, Vickers and colleag2€95)
determined tht caustic pasteesulted in less behavior changes compared with a hot iron
in 10 to 35 d old calves treated witlsedative and a local anestleetiowever, in an
earlier study, 4 weedld calves dehorned with caustic paste had increased plasma cortisol
concentrations in comparison with 8 week old calves dehorned using a hdlloasse
et al., 1995)It is reported that the application of the caustic paste is not painful; however
within an hour both cortisol and behavioral changes indicpteraor stress response

persisting for up t@4 h following paste applicatian
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Without the provisions of analgesics, it has been recommended to dehorn cattle
with cautery rather than amputationatremical methodgStafford and Mellor, 2005)
This conclusion was recommended as a result of an extensive review of the published
literature indicating a decreased cortisol response in cautery dehorning; however it was
suggested more research needs todmepleted comparing the cautery and chemical

dehorning method&Stafford and Mellor, 2005)

Local anesthetics

The most commonly used analgesics in cattle are local anesthetics. By blocking
sodium channels within nerve cells, the conduction and trassmisf the pain signal is
inhibited (Webb and Pablo, 2009As such, the region where the anesthetic is deposited
is devoid of sensation. Of benefit to the patient experiencing a noxious stimulus,
stimulated nerves are more sensitive to local anestisraover, nerves responsible for
pain and temperature are blocked prior to those fibers involved with touch, pressure, and
motor activity(Catterall and Mackie, 2011)

Although the observed effect is reversible, its duration of action depends on the
lengh of contact time with the nen(€atterall and Mackie, 2011 herefore, innate
chemical properties that determine rates of absorption and tissue distribution as well as
metabolism are heavily involved in determining the length of desensitization. Moyeov
the addition of vasoconstrictor compounds (e.g. epinephrine) to increase contact time
through reduction of both absorption and metabolism may be benéGairall and
Mackie, 2011) However, as local environment is crucial to the activity of al loca

anesthetic, infected tissues with a decreased pH may reduce the effect.
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Most commonly performed nerve blocks consist of infiltrating the perineural
space surrounding the cornual nerve, a branch of the zygomaticotemporal portion of the
ophthalmic divisiorof the trigeminal nerve, with a local anesthetic; however, other local
nerve blocks have been used in dehorning studies such as ring blocks or caudal horn
blocks in efforts to increase the likelihooe thffective anesthesia (Figurg($karda,

1986; Grafand Senn, 1998; Doherty et al., 2007; Faulkner and Weary, .Z00®)

cornual nerve block has been described by several studies and textbooks. Briefly, a 2.5
cm 18 or 20 gauge needle is inserted lateral to the palpable temporal ridge of the frontal
bone ad 2.5 cm craniald the base of the horn (Figurg #ollowing a negative

aspiration confirming the needle is placed subcutaneously, five to ten milliliters of 2%
lidocaine is injected directing the needle towards the horn for desensitization of the area
(Skarda, 1986)In cattle with larger horns, cutaneous branches of the second cervical
nerve will need to be desensitized using a local anesthetic infiltration caudal to the horn
(Skarda, 1986)Proper restraint is necessary in order to deliver the loeatlaetic to the
correct location for complete sgation of nociception (Figurg.5This procedure can be
performed using plastic disposable syringes or automatic sgringenultiple animals
(Figure 9.

Several administration routes are available forllacasthetics including
injection via a needle or neediee techniques and topical. When injected, the onset of
activity for lidocaine is fairly rapid, occurring within 2 to 5 minutes and persisting for
approximately 90 minutg€oetzee, 2013)rhis duation is prolonged (median 30din;
range: 107512 min) with the addition of epinephrine (0.01 mg/r(fferheller et al.,

2012) Additional injectable anesthetics such as bupivacaine may provide superior
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duration of activity (88 h); however onset may blelayed (2680 min)(Webb and
Pablo, 2009)Recently, a gelbased topical local anesthetic consisting of lidocaine,
bupivacaine, adrenaline (epinephrine) and cetrimide§dlen, Bayer Animal Health,
Australia) demonstrated desérmtion of the dehormig area (Espinoza et al., 2013)
Regional anesthesia via epidural administration of lidocaine (0.2 mg/kg) produces fairly
rapid (5 min) desensitization of the perineal region for a time interval-@fL50min
(Muir et al., 1995)

The administration teclque may contribute to the duration of activiéyrecent
study using 2nonthold dairy calves examined the efficacy of lidocaine with epinephrine
using four local anesthetic delivery techniques including: cornual nerve block, ring block,
percutaneous inggion via a needle free drug delivery system (JET), and a topical eutectic
mixture of local anesthetics containing 2.5% lidocaine and 2.5% prilocaine (EMLA)
(Fierheller et al., 2012Although the calves in the study were not dehorned, a peripheral
variablke output nerve stimulator was used to evaluatetlagigs efficacy. here was no
difference in onset time between tt@nual nerve block2(min) compared to ang
block (3.25 min); however, the mean duration of the cornual nerve block was
approximately 5 hours longer than that of the ring block (304 min vs 147 min,
respectively). Both the JET delivery system and the EMLA cream failed to provide
consistent, effective local anesthesia.

Sufficient evidence supportse use of a local anesthetic in redgcihe stress
response observed immediately following dehorriMigMeekan et al., 1998; Sutherland
et al., 2002Heinrich et al., 2009).ocal anesthetics mitigate the cortisol response for

their respective duration of action (i.e. lidocaine: 2 h; bupivecath) following the
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dehorning procedure but a delayed cortisol response is observed presumably once
sensitivity returns to the anesthetized dMaMeekan et al., 1998; Sutherland et al.,
2002; Heinrich et al., 2009). In addition to csdiichangs, inbalances of the autonomic
nervous system are also reportedaH rate variability and ocular temperatures indicate
an imbalance 2 3 hrs post dehorning with lidocaine administrationncming with the
expectedoss ofanestheti@ctivity (Stewart et a] 2009) Notably, average daily gain
(GrendahtNielsen et al., 1999heart ratdGrgndahiNielsen et al., 1999)mmune
function(Doherty et al., 2007)and lying timgMorisse et al., 1995)ereminimally

affected by administration of a only a local stfetic

Lidocaine

Two percent lidocaine is the most commonly used analgesic in dehorning studies
(Table 1i 3). Pharmacokinetics studies following an inverted L nerve block using a local
lidocaine infusion in mature cattle indicated a serum eliminatitfrlif@of 4.19 + 1.69 h
(Sellers et al., 2009 linically, studies on assessing the analgesic duration of lidocaine
conclude an approximateiuration based on both behavioral and physiological
changegStafford and Mellor, 2005Although integratedartisol concentrations are
typically not significantly different between cattle dehorned using local anesthesia
compared to notreated controls, consistent cortisol changes are significantly reduced or
eliminated during the acute phase of the pain reggdhsMeekanet al., 1998;
Sutherland et al., 2002Benerally, once the desensitization associated with lidocaine
local infusion has diminished, cortisol concentrations significantly increase compared

with those dehorned without lidocaiffdcMeekan et al.1998; Sutherland et al., 2002).
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Many studies look at the effects of nerve blocks on cortisol response to dehorning
(Tables 1- 3). Although few studies have indicated no difference in the pain or stress
response following the provision of a local anesthgrior to dehorning, most studies
support the use due to a near elimination of the acute behavior and physiological changes
that are typically observg®tafford and Mellor et al., 2005praf and Sen(i1999)found
a cornual nerve block with 2% lidocaisignificantly diminished the cortisol response in
4 to 6 week old calves as compared to those injected with saline from 20 to 90 minutes
post dehorning. A study investigated the use of cautery following amputation dehorning
and local lidocaine anesthe&s20 to 24 week old calvéSylvester et al., 1998bjhe
integrated cortisol response over A @eriod indicated a significant reduction using
lidocaine local anesthesia prior to amputation dehorning. In addition to the use of
lidocaine anesthesia, dauy following amputation dehorning significantly diminished
the cortisol response by 75% (Table 1).

The effects of scoop dehorning versus scoop dehorning with cautery, both with
and without the addition of local anesthesia have been evali@tdeerlancet al.,
2002b) This study found calves undergoing dehorning had significant elevations in
cortisol compared with control calves from 0.8 6 h and then again at 13 to 15 h.
Interestingly, while administering local anesthesia with lidocaine 15 nsiquier tothe
procedureand therwith bupivacaineagain at th and 45 min posprocedure, a rise in
cortisol concentrations from 0O tohBwvas abolished and calves experienced a significant
increase in cortisol response that was greater than calves dikotimeut anesthesia at 6
and 7h. Calves receiving local anesthesia plus cautery in addition to scoop dehorning

had almost no change in cortisol concentrations throughout the@&dod measured.
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Doherty and colleagu€2007)found that 10 to 12 weelkdHolstein calves
experienced a significantly lower cortisol response at 30 and 60 minutes post dehorning
after a cornual nerve block of either 10 mL of 5% lidocaine or 10 mL of 2% lidocaine
administered 30 minutes prior to dehorning as compared to tedrekehorned calves.

No significant difference was noted between the 5% and 2% lidocaine solutions on
cortisol response.

Interestingly, studies involving chemical dehorning indicated a decreased duration
of analgesia efficacy using local lidocaine anesithalongStilwell et al., 2009; Vickers
et al., 2005)Following dehorning using a caustic paste and local lidocaine anesthesia in
3 to 5 week old calves, behavioral signs of distress were attenuated for the first hour but
then became evident for the mn&h (Stilwell et al., 2009)It was hypothesized that the
alkalotic paste may have increased the pH of the surrounding tissue thus affecting the

equilibrium of the anesthetic solution and disrupting its fungfibokers et al., 2005)

Bupivacaine

In addition to lidocaine, bupivacaine has been used in several dehorning studies
mostly due to a prolonged clinical duration of analgesia compared with lidocaine
(McMeekan et al., 1998a; Sutherland et al., 2002a; Sutherland et al., 2002l
analgesic #icacy in one study was reported to be approximatdiyad confirmed by a
lack of behavioral reaction to a neegleck of the skin adjacent to the hdiMcMeekan
et al., 1998a)

McMeekan and colleagu€¢$998a)evaluated the effect of timing of cornusrve

block administration using 0.25% bupivicaine on cortisol response in 3 to 4 month old
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calves. They found calves administered a cornual nerve blocknainzfior to

dehorning and then agaim4ost dehorning experienced a significantly lower softi

AUC than control calves dehorned without analgesia, calves administered the cornual
nerve block only at 2énin prior, and calves administered the cornual nerve block
immediately prior. Another study by McMeekan and colleagi®98b)found that
calvesundergoing scoop dehorning with a cornual nerve block using bupivacaine
administered 2@nin prior and 4 h post had a significantly lower AUC from 0 to %33

for cortisol as compared to the calves dehorned with only a cornual nerve blok 20
prior, immediately prior, or with no analgegilcMeekan et al., 1998b)However for

the first 3.8, all calves receiving a cornual nerve block experienced a significantly

lower AUC cortisol response as compared to scoop dehorning without treatment.

Non-steroidal anti-inflammatory drugs (NSAIDs)

NSAIDs primarily inhibit cycleoxygenase (COX) isoenzymes subsequently
reducing the production of prostaglandins (PG) from arachidoniq@cidroch et al.,
2003) In addition to contributing to the inflammatory respotisrough vasodilation and
inflammatory cell recruitment, PR@ concert with other cytokines and neuropeptides
decrease the action potential threshold in nociceptors and propagate the pain signal
(Grosser et al., 2011peripherally, this causes a locgpkralgesia or peripheral
sensitization. Moreover, COX isoenzymes present in the spinal cord produce excess PG
following acute noxious stimuli leading to central sensitization and chroni¢@easser
et al., 2011)This is clinically indicated by hypeggsia and allodynia. Both isoenzymes,

COX-1 and COX2, are thought to be responsible for the inflammatory response, with the
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initial effects a result of COX derived PG and the delayed effects due to upregulation
of COX-2 expressioriSvensson and YakshQ@2). As such, NSAIDs that target both
isoenzymes may be advantageous for both immediate and prolonged pain; however,
increased inhibition of COX is associated with renal and gastrointestinal adverse
effects(Grosser et al., 2011)

NSAIDs are typicallyweak acids with a low pkresulting in good oral
bioavailability in monogastricf_ees, 2009)With the exception of firocoxib, NSAIDs
commonly used in veterinary species generally have a low volume of distribution most
likely due to the high plasma pratebinding, which may impact overall tissue
distribution(Lees, 2009)Elimination carnoccur through the renal system following
metabolism in the livethowever, reports of biliary secretion leading to fecal elimomati
is observed in other species (Lee302; Rubio et al., 1980Compounds known as
COX-2 selective or COXL sparing were developed to reduce the potential for adverse
effects associated with COXinhibition; although evidence for an improved safety
profile in veterinary medicine is lackinhese molecules were designed with side chains
too large to bind to the smaller C@lXactive site, therefore only physically able to bind
COX-2 (Grosser et al., 2011yable 4summarizes the unique properties and
pharmacokinetics of NSAIDs available in thaited States.

An extensive review of the literature suggests, in general, NSAIDs mitigate the
overall AUEC cortisol response by a greater magnitude than their ability to reduce peak
cortisol concenationrs following dehorning (Figure 2 ar8). Moreover NSAIDs alone
may not be adequate enough to control the associated distreselposting (Figur

and3); although this conclusion should be interpreted with caution as it is drawn from a
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small number of studies. The analgesic effect of NSAIDs is ameghfith the use of a
local anesthetic fodehorning (Figure 2 an8). Primarily, NSAIDs provide analgesia

during the delayed phase of pain observed-ppstatively in dehorning procedures.

Carprofen

Carprofen is an NSAID in the propionic acid clésees, 2009)and is
administered as a racemic (50:50) mixture 8ttRenantiomerfDelatour et al., 1996)

For cattle in the European Union, carprofen is indicated as an adjunct to antimicrobial
therapy associated with respiratory disease and mastitis. Paiomabodynamic studies
evaluating analgesia in an inflammatory model in-naminants indicated carprofen to

have a greater antflammatory and analgesic potential compared to phenylbutazone
and aspirin(Strub et al., 1982)Pharmacoiketics are presented Table 4 Unique
pharmacokinetic properties of carprofen in cattle include a prolongetifeaflow

clearance, and possibly biliary drug secretion as observed in{l[dog® et al., 1980)
Interestingly, the pharmacokinetics of carprofen are agendkmt with a prolonged half

life in younger animals (<10 weeks) most likely due to the decreased clearance common
to neonateg¢Delatour et al., 1996)

Stilwell and colleagues (2012) report carprofen (1.4 mg/kg) in combination with a
lidocaine block admiistered 15 minutes prior to cautery disbudding resulted in an
attenuation of the acute cortisol concentration at 1 hourdisistidding in comparison to
placebo treated calves. However, this reduction of cortisol was transient as untreated
controls had aeduced cortisol at 24 hours compared to calves receiving carprofen

(Stilwell et al., 2012)A study conducted by our group evaluating 6 to 8 week old calves
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either sham dehorned or cautery dehorned following administration of carprofen (1.4
mg/kg) subcutagously, orally, or a placebo in a randomized controlled trial did not
indicate overall group treatment differences in measured analgesic response variables
includingcortisol,substance P, mechanical nociception threshold, and ocular temperature
(Stock etal., 2014) However, calves receiving carprofen regardlessutier tendedo

tolerate more pressure around the horn bud for the 96 hour study duration compared to

placebetreated controlgP=0.09)(Stock et al., 2014)

Firocoxib

Firocoxib is an NSAID othe coxib class. This is a newer group of NSAIDs
demonstrating CO>2 selectivity in dogs and horses, thereby potentially limiting adverse
effects caused by COX inhibition (Lees, 2009)Currently, firocoxib is indicated for the
treatment of pain and irfmmation associated with osteoarthritis for dogs and horses in
the United States. Limited information is known about firocoxib in cattle with only one
study conducted in preweaned caly®@®ck et al., 2015 Pharmacokinetic parameters
for firocoxib are pesented in Table.4Jnique pharmacokinetic properties in preweaned
calves include high oral bioavailability, prolonged terminal-itdf and an extensive
tissue distribution (high volume of distribution).

A RCT was conducted on 4 to 6 week old calweduating oral firocoxib (0.5
mg/kg) administered in combination with a lidocaine cornual nerve block administered
10 minutes prior to cautery dehorni(tock et al, 2015)Although the acute effects of
cautery dehorning as determined by physiologic ammiception changes were unaffected

by treatment, firocoxib calves tended to have an overall reduced integrated cortisol
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response compared to placebeated controls suggesting a potential role for firocoxib in

the control of the delayed distress response.

Flunixin Meglumine

Derived from nicotinic acid in thanthranilic acid NSAID classlunixin is the
only FDA approved NSAID for cattle in the United Stai®mith et al., 2008)Currently,
flunixin is indicated for the control of fever associated wabpiratory disease or
mastitis, and fever and inflammation associated with endotoxemia. Pharmacokinetic
properties are presented in TableGlven its antinflammatory properties, it has been
evaluated as a pain reliever.

Flunixin administration providedenefits to calves during the acute distress and
painful phase following dehorning. Flunixin meglumine (2 mg/kg) administered to calves
following a cornual nerve block reduced cortisol concentrations for 3 and 6 hrs compared
to untreated controls in calvaadergoing chemicgBtilwell et al., 2009and amputation
dehorning(Ballou et al., 2013)respectively. Moreover, in addition to a local anesthetic,
flunixin (2.2 mg/kg) administered to calves preoperatively and again 3 hours post cautery
dehorning haé significantly reduced integrated cortisol concentration over an 8 hour
study period with significant reductions at 0.5 and 2 hours compared to dehorned controls
(Huber et al., 2013) However, heart and respiratory satgere unaffected. The
alleviationof the initial pain response is consistent with flunixin concentrations that
suppress exivo PGE concentrations up to 12 hrs in calves surgically dehorned

(Fraccaro et al., 2013)
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In addition to analgesic effects observed in the acute pain periogptort
concentrations and average daily gains were significantly improved over 7 days for
flunixin (2.2 mg/kg) treated calves compared to untreated céBlgan et al., 2013)

With IV administration, analgesic concentrations may have been rapidly achieved
potentially reducing central sensitization; however, evidence foetfestin cattle is
scarcgStilwell et al., 2008)One study reported equivocal analgesic response in calves
receiving an NSAID 12 hours prior to versus immediately before dehornthigatimg

the pain response was not alleviated withqargtive analgesi@Allen et al., 2013)
Interestingly, flunixin (2 mg/kg) combined with a cornual nerve block was protective
against the observed leukocytosis parstputation dehorning for up to 24 hsu

compared to untreated contrgBallou et al., 2013)The persistence of effect may be due

to an IM route of administration or as a result of a hysteretic response of certain immune

mediators.

Ketoprofen

Ketoprofen, an NSAID of the propionic acidask, has EU and Canada approval
as an adjunctive therapy for fever, pain, and inflammation associated with mastitis and
inflammatory and painful conditions bbnes and jointdJSP, 2004) Pharmacokinetic
properties are presented in Tablek&toprofen isadministered as a racemic mixture
(50:50) with chiral RSt enantiomers. Interestingly, the Bfantiomer will undergo
chiral inversion to S(+) which is clinically relevant since the S(+) enantiomer is a more
potent PGEinhibitor (Aberg et al., 1995)Given the short halife (0.42 h)due to rapid

metabolism and elimination, efforts to sustain analgesia may require multiple doses.
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Nevertheless, many studies have investigated the analgesic potential of ketoprofen
(Faulkner and Weary, 2008utherland et gl2002;McMeekan et al., 1998b; Milligan et
al., 2004 Duffield et al., 201Q)

Ketoprofen (3 mg/kg) administration in combination with a local anesthetic
resulted in the amelioration of the acute cortisol response with effects persisting up to 5
hours conpared to untreated contrgSutherland et al., 2002; McMeekan et al., 1998b;
Milligan et al., 2004; Duffield et al., 2010)Vith ketoprofen (3 mg/kg) administration
without local anesthesia, the typically observed cortisol plateau was attenuated; however
peak cortisol concentrations were only mildly redu@ddMeekan et al., 1998A
tendency for improved weight gains following multiple doses and increased starter
consumption has also been reported over-ad# period in ketoprofen treated calves
compaed to control calve@ulffield et al., 2010; Faulkner and Weary, 200f)hough it
is noteworthy that the analgesic regimen in these trials also included local anesthesia
(Duffield et al., 2010; Faulkner and Weary, 2088) xylazingFaulkner and Weary,

2000)for all calves dehorned.

Meloxicam

Meloxicam is a member of the oxicam class of NSAIDs. It has approval for use in
the European Union and Canada for adjunctive therapy of acute respiratory disease,
diarrhea, acute mastitis, and as an analgesaigve pain following dehorning in calves.
Moreover, meloxicam is approved in the United States to control pain associated with
osteoarthritis in humans, dogs, and cats. The pharmacokinetics of meloxicam are

presented in Tablé Notably, the pharmacolatics of meloxicam in cattle indicates a
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prolonged haHife and a high bioavailability when administered oréBpetzee et al.,
2009) Due to these favorabfgharmacologyroperties for providing practical analgesia
in cattle, many studies have recentlyestigated oral meloxicam as an analgesic.

Several recent studies have provided support for the analgesic effect of
meloxicam in cattle after dehorning or disbudding. Significant reductions in cortisol
concentrations have been reported in cattle regpe local anesthetic in combination
with IM meloxicam (0.5 mg/kg) compared to placebeated cattle only receiving a
lidocaine cornual nerve blogKeinrich et al., 2009)This effect persisted for up to 6 hrs
post cautery dehorningdeinrich et al., 209). In contrast, another study reported no
effects on cortisol concentrations following administration of only IV meloxicam (0.5
mg/kg) compared to placeliceated controls immediately prior to surgical dehorning
(Coetzee et gl2012)Taken together, thiprovides additional support for the use of a
multimodal approach to reduce the distress associated with dehorning. Furthermore,
physiologic variables including heart rdtéeinrich et al., 2009; Coetzee et al., 2012),
respiratory rat¢éHeinrich et al., 209), and time spent standiri@heurer et al., 2012)
were elevated in placelceated calves compared with those administered meloxicam.
Maintenance of the autonomic nervous system including heart rate variability and
reduced changes to ocular temperatuas observed in-8 week old dairy calves
receiving IV meloxicam (0.5 mg/kg) compared to placebo following cautery dehorning
(Stewart et al., 2009)n addition, placebo treated calves are reported to be nearly twice
as sensitive postautery disbudding eopared with calves treated with IM meloxicam
(0.5 mg/kg)(Heinrich et al., 2010)A reported reduction in substance P, a pain

neurotransmitter, provides further support for the reduced pain sensitivity following
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scoop dehorning in 4 month old calves trdatath 1V meloxicam (0.5mg/kg) compared
with untreated controls. Production parameteesealso improved in meloxicam treated
cattle compared to placebo treated controls with an increased average ddiGogdnee
et al., 2012potentially due to incresed feed consumption or time spent near the feeder
(Heinrich et al, 2010; Theurer et al., 201R)summary, IV or IM meloxicam (0.5
mg/kg) may effectively attenuate dehorning pain and distress.

More recently, oral (PO) meloxicam (1.0 mg/kg) has been atedun 8 to 10
week old calves at the time of cautery dehorning demonstrating reduced cortisol at 4
hours and substance P at 120 hours compared to plaeal@d controlgAllen et al.,
2013).Furthermore, 6 month old calves undergoing amputation detgod@monstrated
improved ADG when treated with oral meloxicam (1.0 mg/kg) compared with placebo
treated control§¢Glynn et al., 2013)However, pain sensitivity, ocular temperature, and
haptoglobin were not affect€@lynn et al., 2013; Allen et al., 2013)ral meloxicam
administration may exert a persistent analgesic effect as evidenced by concentrations
significantly inhibiting exvivo production of prostaglandin,Eor 48 hours compared to
placebetreated controlgAllen et al., 2013)This effect is moee prolonged when
meloxicam is administered at the time of dehorning compared with 12 hour§Adieor

et al., 2013)

Phenylbutazone
Although phenylbutazone is not approved for cattle in the United Statks
illegal to use in dairy cattle greatéran 20 months of agaistaically, it has been used as

ananalgesic in cattléSmith et al., 2008)Given its weak artinflammatory properties in
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comparison with ketoprofen, treeis little evidence to suggeats efficacy to reduce

dehorning pairfLeeset al., 2004; Lees et al., 200€ulves treated with phenylbutazone
(4.07 5.3 mg/kg)in addition to locabnesthesidid not show a significant attenuation of
the delayed cortisol response following return of sensitivity to the anesthetized area

(Sutheréind et al., 2002a)

Salicylic Acid Derivatives

Both aspirin (acetylsalicylic acid) and sodium salicylate have historically been
used in cattle as anAtiflammatory, antpyretic and analgesic agents. Despite its common
use and label claims, the FDA Canter Veterinary Medicine has never formally
approved the drugJSP, 2004)As such, the use of salicylic acid derivatives should be
used with caution due to the lack of tissue residue studiesh provide withdrawal
intervals. The pharmacokinetics ofisglic acid derivatives (Table)Zre associated with
limited tissue distribution, slow oral absorption, and rapid eliming&wonith, 2013) Due
to the availability and previous practices, studies have evaluated its use as an analgesic.

Sodium salicyhte metered in water (2% mg/ml) initiated 3 days prior to
simultaneougagration and dehorning of calvasd continued for 2 more days, resulted
in improved average daily gains for 13 days as well as a decreased integrated cortisol
concentrations frort to 6 hours pogprocedure compared to untreated controls
(Baldridge et al., 2011)hese acute stress reduction effects did not persist past 6 hours;
however ADG was increased over a 13 day pgiisaddridge et al., 2011)t is
noteworthy that water patiability may have been affected as cattle receiving salicylate

had decreased water consumption
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Sedativeanalgesic drugs
Pharmaceutm | a g e n t-3aganists amdpimids have been investigated to
determine the potential effects on pain biomarkeltewing dehorning. Potential
benefits of these analgesics including the attenuation of the acute cortisol response can
aid in the reduction of prolonged handling stress associated with dehorning; however,
there is no evidence of continued analgesiafalg this initial period (Figure 2nd3)

(GrgndahiNielsen et al., 1999; Stafford et al., 2003; Stilwell et al., 2010)

Alpha2 Adrenergic Agonists

Alpha-2-adrenergic agonists produce a ddependent analgesic effect by
inhibiting the amplification ohorepinephrine (NE) release from the presynaptic nerve in
the brainstem and spinal cdiflosner and Burns, 200#nalgesia is achieved through
this reduction of NE thereby inhibiting the afferent pain path{#agner and Burns,

2009) Adverse effects camclude decreased cardiac output, a centrally mediated
decreased respiratory rate, and depressed gastrointestinal motility. Pharmacokinetics of
xylazine are detailed in Table Given its common use in cattle, previous studies have
evaluated its potentials an analgesic.

The response of xylazine administered perioperatively to calves befiogred is
temporary(Stafford et al., 2003)Compared to dehorned controls, the acute peak cortisol
response is reduced in calves treated with IV xylazine (0.1 mdyf&glever, this effect
does not persist past 3 ho(8&afford et al., 2003)With the addition of lidocaine to

calves, the cortisol peak was further mitigated but still the same cortisol profile was
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observed over timgStafford et al., 2003)n contrastStillwell and colleagues (2010)
reported no difference in cortisol concentrations in calves treated with IM xylazine (0.2
mg/kg) for the first hour postisbudding compared to saline treated controls.
Furthermore, in combination with local anesthesia andoid, no treatment effect was
observed 10 minutes after dehorning in 4 to 6 week old caBrem@ahiNielsenet al.,
1999. The use of xylazine alone should be avoided for the development of dehorning
analgesic protocols.

It is noteworthy thattte  u s e -2aiitaganist toWeverse the sedative effects of
a n-2 &bonistadministered 5 minutes after dehorniegulted in a significant increase in
cortisol concentrationéStafford et al., 2003)This response/asgreater than
concentrations of thesaninals dehorned without analgesia and persisted for 8 hours;

however, the AUEC was not significantly differéBtafford et al., 2003)

Tramadol

Tramadol (1RS, 2R8)[(dimethylaminemethyl}-1-(3-methoxyphenyh
cyclohexanol is a centrally actimgultimodal analgesic primarily used in humans and
companion animals to treat mild to moderated Rieves and Burke, 2008; Kukanich
and Papich, 2011Analgesia is suggested to be a result of a dual mechanism involving
both opioid receptor activation and incsed serotonin and norepinephrine transmission
(Reeves and Burke, 200&Ithough pharmacokinetic and pharmacodynamics values
have not been determined in cattle, one study evaluated Hsomiteptive potential
following chemical dehorning in 3 week oldidy calves using an intravenous dose of 4

mg/kg or a rectal dose of 200 r{Byaz et al., 2012)Following an evaluation of pain
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associated behaviors while using a numerical gagoale tramadol administered at the
investigated dosages and routes didpmovide adequate analgesia for controlling pain

related to chemical dehorning.

Neuropathic pain analgesic drugs

Gabapentin

Ga b a p e n tamimobutysc aad (BABA) analogue historically used as an
antiseizure medication. In addition, an improved mamagnt of chronic, neuropathic
pain is reported. This is likely due to a decreased excitatory neurotransmitter release as a
result of modulation of voltaggated calcium channe{$aylor et al., 2009)
Furthermore, analgesic activity can be enhanced watladdition of an NSAID due to a
reported synergisrfHurley et al., 2002; Picazo et al., 200Bharmacokinetiproperties
are listed in Table.4As control of chronic pain is challenging, gabapentin has been
investigated to address this concern.

Gabapentir{l5 mg/kg) alone or in combination with meloxicam (1 mg/kg) has
demonstrated an increased average daily gain in 6 rodehitattle following scoop
dehorning; however additional physiologic responses were not different compared with

placebetreated contra (Glynn et al., 2013)

Conclusions
The literature focusing on pain management in cattle during dehorning is
plentiful. As demonstrated, there have been several studies looking at the effects of

dehorning on plasma cortisol concentrations. Additionakyeral analgesic regimens
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have been used in efforts to relieve pain during these procedures, with varying results.
Following this review, the authors suggest a multimodal approach using localegiessth
and NSAIDsto best provide analgesia to cattlddwing dehorning(Tables 1i 3). Local
anesheticsaid in the attenuation of the immediatertisol response and NSAIDs mitigate
the observed inflammation associated pain. As witkxtha label drug use fimod

producing speciesalid VeterinaryClient-PatientRelationships must be maintained and
appropriate withdrawal times must be followed. Further research should be implemented
to determine safe, loAl@gsting, and cost effective analgesics to food animals following

noxious procedures.
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Table 1.Summary of the scientific literature examining the effect of analgesic drug administration on plasuobresponse in

dehorned calves.

Percent
Reference Procedure StUdY Analgesic Regiment Outcome change n Significance
Population parameter cortisol
(%)
Boandl| Cautery 716 weeks Lidocaine local anesthesia (cornual
’ (electric) ) nerve 5 ml/horn), 5 min prior to Cortisol (30 m) | -13.41 NS
1989 ; Dairy :
dehorning dehorning
Chemical paste | 4 weeks Lidocaine local anesthesia (cornual | Cortisol (1 h) -19.34 NR
dehornin P Dair nerve, 4 ml/horn), 15 min prior to Cortisol (4 h) -57.26 NR
Morisse, g y dehorning Cortisol (24 h) -6.45 NR
1995 Cautery 8 weeks Lidocaine local anesthesia (cornual | Cortisol (1h) -18.03 NR
(electric) Dair nerve, 4 ml/horn), 15 min prior to Cortisol (4h) 234.48 NR
dehorning y dehorning Cortisol (24h) 101.56 NR
Cortisol 53.64 <0.05
. . . . (AUEC:0-2 h)
Amputation Lidocaine local anesthesia (cornual Cortisol
(Scoop) nerve, 3 ml/horn), 20 min prior to , 53.94 NS
. ) (AUEC:2-9.5 h)
dehorning dehorning .
Cortisol 10.92 NS
, 6-8 weeks (AUEC:0-9.5h) '
Petrie, 1996 . .
Dairy Cortisol
, -23.37 NS
. . . (AUEC:0-2 h)
Cautery (gas) Lidocaine local anesthe_sua (_cornual Cortisol
dehorning gerve, 3 ml/horn), 20 min prior to (AUEC:2-9.5 h) 22.78 NS
ehorning Cortisol
2.28 NS

(AUEC:0-9.5 h)

[AS]



Table 1 cont.

McMeekan,
199¢8

Amputation
(Scoop)
dehorning

12-16
weeks
Dairy

Cortisol
(AUEC:0-3.83
h)

-61.00

<0.05

Bupivacaine local anesthesia (cornu
nerve, 6 ml/horn), 20 minutes prior t(
dehorning

Cortisol
(AUEC:3.84
9.33 h)

109.71

NS

Cortisol
(AUEC: 09.33
h)

-10.24

NS

Cortisol
(AUEC:0-3.83
h)

-72.82

<0.05

Bupivacaine local anesthesia (cornu
nerve, 6 ml/horn),immediately prior t¢
dehorning

Cortisol
(AUEC: 3.84
9.33 h)

47.35

NS

Cortisol
(AUEC: 09.33
h)

-37.07

NS

Cortisol
(AUEC:0-3.83
h)

-80.69

<0.05

Bupivacaine local anesthesia (cornu
nerve, 6 ml/horn),20 min prior to

Cortisol
(AUEC: 3.84
9.33h)

31.97

<0.05

dehorring & 4 h later

Cortisol
(AUEC: &
9.33h)

-47.18

<0.05

€g
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Sylvester ,
19984

Amputation
(Scoop)
dehorning

20-24
weeks
Dairy

Lidocaine local anesthesia (cornual
nerve 6 ml/horn), 30 min prior to
dehorning

Cortisol AUEC

-50.48

<0.05

Lidocaine local anesthesia (cornual
nerve, 6 ml/horn), 30 min prior to
dehorning, cauterize wound followin
amputation

Cortisol AUEC

-75.24

<0.05

Sutherland,
200

Amputation
(scoop)dehorn

12-16
weeks
Dairy

Lidocaine local anesthesia (cornual
nerve, 6 ml/horn) 15 min prior to
dehorning; bupivacaine (cornual
nerve, 6 ml/horn) 2 hours following
lidocaine injection

Cmax

-6.57

NS

Sutherland,
20Ra

Amputation
(scoop) dehorn

12-16
weeks
Dairy

Lidocaine local anesthesia (cornual
nerve, 6 ml/horn) 15 min prior to
dehorning; bupivacaine (cornual
nerve, 6 ml/horn) 2 hours following
lidocaine injection

Cortisol AUEC
(0-24 hy

-13.14

NS

Cmax

-6.57

NR

Lidocaine local anesthesia (cornual
nerve, 6 ml/horn), phenylbutazone

Cortisol AUEC
(0-24 hy

-8.89

NS

4.0-5.3 mg/kg, IV 15 minutes prior to
dehorning; bupivacaine (cornual
nerve, 6 ml/horn) 2 hours following
initial lidocaine injection

Cmax

2.92

NR

Lidocaine local anesthesia (coal
nerve, 6 ml/horn), ketoprofen 3375
mg/kg, IV 15 minutes prior to
dehorning; bupivacaine (cornual
nerve, 6 ml/horn) 2 hours following
initial lidocaine injection

Cortisol AUEC
(0-24 hy

-21.41

NS

Cmax

-52.55

NR

12°]
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Mellor,
2002

Amputation
(scoop)dehorn

10 weeks
Dairy

Lidocaine local anesthesia (cornual
nerve, 5 ml/horn) 20 minutes prior tg
dehorning

Cortisol (30
min)

-36.90

NR

Stafford,
2003*

Amputation
(scoop) dehorn

12 weeks
Dairy

Lidocaine local anesthesia (cornual
nerve, 5 ml/horn) & Ketomfen
3mg/kg IV 15 minutes prior to
dehorning

Cortisol AUEC

-55.17

NS

Xylazine 0.1 mg/kg IV, 20 min prior
to castration

Cortisol AUEC

3.45

NS

Xylazine 0.1 mg/kg IV, 20 minutes
prior to dehorning & lidocaine local
anesthesia (cornual nerve, 5 mi/horn
15 minutes prior to dehorning

Cortisol AUEC

6.90

NS

Xylazine 0.1 mg/kg IV, 20 minutes
prior to dehorning & lidocaine local
anesthesia (cornual nerve, 5 mi/horr
15 minutes prior to dehorning;
tolazoline 2 mg/kg 5 min after
dehorning

Cortisol AUEC

8103

NS

Doherty,
2007*

Cautery
(electric)
dehorning

10-12
weeks
Dairy

Lidocaine(2%) local anesthesia
(cornual branch of zygomatic
temporal n., 3 ml/horn; cornual brang
of infratrochlear n.; 4 ml/horn rostral
to horn base)

Cortisol (30
min)

-25.00

<0.05

Lidocaine(5%) local anesthesia
(cornual branch of zygomatic
temporal n., 3 ml/horn; cornual bran
of infratrochlear n.; 4 ml/horn rostral
to horn base)

Cortisol (30
min)

-56.25

<0.05

GG



Table 1 cont.

Cortisol (1h) 0.37 NS
Flunixin meglumine 2 mg/kg IV, 5 Cortisol (3h) -58.47 NS
15-6 min prior to dehorning Cortisol (6h) -52.08 NS
Stilwell, Chemical paste Weeks Cortisol (24 h) 37.70 NS
2008 dehorning Dairy Cortisol (1h) -8.08 NS
Flunixin meglumine 2 mg/kg 1V, 60 | Cortisol (3h) -2.18 NS
min prior to dehorning Cortisol (6h) 21.83 NS
Cortisol (24 h) 96.48 NS
Cortisol (10 m) | -25.18 NS
Cortisol (30m) -59.63 <0.05
Lidocaine local anesthesia (cornual | Cortisol (50 m) -65.19 <0.05
nerve, 5 ml/horn) 5 min prior to Cortisol (1 h) -47.51 <0.05
dehorning Cortisol (3h) -5.50 NS
Cortisol (6h) 7.89 NS
Cortisol (24h) 34.68 NS
Cortisol (10 m) -9.40 NS
. _ Flunixin meglumine 2.2 mg/kg IV & ggﬁ::g: gg m; ggg? :882
Stilwell, Chemicalpaste | 3-5weeks | Lidocaine local anesthesia (cornual . ' '
2009 dehorning Dairy nerve, 5 ml/ha), 5 min prior to Cort!sol (1 h) -77.68 <0.05
dehorning Cort!sol (3h) -67.85 <0.05
Cortisol (6h) -24.64 NS
Cortisol (24h) -25.61 NS
Cortisol (90 m) | -42.47 <0.05
Cortisol (120
Lidocaine local anesthesia (cornual | m) -1.26 NS
nerve, 5 ml/horn) 5 min prior to Cortisol (150
dehorning m) 39.80 NS
Cortisol (180 5919 <0.05

m)

9G
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Cortisol (Cmax) 1.60 NS
Cortisol AUEC
Sodium salicylate at 2.5 to 5 mg/mL| g 1p) -9.27 NS
in the drinking water (13.62 to 151.9"~tisol AUEC
mg of salicylate/kg bodyweight) (1- 6h) -36.90 p<0.05
Cortisol AUEC
(6- 24h) -22.83 NS
Amputation Cort?sol (Cmax)| -12.00 NS
_ (scoop) 0.025 mg/kg butorphanol, 0.05 mg/k Cortisol AUEC | g g, p<0.05
Baldridge, | dehorning 2 - 4 month | xylazine, 0.1 mg/kg ketamine <o (0-1h)
2011 followed by Dairy administered IM immediately prior to Cortisol AUEC i
: . 5.8 NS
surgical castration (1-6h)
castration Cortisol AUEC
(6- 24h) -0.01 NS
Sodium salicylate at 2.5 to 5 mg/mL| Cortisol (Cmax)| -3.46 NS
in the drir_wking water (13.62. t0 151.9 = ortisol AUEC 2089 NS
0025 mgikg betorphanel, 0.0 mglk- o1 '
-Y2> Mg/kg butorphanal, U.Uo MY/K cortisol AUEC
xylazine, 0.1 mg/kg ketamine co (1- 6h) -24.19 NS
admlnlgtered IM immediatelyrjor to Cortisol AUEC 1560 NS
castration (6 - 24h) :
Amputation .
(scoop) Cortisol AUEC -7.95 NS
Coetzee, followed with 16-20 Meloxicam 0.5 mg/kg IV immediatel
weeks ) .
2012 cautery Dai prior to dehorning _
(e|ectric) ary Cortisol (CmaX) 3.66 NS

dehorning

LS



Table 1 cont.

Amputation Lidocaine local anesthesia (cornual
Ballou, (scoop) nerveand ring, 12ml/horn)+ flunixin ,
2013 followed by meglumine 2ng/kg IM immediately Cortisol (Cmax),  -42.97 p<0.05
cautery 3 mo Dairy | prior to dehorning
Amputation Lidocaine local anesthesia (cornual
Sutherland, | (scoop) nerveand ring, 12ml/horn)+ flunixin | Cortisol -70.59 P<0.05
2013 followed by meglumine 2 mg/kg IM immediately | (AUEC)* ' '
cautery 3 mo Dairy | prior todehorning

Percent change in cortisol was calculated using the formula [(Mean of analgesic group/ Mean of contrbligtaQp)

AUEC: Area under the effect curve for cortisol. Cmax: Maximum plasma concentration; * isdiehies were estimatéem

published graphical representation of the disfa: values not reported
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Table 2. Summary of the scientific literature examining the effect of analgesic drug administration on plasma cortisol response in

dehorned calves usgj local anesthesia in the control group.

Study Control Analgesic Analgesic Outcome Percen_t Significance
Reference | Procedure : . . change in
Population Regimen Regimen Parameter cortisol (%) (P-value)
Cauter 2d- 2 Lidocaine local Ketoprofen 3 Cortisol (3 h) -24.91 NS
Milligan, (gas) y weeks anesthesia (cornual mg/kg IM, 10 Cortisol (03 h) -224.02 <0.05
2004 dgehornin Dair nerve, 5 ml) 10 min min prior to Cortisol (6 h) 14.55 NS
9 y prior to dehorning dehorning Cortisol (36 h) 336.79 NS
Lidocaine local Meloxicam 0.5 :
Heinrich, | C3YY | 6 15 weeks| anesthesia (cornual | mg/kg IM, 10 | Cortisol (66 h)| - -80.88 <0.01
(electric) . : h :
2009 dehornin Dairy nerve, 5 ml) 10 min minutes prior to ol h
g prior to dehorning dehorning Cortisol (24 h) 0.86 NS
_ Cautery leocalng local Ketoprofen 3 Cortisol (3h) 4.62 NS
Duffield, . 4-8 weeks | anesthesia (cornual mg/kg IM, 10
2010 (electric) Dair nerve, 5 ml) 10 min min prior to :
dehorning y Ve, . pric Cortisol (6 h) 10.45 NS
prior to dehorning dehorning
Cortisol (10 m) -8.94 NS
. . Cortisol (25 m) 5.07 NS
. Lidocaine local
Xylazine 0.2 mg/kg IM, .
Stilwell Cautery 5-6 weeks | 10 min prior to anesthesia i
’ (gas) : . (cornual nerve, 5 Cortisol (40 m)|  17.41 NS
2010 : Dairy dehorning . .
dehorning ml) 8 min prior
to dehorning
Cortisol (60 m) 53 65 NS

65



Table 2 cont.

Flunixin
meglumine 2.2 :
mglkg, IV, 20 &‘ﬂtl'zsg)' 26.62 NS
Cauter Procaindocal min prior to
Huber, (eIectriZ) 5.9 weeks anesthesia (cornual dehorning
2013 . nerve, 10 ml) @ min Flunixin
dehorning . ) .
prior to dehorning meglumine 2.2 Cortisol
mg/kg, IV, 20 (AUEC) -43.46 P<0.05
min + 3 h prior
to dehorning
Amputation Lidocaine local Eﬂ:gg:ﬁlrrr:ine 29
Glynn, (scoop) : anesthesigcornual ' Cortisol i
2013 followed 6 moDairy nerve, 3 ml) 10 min mg/kg IV, 1 (overall) 50.83 P<0.05
by cautery prior to dehorning minute prior to
dehorning
Cautery Lidocaing local Firocoxib 0.5 .
Stock, 2015/ (gas) 4-6_ weeks | anesthesia (cornu_al mg/kg PO,_ 10 Cortisol .32.20 P=0.09
d . Dairy nerve, 5 ml) 10 min minutes prior to (AUEC)
ehorning . : :
prior to dehorning dehorning

Percent change in cortisol was calculated using the formula [(Mean of analgesic group/ Mean of contrbligta0p)

AUEC: Area under the effect curve for cortishIS: not significant

09



Table 3. Summary of scientific literature exammg the effect of analgesic drug administration on other outcomes in dehorned calves

ml), 20 min

Study : . Percent N
Reference Procedure Population Analgesic Regiment | Outcome parameter change | Significance
(%)
Chemical Lidocaine. local
4 weeks anesthesia (cornual L
paste : Lying time 3.50 NS
denoming | O e e e
Morisse, 1995 Cautery Lidocaing local
. 8 weeks anesthesia (cornual L
(electric) ) Lying time 7.88 NS
dehorning Dairy nefrve,.4 ml/horn), 1.5
min prior to dehorning
Lidocaine local
anesthesia (cornual Vasopressin (Cmax) -90.00 <0.05
nerve, 5 ml; caudal
horn bud SQ, 5 ml;
medial horn bud, 3 ml)| ACTH (Cmax) -72.50 <0.05
20 min
Cautey Vasopressin (Cmax) 125.00 NS
Graf, 1999* (electric) ggirv)\//eeks
dehorner Saline injection
(cornual nerve, 5 ml,
caudal horn bud SQ, 5
ml; medial horn bud, 3| ACTH (Cmax) 62.50 NS

19



Table 3 cont.

Grgndah
Nielsen, 1999

Cautery
(electrical)
dehorner

4-6 weeks
Dairy

ADG (0-7d) NR NS
Lidocaine local Feed intake (Fd) NR NS
anesthesia (cornual
nerve, unknown Heart rate (g‘-h) NR NS
amount), 20 mrmutes .
prior to dehorning Rumination (64h) NR NS
Rumination latency -58.33 <0.05
ADG (0-7d) NR NS
Xylazine 0.2 mg/kg & Feed intake (rd) NR NS
butorphanol 0.1 mg/kg{ Heart rate (&4 h) NR NS
IM, 20 min prior to
dehorning Rumination (84h) NR NS
Rumination latency -37.50 <0.05
Xylazine 0.2 mg/kg & ADG (0-7d) NR NS
butorphanol 0.1 mg/kg| Feed intake (@d) NR NS
IM, 20 min prior to
dehorning; Lidocaine Heart rate (@4h) NR NS
local anesthesia
(cornual rerve, o
unknown amount), 15 | Rumination (64h) NR NS
minutes prior to
dehorning Rumination latency -46.67 <0.05

29
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Faulkner and
Weary, 2000

Cautery
(electrical)
dehorner

4-8 weeks
Dairy

Ketoprofen 3 mg/kg P(
2 h prior to dehorning,
2 h post dehorning, & 7
h after dehorning

[Analgesic control:
Xylazine 0.2 mg/kg IM
20 min prior to
dehorning & Lidocaine
local anesthesia
(cornuanerve & ring
block 4.5 ml/side) 10
min prior to dehorning]

Weight gain (624 h)

500.00

NS (p=0.07)

Mellor, 2002*

Amputation
(scoop)
dehorn

10 weeks
Dairy

Lidocaine local
anesthesia (cornual
nerve, 5 ml/horn) 20

Noradrenaline (Cmax)

-16.00

NS

minutes prior to
dehorning

Adrenalne (Cmax)

-9.09

NS

€9
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Neutrophil % 953 NS
Lidocaine (2%) local
anesthesia (cornual | Lymphocyte % -10.04 NS
branch of zygomatic
temporal n., 3 ml/horn;| N:L 9% -19.83 NS
cornual branch of
infatrochlear n.; 4 -
ml/horn rostral to horn Fibrinogen NA NS
base)
Cautery 10-12 - :
Doherty, 2007 | (electric) weeks U-acid glycoprotein NA NS
dehorning Dairy
il O
Lidocaine (5%) local Neutrophil % 0.23 NS
anesthesia (cornual | | ymphocyte % 1.70 NS
branch of zygomatic
temporal n., 3 ml/horn;| N:L 9 -21.49 NS
cornual branch of
infratrochlear n.; 4 -
ml/horn rostral tdhorn Fibrinogen NA NS
base U .
) U-acid glycoprotein NA NS
Meloxicam 0.5 mg/kg | Heart Rate -20.43 <0.05
Cauter IM given 10 min prior
. Y 6-12 weeks| to dehorning; Aalgesic
Heinrich, 2009 | (electric) Dai I lidocaine local
dehorning airy control: lidocaine loca
anesthesia (cormual | Respiratory rate -100.00 <0.05

nerve, 5 ml/horn)

9



Table 3 cont.

Eye temperature (23 h

post dehorning -610.00 <0.001
Lidocaine local difference)
anesthesia (cornual Heart Rate ((5 min) -22.22 <0.05
nerve, 5 ml/horn & ring }
; : . <0.
block 34 mi/horn ) 10 HRV: LF Power (23h) 13.16 0.05
minutes prior to HRV: HF power (23h) | -35.90 <0.05
dehorning
HRV: LF:HF ratio (23h) 500.00 <0.05
Stewart, 2000+ | SaUeTY (gas) 4-5 weeks Eye temperature (23 h
ehorning | Dairy _ post dehorning -.00 NS
Meloxicam 0.5 mg/kg | gifference)
IV, 55 min prior to
dehorning & Lidocaine| HeartRate (85 min) -26.98 <0.05
local anesthesia
(cornual nerve, 5 HRV: LF Power (23h) 7.89 <0.05
mi/horn & ring block,
3-4 ml/horn’) 10 .
minutes prior to HRV: HF power (23 h) -15.38 <0.05
dehorning
HRV: LF:HF ratio (23 h) | 166.67 NS
Meloxicam 0.5 mg/kg | Accelerometer (& h) -10.26 <0.05
Cautery IM given 10 min prior
Heinrich, 2010 | (electric) 6'1.2 weeks, 1o deho.rn_lng; Analgesm Pressure algometry 31.48 <0.05
) Dairy control: lidocaine local
dehorning )
anesthesia (cornual _ _
nerve, 5 mifhorn) Feed Consumption 300.00 | NS (p=0.0)

G9
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Baldridge, 2011

Amputation
(scoop)
dehorning
after surgical
castration

2 -4 month
Dairy

Sodium salicylate at 2.
to 5 mg/mL in the
drinking water (13.62
to 151.99 mg of
salicylate/kg
bodyweight)

ADG (0- 13 d)

-1111.22

<0.05

Chute exit speed

0.97

NS

0.025 mg/kg
butorphanol, 0.05
mg/kg xylazine, 0.1
mg/kg ketamine co
administered IM
immediately prior to
castration

ADG (0- 13 d)

-729.98

NS

Chute exit speed

-77.81

<0.05

Sodium salicylate at 2.
to 5 mg/mL in the
drinking water (13.62
to 151.99 mg of
salicylate/kg
bodyweight) and 0.025
mg/kgbutorphanol,
0.05 mg/kg xylazine,
0.1 mg/kg ketamine eo
administered IM
immediately prior to
castration

ADG (0- 13 d)

-1095.92

<0.05

Chute exit speed

-94.97

<0.05

99
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Lying down % (14d) 20.13 <0.05
) -
Cautery 10 weeks Meloxicam 0.5 mg/kg Hay feeder % (a.d) 40.86 <0.05
Theurer, 2012* (electrlc_;) Dairy PO|mmed|ater after Grain feeder % (@d) -50.00 <0.05
dehorning dehorning
Grain feeder % (-Rd) 80.00 <0.05
Amputation Substance P -37.79 <0.05
gﬁg\?\,@d py | 1620 Meloxicam 0.5 mg/kg | | ying time % -97.06 <0.01
Coetzee, 2012 cauter weeks IV, immediately before
(electriyc) Dairy the start of dehorning | Heart Rate (8 & 10 h) NR <0.05
dehorning ADG (0-10 d) 162.50 <0.05
Substance P -53.86 <0.05
Analgesia (Meloxicam | Haptaylobin NA NS
1 mg/kg PO or
Gabapentin 15 mg/kg
, PO or Meloxicam 1.0 | Ocular temperature NA NS
érgggt:;tlon 6 math mg/kg + Gabapentin 14
Glynn, 2013 foIIowF(;d b Dair mg/kg PO)
cautery Y Y immediately prior to | Mechanical Nociception NA P=0.074
dehorning); lidocaine | Threshold -
local anesthesia to all
calves
ADG (7d) 275 P<0.0001

L9



Table 3 cont.

NS;
Substance P NA Decreased @
Meloxicam 1.0 mg/kg . 120 h P<0.05
PO immediately after Haptaglobin NA NS
dehorning or 12 hrs Ocular temperature NA NS
Allen, 2013 (Cj:autery 810 prior to dehorning; .
ehorning weeks lidocaine local NS;
: . . . decreased @
anesthetic Mechanical Nociception h P<0.05:
Threshold NA .1 e
increased @
6 h P=0.073
ADG (7d) NA NS
Heart rate NA NS
Flunixin meglumine 2.2
mg/kg, IV, 20 min or
Cautery 20 min + 3h prior to
Huber, 2013 (electric) 5-9 weeks | dehorning; Procaine
dehorning local anesthesia
(cornual nerve, 10 ml)
20 min prior to
dehorning
Respiratoy Rate NA NS
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Table 3 cont.

TNF-U 31.94 P<0.05
Neutrophil oxidative 16.51 P<0.05
burst
Neutrophil L-selectin
(0.5h -5.33 NS
Neutrophil L-selectin
(24h) 32.26 NS
Lidocaine local Total Leukocytes (0.5h) -18.18 NS
Amputation anesthesia (cornual Total Leukocytes (6h) -36.67 P<0.05
(sccr))o ) 3 math nerve and ring, 12 Total Leukocytes (24h) | -29.79 P<0.05
Ballou, 2013* foIIowF::*d b Dair ml/horn) + flunixin Total Leukocytes (72h) -2.13 NS
cauter y y meglumine 2 mg/kg IM Neutrophil:Lymphocyte -20.00 NS
y immediately prior to | (0.5h) '
horni il:
dehorning (I\elser:]l;trophll.Lymphocyte -60.53 P<0.05
Neutrophil:Lymphocyte |
(24h) 36.36 NS
Neutrophil:Lymphocyte
(72h) 10 NS
Haptoglobin (24h) -38.18 NS
Haptoglobin (72h) 0 NS
_ ) Eating 187.93 P<0.05
Lidocaine local
Amputation ﬁg?\,sethaerféari(ﬁorq;al Drinking 42.31 NS
Sutherland, (scoop) 3 manth mithorn) + flugixin
2013 followed by | Dairy lumine 2 ma/ka IM Ly
cautery meglumine 2 mg/kg Lying -4.57 NS
immediately prior to
dehorning Standing 4.8 NS
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Table 3 cont.

Firocoxib 0.5 mg/kg MNT 19.79 NS
PO, 10_m|.ntf_gs prior to oT 053 NS
Cautery (gas) 4-6 week dehorning; lepcame
Stock, 2015 : local anesthesia Substance P 9.13 NS
dehorne Dairy
(cornual nerve, 5ml) | Heart Rate -0.27 NS
10 min prior to
dehorning to all calves| ADG 0 NS

Percent change in cortisol was calculated using the formula [(Meamlgkait group/ Mean afontrol group) 1]*100
ADG: Average daily gain in bodyweight; HRV: heart rate variability; LF: Low frequency; HF: High frequency; * indicates values

were estinated; NR: values were not reported
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Table 4. Analgesic compounds available for use in cattle

Drug Approved Indications Dose | Route T%(h) |F (%)| Tmax |Withhold Comments
Species (mg/kg) (h) time
NSAID
Meat 4 d
2.2 \Y] 3-8h Milk - 36 h
IV only
approved route
Flunixin | Cattle Anipyretc. Not oM
meglumine | horsepigs | . aoproved . 9
inflammatory 29 PO 6.2 h 60% |3 .5+ 1.02PP withhold
route for IM: tissue
cattle necrosis
v .
4 ONLY! 407 55 h
ELDU
Not prohibited for
Phenyk Horses and | Anti- approved dairy cattle
butazone dogs inflammatory ) 54- _|in cattlein 020 mo
47 8 PO 57.%6.5 69% 8.9-11.%he USA Use strongly

discouraged

TL



Table 4 cont.

Concentrates
in
inflammatory
exudates
Anti- Consists of
Horses and inf[ammatory racemic RS
dogs EU adjunctive Not enantiomers
Ketoprofen approval in ]Eherapy O.f 3 IV, IM 0.42h gpprovgd .S(+.) > Rf)
EU and fever, pain, and in cattlein inhibiting
Canada mflammauon_ the USA PGE
associated with Multiple doses
maditis (EU) may be
required to
maintain
analgesia
PO: Rumen
acts as
PO 3.740.4 h |<20% reservoir for
No formal slow
Aspirin/  |Noformal Reduction of FDA absorption
sodium FDA approval fevgr _ ) approval L!ml'ged tissue
salicylate  [cattleand Relief of minor [507 100 Not for distribuion
horses muscle aches use in (low Vy)
and joint pain lactating Not associated
\Y, 0.5 cattle with clotting
deficits in

cattle

L



Table 4 cont.

Anti- <10 weeks Not 1 Consists of
inflammatory, R(): approved racemic R&
Doas: EU | Antipyretic; 49.7+3.9 h in cattle enantiomers
a grc;val in | Adiunctive S(+). the USA | 1 S(+) >Re)
Carprofen cgt?le therapy of 14 IV, SC 37.4£2.4 h inhibiting
acute _ PGE
respiratory Adult:
diseasaand RSt
mastitis 30.#2.3 h
Adjunctive 1 Both
Dogs and therapy of 0.5 IV, SC 29 £ 3h injectable and
) acute = oral
cats; EU ) .
and respiratory Not formulations
Meloxicam | Canadian d!sease, ?PPVOVQd available
approval in diarrhea ad_ _ in cattlein
cattle acute mastitis 27 h the USA
pain associated|0.57 1.0 PO (201 43h) 100% 11.6 h
with dehorning
(Canada)
1 Evaluated in
preweaned
Not calves
, . Horses and | Anti- 18.8 h (14.2| 440 approved
Firocoxib dogs inflammatory 0.5 PO i 25.5 h) 98%| 4h in caitlein

the USA

€L



Table 4 cont.

Opioids
Not |1 wing
Dogs, cats, Analgesia; , 9.5+0.5 approved L ,
Butorphanol horses Sedation 0.025 IM 71+8 min m_ lin cattlein a(_imlnlstrat_lon
the USA with ketamlne
and xylazine
No known Not Plasma
. veterinary : 41m (3247 approved samples
Nalbuphine | = peled Analgesia | 0.4 v m) incattlein|  undetectable
product the USA after 3h
Alpha2 agonist
Dogs, cats, | Sedation; 0.057 IM 96+20 m 9.5+£0.5|Not PK data
horses, Analgesia 0.3 m approved following
deer, and in cattlein administration
elk; EU the USA with ketamine
approval in + butorphanol
cattle Dose

Xylazine

dependent
response:
Higher doses
result in
recumbency
Fast to prevent
rumen
tympany;
aspiration of

rumen contents

v,



Table 4 cont.

NMDA antagonist

Ketamine Cats

Sedation;
Analgesia

0.1

67+11m

10+1m

29.4+4.5m

Not
approved
in cattlein
the USA

1 PK data

following
administration
with xylazine
alone (IV) or
with xylazine
and
butorphanol
(IM)
Metabolite
norkeamine
may contribute
to analgesia

Neuropathic pain analgesic

No known
veterinary
labeled
product

Gabapentin

Neuropathic
analgesia

15

PO

7.9h (6.9
12.4h)

7.2h (6
10h)

Not
approved
in cattlein
the USA

Plasma
concentrations
above tlose
reported as
therapeutic in
humans for up
to 15 hrs

VA
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Conc.
(nmol/L}
100 k- Dehorned
Local Anaesthetic
~ plus Dehorned
S Local anaesthetic
plus NSAID plus
Dehorned
S0 Local anaesthetic
plus NSAID
Control

1 1
4 6 8 10
Time after treatment (hours}

N

Figure 1. Constructed graphic representation of cortisol change over time in cattle
following amputation (scoop) dehorning (derived from Stafford and Mellor, 2665
currently published in 8tk et al., 2018 Local anesthesia (bupivacaine) with NSAID
(ketoprofen) administration provides a reduction in measured cortisol concentrations,
although a delayed cortisol response is evident without the addition of an anti
inflammatory. The double head arrow along the-axis represents the duration of the

local anesthesia provided by bupivacaine.
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Figure 2. Mean(xSEM) percent reduction in AUEC or overall mean cortisol
concentration$ollowing dehorning in analgesic treated calves compared witimtacto
group Number in parentheses indicates studies revieRertent change in cortisol was

calculated using the formula [(Mean of analgesic group/Mean of control gt¢pu)0.
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LOCAL (6) NSAID (2) NSAID +LOCAL (7) Sedative-analgesia Sedative-analgesia
(1) + NSAID (1)

Analgesic Regimen

Figure 3. Mean(xSEM) percent reduction in peak plasma cortesoicentations
following dehorningn analgesic treated calves compared with a control gtéumber
in parentheses indicates studies revievikmicent change in cortisol was calculated using

the formula [(Mean of analgesic group/Mean of control grdi])00.
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Figure 4. Diagram of cornual nerve anatomy including approximate locations for local

anesthetic injection as illustrated by Skarda, 1986.
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Figure 5. Steps for providing local anesthetar dehorning using a cornual nerve blofk) Anatomy of the carual innervation; (B)
Palpation of the temporal ridge; (C) Insert the needle below the ridge and aspirate; (D) hfestl5of lidocaine Automatic
syringe:(E) Palpate the frontal ridge and insert needle attached to automatic syringe; (F)ir@snhbof lidocaine using an

automatic syringe.

08
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CHAPTER 3
PHARMACOKINETICS OF FIROCOXIB IN PREWEANED CALVES AFTER

ORAL AND INTRAVEOUS ADMINISTRATION

Modified from amanuscript published in tRklurnal of Veterinary Pharmacology and

Therapeutics

Matthew L StocK, Ronette Gehrirfg Laura A. Bartfi, Larry W. Wulf*, Johann F.

Coetzed®

Abstract

The objective of this study was to determine the pharmacokinetics of intravenous
and oral firocoxib in 10 healthy preweaned calves. Firocoxib (0.5 mg/kg) wadlynitia
administered IV to calves and following a-ddy washout period, animals received
firocoxib orally prior to cautery dehorning. Firocoxib concentrations were determined by
liquid chromatography tandem mass spectrometry. Changes in hematology and plasma
chemistry were determined using automated methods. Computer software was used to
estimate pharmacokinetic parameters best described with-@twpartment model for

IV administration and a oreompartment model for PO administration. Following IV

! Department of Biomedical Sciees, College of Veterinary Medicine, lowa State University, Ar#s,
50011 USA

2 Department of Anatomy and Physiology, College of Veterinary Medicine, Kansas State University,
Manhattan, KS 66506JSA
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College of Veterinary Medicine, lowa State University, Ames, |A, 50QSA

® Correspondinguthor;Department of Veterinary Diagnostic and Production Animal Medicine, College of
Veterinary Medicine, lowa State UniversitAmes, IA, 50011, USA
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dosing, he geometric mean (range)zkioand T, ; amere 6.7 (4.6 9.7) and 37.2 (23.b
160.4) hours, respectivelyMvas 3.10 (2.10 7.22) L/kg, and CL was 121.6 (100.06
156.7) mL/h/kg. Following oral administration, geometric mean (rangg)was 127.9
(202.51 151.3) ng/mL, Faxwas 4.0 (2.6 5.6) hours, and 1J.kiowas 18.8 (14.2 25.5)
hours. Bioavailability of oral firocoxib was calculated using the AUC derived from both
study populations to be 98.4% (87.1%17.6%). No adverse clinical effects were
evident following firocoxib adminiséition. Pharmacokinetic analysis of IV and PO
firocoxib indicates high bioavailability and a prolonged terminal-lii@fin preweaned

calves.

Introduction

Non-steroidal antinflammatory drugs (NSAIDS)in veterinary medicine have
been effectively useatcontrol pain associated with conditions such as-gasfical
procedures and osteoarthritis (Davila et al., 2013; Orsini et al., 2012). More recently, a
newer class of NSAIDs known as the coxibs, have been evaluated as selective inhibitors
of cyclooxygemse2 (COX-2)" isoenzyme in horses and dogs (McCann et al., 2002;
McCann et al., 2004). This specificity is mediated by steric hindrance to thelCOX
isoform and provides aninflammatory benefits with a potentially reduced risk for
gastrointestinal irrdtion (Bergh et al, 2005). As young animals are at risk for developing
gastric ulcers with a multifactorial etiology, NSAIDs demonstrating €0s¢lectivity

and thus a COX® sparing effect may be ideal for use in calves requiring analgesic and

® NSAID: nonsteroidal antinflammatory drugs
" COX-2: cyclooxygenas@
8 COX-1: cyclooxygenasé
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antrinflammatory therapy (Marshall, 2009). However, pharmacokinetic profiles are
species dependent requiring studies involving target species (Lees, 2004).

Currently, firocoxib is formulated as an intravenous injectable solution and oral
paste in horses or oral tabin dogs to control osteoarthritis pain and inflammation.
Pharmacokinetics of firocoxib following a ofiene oral dose indicates bioavailability
and clearance values similar to other NSAIDs of veterinary use (Kvaternick et al, 2007,
McCann et al., 2004)Conversely to other NSAIDs, a large volume of distribution is
reported for firocoxib, potentially attributed to its lipophilic property and neutrality
charge at physiologic pH (Kvaternick et al., 2007; McCann et al., 2004; Letendre et al.,
2008). Conseqently, firocoxib has a long halife. In conjunction with this prolonged
half-life, pharmacodynamic data support once daily dosing in horses, dogs, and cats
(McCann et al., 2002; McCann et al, 2004; McCann et al., 2005)

Routine husbandry procedures imting dehorning and castration as well as
painful disease states such as septic arthritis often affect calves. As such, analgesic
treatment may be helpful in management and control of the pain associated with these
conditions. Although the pharmacokinetitas been described in horses, dogs and cats,
there is a gap in knowledge regarding the pharmacokinetic profile in calves. The
objective of this study was to determine the pharmacokinetics of firocoxib in preweaned

calves following IV and PO administratialosed at 0.5 mg/kg.
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Materials and Methods
Animals

Ten Holstein calves (males and females) with a mean = SD weight of 44.5+ 4.3
kg and age of 20.7 + 4.1 days for period 1 and 55.5 + 5.3 kg and age of 34.7 £ 4.2 days
for period 2 were included in thstudy. Calves were obtained from the lowa State
University Dairy. All calves were determined healthy by a physical examination and
normal findings on a complete blood count and serum chemistry. This study protocol
was approved by the Institutional Anin@are and Use Committee at lowa State
University (IACUC #: 1012-7443B).

Calves were individually housed with other preweaned dairy calves in an
enclosed facility on the lowa State University Dairy. Study animals were maintained
in individual three sled pens (1.22 m x 1.82 m) bedded with straw added daily.
Pasteurized waste milk collected from mature cattle was fed to the calves at 3 L twice
daily for the length of the study. Water and grain, consisting of primarily pelleted corn,
oats, molasses andgpein/vitamin/mineral supplement, were fed to the calves ad
libitum. Animals were examined daily by a veterinarian including the monitoring of
milk consumption and a subjective assessment of grain and water consumption

throughout the study period.

Study Design
A parallel design using the same animals (n=10) with 2 treatment periods
separated by a iday washout period was utilized for this investigation. During the

first period, study animals received firocoxib (0.5 mg/kg) intravenously. Following the
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washout period, during the second study period animals were given firocoxib orally at
the same dose (actual dose 0.5 mg/kg;-0.82 mg/kg) and subsequently cautery
dehorned.

In both periods, a jugular catheter was placed for the purpose of bloodesampl
collection. In addition, during the first period, a second jugular catheter was placed in
the contralateral jugular vein for intravenous drug administration. Placement of the
jugular catheter occurred approximately 12 hours prior to the start of trstigaten.

Calves were restrained by a handler during the process of catheter placement. The area
over the jugular vein was clipped and surgically prepared with alternating scrubs of

70% isopropyl alcohol and povidone iodine. The catheter site was tefdtvath 2%

lidocaine injection, 1 mL subcutaneously (VetOne®, Boise, ID) (NDC: 122254)

(Lot #: 120200). Using sterile technique, an 18 G x 55 mm intravenous catheter
(SURFLO®, Terumo Medical Corp., Somerset, NJ) with injection plug (Hospira Inc,
Lake Forest, IL) was inserted into the vein and sutured to the skin using #3 nylon suture
(EthilonE, Ethicon, San Lorenzo, PR). Cat
with 2 mL of a heparin saline solution containing 3 USP units heparin sodium/mL

salire (Heparin Sodium Injection, Baxter Healthcare, Deerfield, IL). The catheter port
was disinfected with an alcohol swab prior to sample collection.

During the first period of the study, animals were administered firocoxib (0.5
mg/kg) (Equioxx® Injection, @ mg/mL; NADA 141313, Merial LLC, Lot #: OVPO03,

Exp. date: 11/2013) via an intravenous catheter designated for drug administration. The

dose was rounded to the nearest tenth milliliter and administered in a three milliliter



86

syringe. Following drug injeatn, the catheter was flushed using 10 mL of 0.9% saline
(Sterile Saline, Vet One®, Boise, ID) and then removed.

Following a 14 day washout period, calves previously receiving intravenous
firocoxib were administered oral firocoxib (Equioxx® Oral Paste DMAL41-
253,Merial LLC, Lot #: AB015/12, Exp. date: 06/2015) at a calculated dose of 0.5
mg/kg prior to cautery dehorning. Oral firocoxib was administered in a commercially
provided dosing syringe, which was weighed before administration and after tarconfir
the amount of firocoxib administered. The dose was rounded to the nearest increment
provided on the syringe, which was equivalent to 10 pounds (4.54 kg) based on the
target dose. Using a concentration of 0.82% firocoxib, a dose of 0.5 mg/kg (range: 0.48

T 0.52 mg/kg) was administered to the calves as an oral paste in the dosing syringe.

Dehorning

All calves were dehorned in this study during the second period, 10 minutes
following administration of PO firocoxib. Additionally, all calves received a local
anesthetic cornual nerve block in both periods of the study to reduce the potential for
confounding interactions between the periods. Desensitization of the cornual tissue was
provided via a cornual nerve block using 2% lidocaine (VetOne®, Boise, ID) (NDC:
13985222-04) (Lot#120200) (5 ml / site) as described by Stock et al. (2013). This was
performed immediately following drug administration. Cautery dehorning was initiated
10 minutes following administration of the local anesthetic and drug deliveryeby on
experienced veterinarian and one handler to minimize variation as detailed in Glynn et al

(2013).
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Blood sample collection

Animals were restrained during blood collection by trained handlers. Baseline
samples were obtained immediately prior to drugiathtnation. During period 1,
blood samples were collected for animals receiving intravenous firocoxib or placebo
via the catheter at 3, 6, 10, 20, 30, 45 minutes and 1, 2, 4, 6, 8, 12, 24, 48, 72, and 96
hours. During period 2, blood samples were cafléctt 15, 30 minutes and 1, 2, 4, 6, 8,
10, 12, 24, 48, 72, and 96 hours following oral firocoxib administration and dehorning.
Samples were immediately transferred to heparinized blood collection tubes
(Vacutainer®, BD Diagnostics) and stored on ice leefoocessing. Blood samples
were centrifuged for 10 minutes at 1,500g. Collected plasma was placed in cryovials

and frozen at70 °C until analysis.

Plasma chemistry and complete blood count data

Plasma chemistry was performed by the lowa State Univ&§itical Pathology
Laboratory by automated methods using a Vitros® 5.1 FS Chemistry System (Ortho
Clinical Diagnostic, Johnson & Johnson Co., Rochester, NY). Additionally, a complete
blood count was determined by automated methods using an ADVIA® 12Qdiegya
system (Siemens Medical Solutions USA, Inc., Malvern, PA) with a program for bovine

blood.
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LCMSMS analysis

Plasma concentrations of firocoxib were measured with-pighsure liquid
chromatographytandem mass spectrometry utilizing a TSQ QuenDiscovery Max
triple quadrupole mass spectrometer coupled to a Surveyor Pump and Autosampler
(Thermo Scientific, San Jose, CA, USA). Plasma samples or plasma standards were
prepared as detailed in Letendre et al. 2007 with slight modifications: Bifiefen
samples or standards were thawed at room temperature and rigorously vortexed once
completely thawed. A 200 pL plasma sample was added to 400 pL 5% (v/v) acetic
acid. The entire diluted sample was applied to a solid phase extractior! ¢GREe,
Strata X (60 mg/3 mL, Phenomenex, Torrance, CA, USA) which was preconditioned
prior with methanol (2 ml) and equilibrated with water (2 ml). The sample was then
gravity filtered through the SPE tubes and subsequently washed with 1 ml 5% (v/v)
acetic adil, followed by 1 ml of 25% (v/v) methanol in water. Firocoxib was eluted
with 2 x 0.75 mL portions of acetonitrile into a glass test tube. Samples were
evaporated to dryness at 48°C under a stream of nitrogen, reconstituted with 200 pL
25% (v/v) acetoniile in water and transferred into an injection vial for-MS/MS
analysis with the injection volume set
0.1% formic acid in water and B: 0.1% formic acid in acetonitrile at a flow rate of 0.25
mL/min. The mobilgophase began at 40% B with a linear gradient to 95% B at 6
minutes, which was maintained for 1.5 minutes, followed bsopalibration to 40% B.
Separation was achieved with an Intersil GD&olumn (75 mm x 2.1 mm, 3 um

particles, GL Sciences, Torran€A, USA) maintained at 40°C.

° SFE: solid phase extraction
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External standard calibration with matrix matched calibrates were used as no
suitable internal standard was found following exploration of piroxicam and celecoxib.
The standard curve of firocoxib concentration determinedyusavine plasma was
linear from 0.005 to 5.0 pg/mL and was accepted when the correlation coefficient
exceeded 0.99 and measured values were within 15% of the actual values. The lower
limit of quantification, defined as the lowest concentration on a listeadard curve
with predicted concentrations within 15% of the actual concentration, was 0.005
pg/mL. Three SRM transitions were used for quantitation of firocoxib and piroxicam,
respectively. The three ions (m/z) 130, 237, and 283 were monitored fysiarcdl
firocoxib. Intraday accuracy of the assay for firocoxib in calf plasma was 99 + 3% of
the actual concentration, whereas the intraday coefficient of variation was 2%, as
determined through replicates of 5 for each of the following firocoxib coratents:

0.015, 0.150, and 1.50 pg/mL.

Pharmacokinetic analysis

Firocoxib time concentration data were analyzed using a commercially available
computer software program (Phoenix®, Pharsight Corporation, NC, USA). Using the
val ue of Ai k a kteriorsand visualonspecéian of pradict€d versus
observed data, the best models were selected for each route of administration. A two
compartment model with firgirder elimination best fit IV firocoxib administration
whereas a one compartment model witbtforder elimination best fit the PO route.
Standard equations were used to calculate pharmacokinetic parameters (Gibaldi & Perrier

1982).
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Statistical analysis

Statistical analysis was performed using JMP® Pro 10.0.2 analytical software
(SAS InstituteJNC, Cary, NC, USA). Distribution curves were examined for normality.
Pharmacokinetic values are reported as geometric means, medians, and ranges due to log
normal distributions. Plasma chemistry and complete blood count data were statistically
analyzed ging paired-tests or Wilcoxon signed rank tests for normal or-normal

distributions, respectively. Significance was designatpdori as p<0.05.

Results
Plasma chemistry and complete blood count analysis

No adverse clinical effects including chasgn appetite, water intake, or physical
exam parameters were observed during either study period. Significant differences were
observed in both plasma biochemistry and hematology parameters obtained prior to and
72 hours after firocoxib administratioarfboth IV and PO routes (Table 1). Changes
determined as significant observed during intravenous administration include minor
decr eases i n-glhtenyl@abstease (GGT)amd ihcreases in total protein
and albumin. Reported significant chang@bwing oral administration include
decreases in BUN, Creatinine, and GGT and increases in red blood cells, total protein,
albumin, and AST. Although these changes were significant, values remained either

within or slightly below the reference rangesyded by the analyzing chemistry lab.
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Pharmacokinetic analysis

The timeconcentration profile following IV administration at 0.5 mg/kg is best
described with a-2ompartment model (Figure 1), whereas the profile following PO
administration at 0.5 mg/kgange 0.48 0.52 mg/kg) is best described as-a 1
compartment model (Figure 2). This is because the absorption phase following PO
administration overlaps with the rapid distribution phase, making the latter undetectable.
Concentrations were detectabletaghe last sampling point for both routes of
administration. Oral drug absorption (F) was calculated using the AUC values derived

from both IV and PO study populations to be 98.4% (rangel83 %) (Table 2 and 3).

Discussion

The present study is tliest to examine the IV and PO pharmacokinetics of
firocoxib in preweaned calves. The oral preparation of firocoxib appears to be well
absorbed as evidenced by a high bioavailability. Additionally, a prolonged terminral half
life was observed in both routeadministration supporting a once a day treatment.
These properties of firocoxib suggest the potential for use in calves.

A limitation of this study was that PO and IV dosing was not randomly distributed
between period 1 and 2 of the study. As suclyémicing factors including increased
weights, age, physiologic effects of dehorning, and environmental conditions were not
controlled between periods essentially separating the two study periods into two study
populations. This study design was adoptezhbse calves were enrolled in a second
trial intended to determine the analgesic effects of oral firocoxib and therefore

administration of IV firocoxib would have confounded the second trial. This potential for
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increased total variability has been docuradrdnd supported in parallel
pharmacokinetic studies for drugs having relatively long-lhads (Chow & Wang,
2001). Although factors limiting variability were employed such as using the same
analyzing lab and study animals, due to these limitationdel@téne pharmacokinetic
parameters have been separated into twesaperimposable populations. The
bioavailability calculation was determined using the AUC derived from these two
populations notwithstanding the aforementioned limitations.

The dose usedhithis experiment was based on previous studies in horses
(Kvaternick et al., 2007, Letendre et al., 2008). In these studies, a dose of 0.1 mg/kg was
given to horses as both a single administration and multiple doses reaching steady state.
The goal in thistudy was to administer a single, higher dose to achieve maximal plasma
concentrations that were comparable to those at sttathyin the horse without the need
for repeated dosing. This desired increase in plasma concentrations was chosen for an
expeced singletime dose administration in calves whereas achieving effective steady
state concentrations in the horse required raalyi administration (Letendre et al, 2008;

Cox et al., 2013). This is comparable to a loading dose, which was recently evelduated

horses (Cox et al., 2013). The investigated 3X loading dose reduced the variability of

onset of action and efficacy in horses supporting the use of a higher initial dose. Although

linearity was not evaluated in this study, firocoxib has demonstraieal kinetics

following 0.5X and 2X recommended doses in horses (Kvaternick et al., 2007).
Hematologic and plasma biochemical analytes obtained prior to and 72 h

following administration primarily remained within the references ranges provided by the
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lowa State University Clinical Pathology Laboratory. The elevated t8@Hserved in
the IV study population was most likely due to the proximity to colostrum ingestion as
colostrum provides high concentrations of GGT (Perino et al., 1993). Although
significant ©ianges were observed in both plasma biochemistry and hematology analytes,
these differences mostly were within reference ranges provided by the analyzing
laboratory. A significant increase in total protein was observed 72 hrs post administration
in both rautes of administration which may indicate volume depletion; however, both
BUN and Creatinine significantly decreased or were not altered suggesting a lack of renal
stress. Moreover, hypoproteinemia is more commonly reported in NSAID toxicity (Kivett
et al, 2013). Although a mild increase of AST is observed following PO administration,
GGT significantly decreased following both routes of administration potentially
suggesting an extrahepatic origin for the mild increase in AST. Previous studies
evaluating he safety of firocoxib in horses indicate the development of ulcers and
nephropathies are associated with multiplicative increases in the recommended dose
administered daily for a prolonged time period. Mild increases in B@hd creatinine
were observedihorses receiving L5 X the dose for 42 days whereas additional
increases in AS'f, GGT, and ALT® were reported in horses receiving 12.5 X the dose
for 92 days (US FDA, 2005). Further studies evaluating the safety of firocoxib in calves
are required.

A prolonged haHife for both routes was observed in this study which was shorter

than that reported in horses and longer than in dogs (Kvaternick et al., 2007; McCann et

19G G T :glutamyltransferase
" BUN: blood urea nitrogen

12 AST: aspartate aminotnaferase
13 ALT: alanine aminotransferase
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al., 2004). As such, administration of firocoxib in preweaned calves potentiallgrssipp
once daily administration. In cattle, this dosing strategy related to its lonbféadf

more similar to meloxicam compared with other commonly administered NSAIDs with
shorter haHlives such as flunixin meglumine (6 h) and ketoprofen (2 h)sfho et al,
2012; Glynn et al, 2013; Igarza et al., 2004). Taken together, the dosing strategy and
ease of administration potentially promote treatment compliance.

The reported hallife was most likely a result of a low clearance observed
commonly wth NSAIDs as well as the large volume of distribution observed for both PO
and IV routes. The large volume of distribution is also reported in horses and dogs and
atypical of most NSAIDs due to their high protein binding (Kvaternick et al., 2007,
McCann ¢ al., 2004). Although protein binding percentage was not determined in this
study, 97% of firocoxib is reported to be protein bound in the horse (Kvaternick et al.,
2007). Most likely the large volume of distribution is influenced by the lipophilic
propety of the compound. Moreover, a larger volume of distribution is observed in
young animals potentially due to decreased protein concentrations resulting in increased
concentrations of unbound drug (Notarianni, 1990).

Firocoxib was well absorbed followirgral administration. This high
bioavailability is similarly reported in horses and dogs as well (Kvaternick et al., 2007;
McCann et al., 2004). In the present study, the provided milk feedings may have
impacted absorption and distribution of the PO adreresl firocoxib due to altered
proteinfeed binding in the digestive tract as observed with other NSAIDs (Mosher et al,

2012; Toutain et al, 2004).
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A mean G of 128 ng/mL with a mean, > of 4 h was observed following
oral administration. A comparisaf dosenormalized Gaxfollowing a single time or the
first dose administered in horses indicates values that are approximately3X75
greater than determined in this study in calves (Kvaternick et al., 2007; Letendre et al.,
2008). However, AU€ is similar between horses and calves in a dasenalized
comparison (Kvaternick et al., 2007; Letendre et al., 2008). Taken together, the extent of
absorption appears similar between horses and calves, although the rate of absorption
may be slower in calves.

The suggestive advantages of a selective @0dhibitor would provide
continued mitigation of inflammatory mediator production with a decrease risk of side
effects (Bergh et al., 2005). The highly selective inhibition of €0X¥oenzyme has
been desdped in both the dog (384 X) and the horse (28 X) (McCann et al., 2002;
McCann et al., 2004; Kvaternick et al., 2007). Using data generated frorvimin
LPS"-stimulation of whole equine blood, theslf® and 1G,™ of COX-2 was calculated
to be appoximately 30 ng/ml and 67 ng/ml respectively (McCann et al., 2002; Letendre
et al., 2008). Moreover, although these concentrations are achieved following
administration of the labeled PO dose, clinical differences were not detected in
chronically lame haes using a higher than labeled dose (Back et al., 2009). In the
present study, mean concentrations of firocoxib in calves remained above these reported

equine COX2 ICspand 1G for 48 h and 24 h respectively following PO administration

14 Cax maximum plasma concentration

15T ¢ time to maximum concentration

18 AUC: area under the curve

' LPS lipopolysaccharide

181Cs0: 50% of maximum inhibitory concentration
191Cg0: 80% of maximum inhibitory concentration
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and 12 h and 24, mespectively following IV administration. Studies to evaluate both
COX selectivity and inhibitory concentrations are needed in bovines.

Given specific required guidelines are followed, eXdtael drug use in the United
States is permitted und&nimal Medicinal Drug Use Clarification AGAMDUCA) %
(US FDA, 1994). As there are no labeled pharmaceuticals for the treatment or control of
pain in cattle and the currently labeled NSAID for cattle in the US has undetermined
analgesic properties following anglle administration in preweaned calves, the use of
firocoxib would constitute extriabel drug use permitted under AMDUCA. Importantly,
no violative tissue residues may result from ejdtzel administration. Currently, the
European Union regulatory aggnrecommends a slaughter withhold of 26 days in
horses administered a dose 5 X less than that administered in this study (European
Medicines Agency, 2010). Given the large volume of distribution and lipophilic
properties of firocoxib, further studies ewating tissue residues would need to be

performed prior to recommendation of withholding times in preweaned calves.
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Figure 1. Mean = SE serum concentrations of firodoat varios points after IV(@Q.5

mg/kg) administration of the drug to 10 healthy calves.
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Figure 2. Mean = SE serum concentrations of firocoxib at various points after PO (mean
dose, 0.5ng/kg range, 0.48 to 0.5 g/kg circles) administration of thérug to 10

healthy calves.



Table 1L Mean + SEM plasma biochemistry and hematology analytes obtained piffiRE) and 72 following (POST) both IVand
PO firocoxib administratiom study calves (n=10).

Reference PO
Parameter
Ran Mean + SEM Mean + SEM Mean + SEM Mean + SEM
ge
(PRB (POST) (PRB (POST)
White Blood Cell 1 1, 7.0+0.7 72+06 82+1.0 8.7+1.0
(x10%ul)
Neutrophils 4 ¢ 4 3.0+ 06 1.8+0.3 3.0+ 09 31+06
(x10%/ul)
Lymphocyte -, 27 5 4.2+0.4 4.5+ 03 43+0.2 4.6+0.2
(x10%/ul)
Red Blood Cells o . 144 7.2+05 7.0+0.4 6.8+ 0.3 7.3+0.3
(x10P/ul)
Hematocrit (%) 2471 46 25+ 72 24+ 2 20 £2 21+2
BUN (mg/dl) 107 25 12+05 11 +0.6 7+0.7 5+ 0.6
Creatinine 0.5i 2.2 1.1+ 0.04 1.1+ 0.04 1.0 + 0.04 0.9+0.03
(mg/dl)
Total Protein 2. 5 ¢ 6.5+ 0.1° 68+ 0.1° 6.5+0.1 69+0.1°
(gm/dl)

Albumin (gm/dl) 257 3.8 2.6+ 0.04 2.7+ 0.05 2.7+ 0.04 2.8+ 0.05
AST (IUL)  55i 125 53 + 4 54+ 3 44+ 3 50 + 2
ALP (IUL)  25i 250 178 + 14 166 + 14 211+ 21 244 + 25
GGT (IU/L) 0i 74 236 + 38 176 + 22 88+ 8 70+ 6

47 P<0.05; BUNI blood urea nitrogen; AST aspartate aminotnaferase; ALR alkaline phosphatase; GGT-glutamyltransferase

[40])
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Table 2 Pharmacokinetic parameters for firocoxib administere@l'8 mg/kg)to 10

healthy calvesData were fit to a-2ompartment model with firgirder elimination.

\V
Parameter
Geametric  Minimum Median  Maximum
mean
AUC ( hAr 41095 3190.8 4248.9 4996.9
A (ng/ml) 388.8 325.3 367.0 498.3
B (ng/ml) 30.6 5.8 32.6 88.8
K1o (I/n) 0.104 0.072 0.110 0.152
K12 (1/h) 0.049 0.020 0.049 0.124
K21 (1/h) 0.031 0.006 0.034 0.069
T12 k10 (D) 6.7 4.6 6.3 9.7
U (1/nh 0.17 0.10 0.18 0.26
Ti/ W 4.0 2.7 3.9 7.2
b (1/F 0.019 0.004 0.022 0.029
T1/ £h) 37.2 23.5 31.8 160.4
V¢ (L/kg) 1.17 0.95 1.16 1.43
Vss(L/kQ) 3.10 2.10 2.93 7.22
V area(L/KQ) 6.54 4.01 5.38 23.66
CL (mL/h/kg) 121.7 100.0 117.7 156.7

AUC i area under the plasma drug concentration curveYAntercept for the
distribution phase; B Y -intercept for the elimination phas&o1 elimination rate
constant for central compartmeHtj, i intercompartmental distribution rate constant
from central to peripheral compartmeriy; i intercompartmental redistribution rate
constant from peripheral to central compartméhiz k10 elimination halflife; Ui
distribution slopei, ; 4 @istributionhalf-life; b1 elimination slopel; ; i germinal
half-life; V.1 volume of distribution of the central compartmewssi volume of
distribution in a steady staté,eai Volume of distribution during the efiination phase
CL T plasmaclearance
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Table 3 Pharmacokinetic parameters for firocoritbministered P@mean dose, 0.5

mg/kg; range0.48 to 0.52ng/kg) to 10 healthy calvesData were fit to a-Lompartment

model with firstorder elimination.

PO
Paraneter
Geometric Minimum Median  Maximum
mean

AUC ( hAr 40438 3190.5 3931.0 5617.0
Cmax (Ng/mL) 127.9 102.5 128.5 151.3

Tmax (h) 4.0 2.6 4.0 5.6
Koz (I/h) 0.815 0.492 0.801 1.473
K10 (I/n) 0.037 0.027 0.037 0.049

T12k10(h) 18.8 14.2 18.9 25.5

VIF (L/kg) 3.36 2.86 3.27 3.91
CL/F (mL/h/kg) 123.6 89.0 127.2 156.7

F (%) 98.4 83 96 118

AUC T area under the plasma drug concentration c@yg;1 maximum plasma
concentrationTmax i time to maximum plasma concentratiéty, | absorption rag
constant for central compartmer;o1 elimination rate constant for central
compartmentT 12 k101 elimination halflife; V/F 1 volume of distribution per
bioavailability, CL/FT plasma clearangeer bioavailability Fi Bioavailability

calculated fom data collected from both study populations
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CHAPTER 4

THE EFFECTS OF FIROCOXIB ON CAUTERY DISBUDDING PAIN AND

STRESS RESPONSES IN PREWEANED DAIRY CALVES

Modified from amanuscript accepted for publication in thaurnal of Dairy Science

Matthew L Stock!, Suzannd. Millman'?, LauraA. Bartt®, Nick K. Van Engef, Walter

H. Hsu, ChongWand, RonetteGehring, Rebeccd.. Parson§ JohanrF. Coetzeé”

Abstract

Perioperative analgesic effects of oral firocoxib following cautery disbudding
were invespated in preweaned calves. Twenty Holstein calves approximatelyekeks
old received a single oral dose of firocoxib, a4steroidal antinflammatory, at 0.5
mg/kg (n=10) or placebo (n=10) in a randomized controlled clinical trial. Responses,
including ocular temperature determined by infrared thermography, pressure algometry
measuring mechanical nociception threshold, and heart rate, were evaluated at 2, 4, 7, 8,

and 24 h after cornual nerve block and cautery disbudding. Blood samples were collected
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over 96 h and analyzed for plasma cortisol and subsRgoacentrations by
radioimmunassay. Additionally, exivo prostaglandin Econcentrations were

determined over a 72 h study period using an enzyme immunoassay. Data were analyzed
using a linear mied effects model with repeated measures. An inhibition -ex

PGE synthesis was observed from 12 to 48 h following disbudding in calves treated with
firocoxib. Cautery disbudding was associated with an increased nociception for the
duration of samplig (24 h). During the initial 24 h period following disbudding, there

was no difference in response between treatment groups. Following 24 h, mean cortisol
concentrations diverged between the two study groups with placebo treated calves having
increased cdisol concentrations at approximately 48 h after disbudding. Furthermore,

the overall integrated cortisol response as calculated as area under the effeencede

to bereduced in firocoxib treated calves. The prolonged effects of cautery dehorning
require further investigation. Moreover, the effect of firocoxib on cortisol reduction

observed in this study requires additional exploration.

Introduction

Dehorning or disbudding cattle is a management procedure commonly performed
on nearly 95% of US daji operations (USDA, 2010). Horns or horn buds are primarily
removed to accommodate production practices and prevent economic loss due to
carcass bruising. Many techniques have been described with the use of a hot iron
reported to be the most commonly eoy@d method in the United States (USDA,
2010). Althoughtie American Veterinary Medical Association (2012) supports

methods to minimize pain and distress associated with disbudding and dehorning,
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methods to evaluate this response can be challenging geereéd to use indirect
measures to assess an affect state.

Behavioral, physiologic, and neuroendocrine changes have been reported
following disbudding or dehorning (Stafford and Mellor, 2005; Stock et al., 2013)
These observed and reported responsesexyeently interpreted as being associated
with pain and distress (Faulkner and Weary, 2000; McMeekan et al., 1998; Heinrich et
al., 2010; Stewart et al, 2008). More specifically, indirect measures subhrages in
the hypothalamiituitary-adrenal (HR) axis activation resulting in cortisol release
(McMeekan et al., 1998), mechanical nociception threshold (Heinrich et al., 2010),
autonomic nervous system response (Stewart et al., 2008), and behavior (Faulkner and
Weary, 2000have been previously usemlassess the pain and distress associated with
disbudding in calveslhe concurrent evaluation of several indices may improve the
assessment of pain and distress in animals due to individual response variations
(Molony and Kent, 1997).

As a consequenad disbudding or dehorning, acute changes in cortisol release
(McMeekan et al., 1998), local nociception (Heinrich et al., 2010), ocular temperature
and heart rate (Stewart et al., 2008), and head shakes and ear flicks (Faulkner and
Weary, 2000; Stilwelét al., 2009) are reported. Local anesthetics have been useful in
mitigating these acute effects following removal of the horns or horn buds (McMeekan
et. al, 1998; Stewart et al., 2008; Stilwell et al., 2009); however, these local anesthetics
typically demonstrate only temporary reduction of these observed responses once the
local anesthetic is no longer effective (Doherty et al., 2007; Heinrich et al., 2009; Allen

et al., 2013).
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Subsequent to the initial tissue damage involved with horn removal, ceetinu
cortisol and behavioral changes are observed which may be due to inflamrektted
pain (McMeekan et al., 1998; Stafford and Mellor, 2005). Behavior responses are
reported to persist up to 24 to 44 h (Faulkner and Weary, 2000; Heinrich et al., 2010).
Non-steroidal antinflammatory drugs (NSAIDs) including ketoprofen (Faulkner and
Weary, 2000), meloxicam (Heinrich et al, 2009), carprofen (Stilwell, 2012), and
flunixin (Glynn et al., 2013; Huber et al., 2013) reduce responses associated with pain
and dstress following dehorning or disbudding. In order to address both the initial and
continued responses, a multimodal approach using analgesics that act both acutely and
at length have been proposed (Stafford and Mellor, 2011)

Currently, there are no ngpounds specifically approved to alleviate pain in
livestock in the United States (Coetzee, 2013). Concerns of efficacy and administration
frequency necessary to maintain analgesia concentrations have been discussed due to
the number of analgesic drugsadable in the United States with short elimination half
lives (Coetzee, 2011). Heinrich and colleagues (2010) demonstrated the administration
of meloxicam, an NSAID with a long hdlife in cattle, reduced both the acute
response, which included reductsoinm cortisol concentrations, local sensitivity as well
as the prolonged pairelated behaviors. As such, the use of an NSAID with a long half
life in calves may be the most ideal for pain management. Moreover, since feed is
potentially the most practicahd painfree drug delivery method that can be applied in
commercial livestock production systems, analgesics administered orally should be

explored. Given the diversity of the pharmacologic properties of NSAIDs, continued



109

investigation for optimal pairetief for disbudding and dehorning pain will benefit
animal welfare.

Firocoxib is an NSAID of the coxib class with a prolonged eliminationlifelf
and high oral bioavailability in calves (Stock, et al., 2014). As a potential additional
benefit, firocoxb is COX1 sparing in both the horse and dog, which may reduce adverse
effects McCann et al., 2002, 2004)he objective of this study is to measure the effects
of firocoxib on pain and distress in preeaned dairy calves immediately prior to cautery
dishudding. In addition, we assess the neuroendocrine, nociception, and physiologic

responses observed following cautery disbudding.

Materials and Methods
Animals and Housing

Twenty Holstein calves (11 male and 9 female§, Wieeks of age (mean + SD:
32.9+ 3.9 days) weighing 55.2 £ 5.8 kg at the time of disbudding were obtained from
the lowa State University Dairy. All calves were determined healthy following a
physical examination by a veterinarian and normal findings on a complete blood count
and serumtwemistry. This study protocol was approved by the Institutional Animal
Care and Use Committee at lowa State University (Log# 20443 B).

Study animals were housed in individual three sided closed pens (1.82 m x 1.22
m) bedded with straw added daityan enclosed facility at the lowa State University
Dairy. Calves are placed in these pens at birth and remained within the pens through the
entirety of the study. While in these pens, calves have minimal physical contact with

other calves, although contao neighboring calves is possible during feeding through



110

the one open side. Three liters of pasteurized waste milk were fed twice daily for the
length of the study. In order to control for the variation in waste milk components, both
treatment groups we given milk from the same batch pasteurization. Calves fedre
grain, consisting primarily of pelleted corn, oats, molasses and protein/vitamin/mineral
supplement, and offered water ad libitum. Grain was added daily at 0.96 kg.

Daily examinationsvere conducted by a veterinarian, including the monitoring of milk
consumption and a subjective assessment of grain and water consumption throughout

the study period.

Study Design

A randomized complete block design was used for this investigatioriith
calves enrolled in each treatment group (Figure 1). The study was conducted in two
Periods. Calves were enrolled into a treatment group during Period 1 and remained in
that treatment group for Period 2. Period 1 was conducteaveess prior to Period.
Disbudding only occurred during Period 2. The purpose of Period 1 was to obtain IV
firocoxib concentrations in calves used in a subsequent pharmacokinetic analysis
(Stock et al., 2014). In Period 1, study animals were blocked by age and randomly
assignd to receive either firocoxib (0.5 mg/kg) (n=10; male=7) or a placebo (n=10;
male=4). Randomization of group assignment was mediated by a computer generated
random number (Microsoft Excel 2011, Microsoft Corp., Redmond, WA, USA).
During Period 1, calves signed to the firocoxib group received intravenous firocoxib
(Equioxx® Injection, NADA 141313, Merial LLC, Duluth, GA) whereas calves in the

control group received intravenous saline via a preplaced jugular catheter followed by
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multiple timed blood colldgmns. As such, calves in both treatment groups were
identically handled and experienced placement and maintenance of an indwelling
catheter prior to Period 2. Following a-@ldy washout period from Period 1,
concentrations of firocoxib were not detecédhe start of Period 2. Period 2 was
conducted in two trials using 10 animals per trial which were balanced for treatment
(n=5 calves / treatment / trial). The two trials were initiated in consecutive days. In
Period 2, calves previously receiving IVdaoxib now received oral firocoxib
(Equioxx® Oral Paste, NADA 14253, Merial LLC, Duluth, GA) and control calves
received an oral whey protein placebo (Body Fortress, Bohemia, NY).

A jugular catheter was used for blood sample collection. Placemera joigiilar
catheter occurred approximately 12 hours prior to the start of the investigation. A
handler manually restrained the calves and the area over the jugular vein was clipped
and surgically prepared with alternating scrubs of 70% isopropy! alcoh@icundbne
iodine. The catheter site was infiltrated with 2% lidocaine injection, 1 mL
subcutaneously (Hospira Inc, Lake Forest, IL). Using sterile technique, an 18 G x 55
mm intravenous catheter (SURFLO®, Terumo Medical Corp., Somerset, NJ) was
insertednt o the vein and sutured to the skin usc
San Lorenzo, PR). An injection port (Hospira Inc, Lake Forest, IL) was subsequently
attached and disinfected with an alcohol swab prior to sample collection. Catheter
patency vas maintained by flushing with 3 mL of a heparin saline solution containing 3
USP units heparin sodium/mL saline (Heparin Sodium Injection, Baxter Healthcare,

Deerfield, IL).
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Calves assigned to receive firocoxib were administered a single oral dose of 0.5
mg/kg. Oral firocoxib was administered in a commercially provided dosing syringe
with syringe weights obtained before and after administration to confirm the dose
administered. The dose was rounded to the nearest 50 pounds as designated by the
incrementgprovided on the syringe. Using a concentration of 0.82% firocoxib, the
actual mean dose of 0.5 mg/kg (range: 0.4352 mg/kg) was administered to the
calves as an oral paste in a dosing syringe. Control animals received an equivalent
amount of whey prota mixed with water to a similaronsistency as the firocoxib
paste and administered via a similar shaped, voided dosing syringe. In order to control
for the influence of milk feeding on absorption, all calves were given their milk feeding
immediately aftedisbudding, approximately 10 minutes pbsicoxib or placebo
administration. In relation to disbudding, this feeding time was the same for both

treatment groups.

Disbudding

Disbudding was performed D minute intervals by a single, experienced
vetetinarian and the same handler to minimize variation. The disbudding order was
randomized between treatment groups to control for variation in start time. Cautery
disbuddingwas initiated 10 minutes following administration of the local anesthetic and
oral reatment. All calves received a local anesthetic prior to cautery disbudding.
Desensitization of the cornual tissue was provided via a cornual nerve block using 2%
lidocaine (VetOne®, Boise, ID) (5 ml/ site) as described by Stock and others (2013).

Desentization of the cornual tissue was confirmed using behavior reactions (e.g. ear
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flicks, headshaking, strong escape behavior) to a needle prick 5 minutes after
administration of the cornual nerve block. Administration of lidocair2 ifil) was

repeated inthe same manner described above if a response was observed to the initial
needle prick. Following confirmation of appropriate desensitization, calves were cautery
disbudded by placement of a greated butane haton (approx. 600 °C) (Express
dehorner, @ilbertExpress, New York, NY) on the horn tissue for approximately 10
seconds.

The disbudding sites were monitored daily for signs of discharge or infection, in
addition to an assessment of attitude, posture, appetite, lying time, aogp@etive
sweling. A rescue analgesia protocol of flunixin meglumine at 2.2 mg/kg, 1V once
daly for 3 days was devised ifvert pain or distress was evident, such as increased
lying time, head pressing, inflammation with major drainage of the disbudding site,

dehydraibn or inappetence.

Blood Sample Collection

Animals wererestrained during blood collection by trained handlers. Prior to
sample collection, bloodiasaspirated and flushed back through the catheter to
eliminate the heparin dilution before sample caitet Baseline samples were obtained
at approximatelyl.5 h from disbudding. Plasma drug concentration was confirmed as
undetectable at this time. Additional blood samples were collettes and 30 minutes
and 1, 2, 4, 6, 8, 10, 12, 24, 48, 72, and 946 min) following disbudding. Sampling
time points were determined in relation to the time drug or placebo was administered.

Postdisbudding cortisol and substance P concentrations were subsequently analyzed in
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relation to the time of disbudding. Sanglgere immediately transferred to a blood
collection tube with either heparin for cortisol and drug concentration or
ethylenediaminetetraacetic acid (EDTA) for substance P (Vacutainer®, BD
Diagnostics, Franklin Lakes, NJ) and stored on ice before proge&€dT A tubes

were spiked with 1 mM of benzamidin®gnta Cruz Biotechnology, Santa Cruz, CA)
prior to blood collection. Blood samples were centrifuged for 15 minutes at 1,500g at
room temperature. Collected plasma was placed in cryovials and froz€n°at until

analysis.

Cortisol

Plasma cortisol samples were determined using a commercial radioimmune assay
kit (CoatA-Count® Cortisol, Siemens Medical Solutions Diagnostics (formally
Diagnostic Products Corp.), Los Angeles, CA) previously used for b@lasma
(Stilwell et al, 2008; Rialland et al, 2014amples were assayed in duplicate with the
reported concentration equaling the average cortisol concentration between duplicates.
Samples were reanalyzed if there were subjectively large discrepbatie=en the
duplicatesThe average intraand interassay coefficients of variation were 12.8 and
13.2%, respectively. Area under the effect curve (AUEC) was calculated using the

linear trapezoidal rule as previously described (Glynn et al., 2013).

Subsgance P
Substance P (SP) concentrations were analyzed as described by Van Engen and

others (2013) using neextracted plasma. Samples were assayed in duplicate with the
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reported concentration equaling the average SP concentration between duplicates. The
coefficient of variation for intraassay variability was at 7.9% and the irdesay

variability was calculated at 7.7%.

Prostaglandin &

Ex-vivo prostaglandin H{PGE) synthesis inhibition was determined as described
by Fraccaro and others (2013). Btbcollectedht 4, 8, 12, 24, 48, and 7Zrom calves
was placed into sterile vacuum tubes containing heparin. LPS obtaine# fiaot
0111:B4 (Sigm&Aldrich, Co. St. Louis, MO) in PBS was added at 10 pg/mL to the
heparinized whole blood and incubated 24 h at 37°CBaseline samples were
incubated with and without LP3t the end of incubation, all samples were centrifuged
at 400g for 10 minutes at room temperature to obtain plasma. Methanol was added to
plasmain a1:5 plasma to methanol dilutiorgdilitating protein precipitation. Following
centrifugation at 3,000 g for 10 minutes, the supernatant was collected and stBed at
°C. A commercial PGEELISA kit (Cayman Chemical, Ann Arbor, MI) previously
described using methanol precipitated boylesma was used for determination of BGE
concentration (Donalisio et al., 2013; Fraccaro et al, 2018 coefficient of variation
for intra-assay variability was at 8.9% and the irdgsay variability was calculated at

12.2%.

Nociception and AutonomMervous System Responses
Calves were restrained using a modified-cafftraining device (Easy-B

Portable Calf Restraint, eNasco, Fort Atkinson, WI) approximately 10 minutes prior to
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determination of ocular temperature (Qhgart rate (HR), anghechaical nociception
threshold (MNT) Additionally, following infrared thermography imagigdheart

rate determinatigrcalves were blindfolded for MNT to avoid withdrawal reflex based

on visual cues. Baseline samples@r, HR, andMNT were obtained on theame day

for both trials thus 16 and 21 hours prior to initiation of the first trial and 38 and 42
hours prior to initiation of the second trial. Baseline data for each animal were averaged
for use in statistical analysis. In addition to baseline samgsgonse variables were
collected at approximately 2, 4, 7, 8 and 24 h-lesibudding. All individuals

collecting data were blinded to calf treatment group assignment.

Infrared Thermography.

A thermography camer&([IR SC 660, FLIR Systems AB, BostodA) with a
thermal sensitivity of 0.05 Celsius, 320 x 240 pixel display, precision > 98%, supported
by research grade data analysis software, was utilized to quantify changes in ocular
temperature. The camera was internally calibrated to ambient tenrpguabr to
image collection; however additional minute adjustments to ambient temperature and
humidity were utilized during software processilmgages were obtained from the left
side of the calf, at an approximately 45° angle, and 0.5 meter distantéhie eye.
Maximum temperature (°C) within a circumferential area of the eye including the
medial posterior palpebral border of the lower eyelid and the lacrimal caruncle was
obtained apreviously described (Stewartadt, 2008).Images were analyzeding
FLIR Tools (v. 4.1; FLIR Systems Inc, Boston, MA) following collectign.each

timepoint, three images were obtained and averaged for statistical analysis.
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Heart Rate.

Heart rate was evaluated via auscultatio

St, Paul, MN, USA) placed between tH&ahd 5" intercostal space and beats were
counted over a 30 second period. The value obtained was used to calculate beats per

minute.

Mechanical Nociception Threshold.

Pain sensitivity was measured using a hagld pressure algomet@iagner
Force TenE FDX 25 Compact Digital Force
around the disbudding site as previously described with modifications (Tapper et al.,
2011, Heinrich et al., 2010; Allen et al., 201Byvo landmark décations around each horn
bud as well as a control landmark were used (Figure 2). The mechanical nociceptive
threshold (MNT) was determined as the peak applied force resulting in a withdrawal
response defined as a directed movement of the head away &@ppied pressure
(Tapper et al., 2011). Using a rate of approximately 1.0 kgf/second, the stimulus was
applied perpendicular to the landmarks. A maximum force ceiling was established at 10
kgf. In order to prevent bias, the mechanical nociceptive thicesiuput was not
visualized by the individual operating the algometer. Moreover, the order of MNT
landmarks and the calf side from which the pressure algometrist stood to apply the
stimulus was randomized between each calf to control for potential esfe®MNT
determination. Each algometry site was assessed three times for each timepoint with the

values averaged for the statistical analysis.
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Average Daily Gain

Animals were weighed using a W&yg® 505 (Raytec Manufacturing, Ephrata,
PA) scale 24 houngrior to thedisbudding(d -1), and 7 days fadiwing disbuddindd7).
Average daily gains were calculated by dividing the total weight gained between

measurements and then dividing by the number of days.

Statistical Analysis

Analyses were performed irAS 9.3 (SAS Institute, Cary NC) using a linear
mixed effects model with repeated measures. Data obtained from response variables
including MNT, cortisol, substance P, and B®Ere log transformed for normality.
Baseline values were used as covariatealfarariables analyzed. The fixed effects
were treatment (firocoxib, placebo), time, the interaction between treatment and time.
The effect of sex was tested in the statistical modebkarue there was no effect
(P>0.1), sex of calf wagmoved to impros the fit of the statistical analysitrial was
a random effect and calf was the subject of repeated measiuesss ere used to test
the significance of main effects and interactions. If significant overall differences were
identified among levels & factor, pairwise comparisons were performed using
Tukey's ttests. Additionally, paired t tests were performed to test the differences
between response variable baselines as well asstim@lated and unstimulated
baseline ewivo PGE concentrations Statistical significance was designated & a
value <0.05; P values ranging between 0.05 and 0.1 were discussed as a tendency to

significance.



119

Results
No animals required rescue analgesia or were removed throughout the course of
the study. There was néfect of sex observed on any measuregoeses (P>0.1). As

such, sex was removed from the statistical analysis.

Cortisol

Mean cortisol concentrations were not significantly different between treatment
groups (P=@0) (Table 1). Both a time effect (P<@@1) and time x treatment interaction
(P=0.00/6) were observed in cortisol concentrations throughout the 96 h sampling period
(Table 1). Initially, cortisol concentrations increased following disbudding, peaking, on
average, at approximately 20 minutesdwiing the hotiron procedure. Mean cortisol
concentrations decreased thereafter. At 50 minutes post disbudding, gleeeed
calves had a significant reduction (2.2 nmol/L) in cortisol concentrations compared with
firocoxib treated calves (P=0.01(&igure 3a). In contrast, at approximately 48 h post
disbudding, a significant increase in cortisol concentrations was observed in placebo
treated calves compared with firocoxib treated calves (22.8+2.9 nmol/L vs. 11.5+1.7
nmol/L) (P=0.0008 (Figure 3b). Frthermore, the integrated cortisol response calculated
as the area uter the effect curve (AUEC) tended toreeluced in firocoxib treated
calves (1157.0+£179 nmol.h/L vs. 1610.8+255 nmol).lfR=0.093 (Figure 4).
Substance P

MeanzSE substance P concefitnas in firocoxib treated calves (22.7+0.7 pg/ml)

were not significantly different compared with calves receiving placebo (@@ &g/ml)
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(P=0.61 (Table 1). Additionally, there was no effect of time QP42 or a timex

treatment interaction (P=0.p56bserved for the 96 h sampling period.

Prostaglandin &

Due to laboratory error in sample processing, samples collected and processed for
ex-vivo PGE synthesis at 4 and 8 h were removed from the statistical analysis. An
overall treatment effect was obsedwith PGE synthesis reduced in firocoxib treated
calves (770.4+97.9 pg/ml) compared with placebo treatment (1,249.7+105.5 pg/ml)
(P=0.0012). Moreover, an effect of time (P<0.0001) and a time x treatment interaction
(P=0.019) was observed. Firocoxib treant resulting in decreased PGidncentrations
at 12 h (P<0.0001), 24 h (P=0.0073), and 48 h (P=0.0005) (Figure 5). At 72 h, no
difference was observed between treatment groups (P=0.34). BaselistiraBfated
blood resulted in a significant increasédPGE, concentrations compared to RbRS

stimulated control samples for both treatment groups (P<0.0001).

Infrared thermography
Mean ocular temperatures were not significant between treatment groups
(P=0.85). A time effect was observed in ocular tempegatesponse following
disbudding (P<0.0001) (Table 1) (Figure 7). For both firocoxib and placebo treated
calves, ocular temperatures numerically decreased 0.12+0.10 °C and 0.15%0.10 °C from 2
to 4 h following disbudding. Ocular temperature significamttyeased thereafter with a
mean peak temperature recorded at 8 h for both treatment groups. Additionally, a

significant temperature reduction was observed 24 hagistudding for both treatment



121

groups in comparison to all previous time points, includiageline (P<0.0001). No

interaction between time and treatment (P=0.98) was observed.

Heart rate

No treatment effects were observed between treatment groups (P=0.96). A time
effect was observed with heart rate altered following disbudding (P=0.019% (T)abl
There was no time x treatment interaction (P=0.16). Interestingly, heart rate significantly
decreased in firocoxib treated calves 24 hours-gissiudding compared to both 7 h

(P=0.021) and 8 h (P=0.0030). This response was not observed in placdbo talves.

Mechanical Nociception Threshold (MNT)

Numerically, firocoxib treated calves tolerated more pressure around the horn bud
area (1.15+0.16 kg) compared to placebo treated controls (0.96+£0.14), however this
effect was not significant (P=0.5@)able 1). Overall there was a time effect on MNT
(P<0.0001). Podtlisbudding measurements were reduced below baseline values
throughout the 24 hour testing period (Figure 6). There was no evidence of an interaction

of time and treatment (P=0.84).

Avergge Daily Gain

Initial weights were determined the day prior to disbudding. The mean weights
(LSM=SE) prior to disbudding were 55.5+1.7 kg and 55.0£2.0 for the firocoxib and
placebo groups, respectively. All calves gained weight throughout the study wéhod

final mean weights (LSMxSE) equaling 59.1+2.0 and 59.0+2.4 for firocoxib and placebo
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treated groups, respectively. There was no difference in average daily gain for firocoxib

and placebo treated calves (0.5£0.1 kg vs. 0.5+£0.1 kg) (P=0.61) (Table 1).

Discussion

Cautery disbudding in calves resulted in an increased cortisol concentrations as
well as an increased sensitivity as determined by mechanical nociception threshold.
Moreover, changes in nociception persisted throughout the 24 h study periedoghe
pressure tolerated by calves did not return to baseline values. Firocoxib administration
did not alter the tested responses observed between treatment groups over the initial 24 h
period; however, cortisol concentrations between treatment grougrgeld at 48 h post
disbudding where firocoxib treated calves had reduced cortisol concentration.
Furthermore, the integrated cortisol respaeseled to belecreaseth firocoxib treated
animals compared with calves administered a placebo. These diferebserved
following the initial 24 h could be attributed to the administration of an NSAID with
persistent concentrations; however, additional study is required to determine-tsriong
effects.

Historically, perioperative analgesics administeredaiues prior to dehorning or
disbudding have used nateroidal antinflammatories (NSAIDs) that have data, both
public and proprietary, to support an anflammatory claim (Stilwell et al. 2009;

Heinrich et al, 2010; Duffield et al., 2010; Glynn et2113). This aids in the dose
determination for an investigation into its analgesic potential. However, for this study
there is no information publicly available concerning the analgesic use of firocoxib in

preweaned calves. As such, the dose of 0.5 mggkd in this study was based on
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pharmacokinetic information available in the horse labeled for use at 0.1 mg/kg. The
equine approved dose demonstrated analgesia in naturally occurring lameness following
multiple daily doses (Orsini et al., 2012). More m&tg it has been suggested to use a
loading dose in horses to achieve steady state drug concentrations more quickly (Cox et
al., 2013). As a result, effective concentrations may be reached more quickly. In our
study, a ondime dose administration was ampated for the practical application of this
analgesic in calves. As such, the increased dose compared with the horse was chosen to
best provide potentially effective concentration of drug as well as remain practical in its
administration. However, we gaot rule out that differences in pharmacokinetic

properties of firocoxib between species may also have contributed to the differences in
analgesic response.

A primary property of most NSAIDs is reducing eicosanoid production via
inhibition of cyclooxygense isoenzymes. Therefore, a potential method of dose
evaluation involves an investigation into a drugs ability to decrease €BEentrations,

a major eicosanoid metabolite associated with inflammation and nociception signaling
threshold reduction (Basbawet al., 2009). An investigation of the PGk this study
indicates the administered dose reduced ex vivo,R@fthesis from 12 to 48 h

compared to placebo treated controls. Although further evaluation is required to
determine concentrations necessargcthieve analgesia, it should be noted that the
administration of firocoxib at the study dose attained concentrations necessary to
significantly inhibit exvivo PGE, concentrations for at least 2 days. This is similar to the

findings of Allen and other2013) who observed a suppression cvexo PGE
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synthesis for 48 h after oral administration of meloxicam at 1 mg/kg at the time of
disbudding.

During the first 24 h, cortisol concentrations were similar over time for both
treatment groups. Although plduetreated calves had decreased cortisol concentrations
50 minutes postlisbudding, the effect size was small and the response may be
confounded with the desensitization of the local anesthetic. The initial increase in cortisol
concentrations peaking at #tinutes postlisbudding and returning to pteeatment
levels within approximately 1 h is similar to that presented in previous liter&ta#ard
and Mellor, 200p Moreover, in combination with a local anesthetic, the use of cautery
following amputatbn dehorning nearly eliminated the cortisol response for 24 h
(Sutherland et al, 20020 36 h(Sylvester et al, 199&fterdehorning. It should be noted
that in the former study, both lidocaine and then bupivacaine 2 h later were used to
provide local aasthesia for a duration of 5 h (Sutherland et al., 2002). This significantly
reduced cortisol response is also observed in lambs undergoing cautery tail docking,
suggesting that cautery may attenuate the nociception signal below the pain threshold for
trarsmission (Lester et al., 1991; Stafford and Mellor, 2011). An attenuation of this
systemic response using cautery may contradict the MNT profile observed in this study;
however, the pressure algometer evaluates local sensitivity surrounding the hord bud an
may not reflect a systemic distress response.

Following 24 h, the mean cortisol response diverges between the two treatment
groups with placebo treated calves increasing in cortisol with a peak at approximately 48
h postdisbudding. Using cortisol as aeamsure of distress, firocoxib administration may

have mitigated the distress associated with disbudding. This statement is further
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supported with evidence suggesting that firocoxib concentrations between 24 and 48 h
continued to reduce exvo PGE, synthess. Prolonged changes in cortisol associated

with dehorning and disbudding have been difficult to routinely characterize. Morisse and
others (1995) reported elevated cortisol concentrations 24 {debstning compared to
control calves 8 wk of age. Moreaently, in 8 to 10 wk old calves, Allen and others
(2013) reported a mean increased cortisol concentration from 96 to 120 h in calves
treated with meloxicam 12 h prior to dehorning. Calf behavior, including ear flicks,
grazing time, and rumination resgg&s, provide further support that disbuddangl

dehorning pain may continue for 24 to 48 h (Heinrich et al., 2010, Faulkner and Weary,
2000; Stafford and Mellor, 2005). These changes in cortisol and behavior may be
mediated by an increased inflammatorgpense evidenced by an increased haptoglobin
concentration reported 24 to 48 h followiagnputation dehorning in 6 mo old calves
(Glynn et al., 2013). In contrast, other studies report cortisol concentrations return to and
are maintained at baseline val@gsh (Sutherland et al., 2002) to 36 h (Sylvester et al.,
1998) in 34 mo or 56 mo old calves, respectively, that were scoop dehorned followed
by wound cauterization.

Substance P (SP), a neuropeptide previously indicated as a pain biomarker in
cattle, vas not different between treatment groups (Coetzee et al, 2008). Moreover, there
was no significant change in SP over time. These data differ from other investigations
evaluating substance P following dehornilmg8 to 10 wk old calvesAllen and others
(2013) reported a time by treatment interaction with a significant incre&® in
concentrations at 120 h pasdutery dehorning in control animals compared with those

receiving meloxicam. Furthermore, Coetzee and others (2012) reported a significant
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reducton in SP following administration of an NSAID, meloxicam, following scoop

dehorning in 4 to 5 mo old calves. Differences in the length of sample collection time,
disbudding / dehorning method, and analytical method used to measure SP may be the
reason fothe observed disagreement with the present sMdgeover, age differences

in these study populations may significantly influence SP response. Dockweiler and
others (2013) reported a decreased respons
comparisonte att |l e O6 mo. The authors suggest a
physiological parameters contributing to this difference. Coupled with data collected in

the present study, SP may be a poor indicator of pain in young animals. Both in this

study anddemonstrated by Allen and others (2013), no significant differences in SP were
reported for the first 96 h following dehorning. As SP release is thought to be associated
with pain, evidence frorthis study support the hypothesis that cautery may destroy

nearby nociceptors necessary to reach pain thresholds needed for central hyperalgesia
transmission (Sylvester et al., 1998; Sutherland e2@02). It should be noted this

hypothesis was derived from the evaluation of the cortisol response following local
anesthesia and scoop then cautery dehorned calves greater than 3 mo of age.

Local nociception changes persisted for 24 h in both treatment groups as observed
in the MNT profiles such that nociception thresholds did not return to baseline values
during tre measured response period. This duration of sensitivity appears to be consistent
with other reports indicating a prolonged response following dehorning / disbudding
based on behavior (Faulkner and Weary, 2000; Heinrich et al., 2010) and on nociceptive
thresholds (Tapper et al., 2011). Average MNT profiles were similar between treatment

groups, suggesting firocoxib did not significantly demonstraterarticeptive effects
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over the 24 h investigation period passbudding. This response differs from MNT
values reported following perioperative administration of meloxicam (Heinrich et al.,
2010) and ethanol as a local anesthetic (Tapper et al., 2011). Repeated handling for data
collection may have heightened the avoidance responses of calves in the tunigent s
when compared to the nociception threshold testing performed at one time point by
Heinrich and colleagues (2010). Reduction in subtle dehorning pain related behaviors,
such as ear flicking and head rubbing, have been associated with perioperative
admnistration of meloxicam (Heinrich et al., 2010), ketoprofen (Faulkner & Weary,
2000; Duffield et al., 2010) and carprofen (Stilwell et al., 2012), but this was not assessed
in the current study.

Changes to the autonomic nervous system (ANS) responseingchehrt rate
and ocular temperature were observed post disbudding. Although not statistically
significant, the decrease in ocular temperature observed between 2 and 4 h most likely
was due to the loss of the local anesthetic effect as previously ddduyilstewart and
others (2009). The significant decrease of ocular temperature at 24 h for both treatment
groups may also suggest a continued ANS response caused by disbudding; however,
changes in temperatures due to diurnal core temperature changesmreeant cannot
by eliminated (Vickers et al., 2010; Church et al., 2014). Although prior studies have
indicated a reduced volatility of the ANS with the use of an NSAID following cautery
disbudding or dehorning (Stewart et al., 2009; Heinrich et al.,;200&zee et al., 2012),
no treatment differences were observed over the 24 h sampling period for both ocular
temperature and heart rate in the present study. Animals were frequently handled prior to

disbudding in order to help reduce response variatissscaated with sample collection.
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However, responses of the autonomic nervous system may vary according to novel
stimuli and exertion; frequent handling required for blood collection may result in
elevated responses regardless of the administration ofadgesic. As no analgesic

effects were noted in any response variable during the first 24 h, firocoxib administration
at the study dose may be ineffective at managing the acute nociception and distress

associated with cautery disbudding.

Conclusion

Eviderce provided in the current study indicates cautery disbudding resulted in
changes in nociception and cortisol concentrations. The study dose of firocoxib was
sufficient to effectively reduce exivo PGE synthesis, however, determination of
analgesic conedrations require further investigation as no significant differences in
analgesic response variables were observed in the first 24 h. As such, the relationship
between response variables and/exo PGE inhibition requires further exploration.
Overall, aonetime oral administration of firocoxib reduced cortisol concentrations at 48
h and contributetb the attenuateishtegrated concentration of plasma cortisol; however
the acute response (<24 h) as measured by ocular temperature, hddifi Tateortisd,
and substance Was unaffected by treatment. Further research is needed to determine the
significance of the prolonged cortisol response following disbudding and the potential for

firocoxib to ameliorate this effect.
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Table L Summary table of untransformed response variables of firocoxib and placebo

treated calves @hdisbudding

Response Firocoxib Placebo Treatment Time T:-(-,:gl?n)ént
P LSM+SE  LSM+SE  (Pvalue) (P value)
(P value)
Corti 14 71 15.1 0.80 <0.00 0.007
( nmol
Substa ;.07 5 20RB.¢« 0.61 0.42 0.66
(pg/ m
Ocul a . N
temper 37N@. 1 37NG. ! 0.85 <0.00: 0. 98
(UC)
Heart 1459.5 109.8 0.96 0.01' 0.16
(b%m)
MN 1.15 F0.96 0.56 <0.00 0. 84
(kgf)
ADG . .
(kg/ d 0.5 N 0.5 KN 0.61 N A N A

! Mechanical Nociception Threshold
2 Beats per nfiute
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Figure 1. Flow Chart outlining the timing of the study events. During Period 1, firocoxib or
placebo was administered IV to calves to provide data to be analyzed for a pharmacokinetic
study. In Period 2, calves were disbudded and monitored fissapsubstance P (SP),
mechanical nociception threshold (MNT), ocular temperature (OT), heart rate (HR), average
daily gain (ADG), exvivo prostaglandin E(PGE), and firocoxib concentration. The times in

parentheses represent the duration of dataatimtefor each variable.
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Figure 3. Untransformed cortisol concentrations over 12 h (a) and 96 h (b) for firocoxib
and placebo treated calves post cautery disbudding. Baseline values are graphically
representedt Time 0, theime of disbudding. Significant differences (P<0.05) between

time points are indicated by different letters (a, b).
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Figure 4. Area under the effect curve (AUEC) of untransformed cortisol concentrations
over the 96 h study period for firocoxib and @hotreated calves poslisbudding.
Values were calculated using the linear trapezoid method. * indicates differences between

treatment groups (P=@03.
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Figure 5. Untransformed exivo prostaglandin Econcentrations over 72 h in firocoxib

and placebdreated calves poslisbudding. Significant differences (P<0.05) between

time points are indicated by different letters (a, b). Baseline values are represented at time
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Figure 6. Untransformed Mechanical Nociception Threshold (MNT) as measured
through pressure algometry over 24 h for firocoxib and placebo treated calves. Pressure
tolerance did not return to baseline values by the conclusion of MNT measurement.

Baseline values are indicated.
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Figure 7. Untransformed ocular temperature as meastimedigh infrared thermography
over 24 h for firocoxib and placebo treated calves. Baseline values are indicated.
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CHAPTER 5

IMPACT OF CARPROFEN ADMINISTRATION ON STRESSAND

NOCICEPTION RESPONSESOF CALVES TO CAUTERY DEHORNING

Modified from a manuscriggubmitted to thdournal of Animal Science

MatthewL. StocK?, LauraA. Bartt?, Nick K. Van Engef, Suzannd. Millman'?,
RonetteGehring, ChongWand, EricaA. Voris®, LarryW. Wulf>, Léa Labeut, Walter

H. Hsu, JohanrF. Coetze®®

Abstract

Theobjective of this study was to investigate the effects of carprofen
administered immediately prior to cautery dehorning on nociception and stress. Forty
Holstein calves aged approximately 6 to 8 weeks old were either sham dehorned (n=10)
or cautery dehorreefollowing administration of carprofen (1.4 mg/kg) subcutaneously
(n=10), orally (n=10) or a placebo (n=10) in a randomized, controlled trial. All animals

received local anesthesia viecarnual nerve blocksing lidocaingrior to dehorning.
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Response vables including mechanical nociception threshold, ocular temperature, heart
rate and respiratory rate were measured prior to and following cautery dehorning for 96
h. Blood samples wei@socollected over 96 hourfsllowing dehorningand analyzed for
plasma cortisol and substance P concentrations by radioimmune assay. Plasma carprofen
concentration andxVvivo prostaglandin E2 concentrations were also determined for this
time period Average daily gainvas calculated for 7 days post dehorning. Data were
analyzed using a linear mixed effects model with repeated measures, controlling for
baseline values by their inclusion as a covaiiagddition to planned contrasts.

Dehorning was associated wilkcreasedociceptionthresholdghroughout the study

and astress response immediately after dehorning, following the loss of local anesthesia,
and 48 h postlehorning compared to sham dehorned calves. Carprofen was well
absorbed after administratiamd reachedoncentrations that moderately inhibited ex

vivo prostaglandin E2 concentratioarsd were reduceidr 72 h (SQ) and 96 h (PO)
compared with placebo treated calves (P<0.05). Carptodated calves tended to be

less sensitive (P=096) to nociceptive threshold tests and had a decreasgsbl

(P=0.10) ad substance P (P=0.01®Jeaset 8 hfollowing dehoriing, however

increases in cortisol at 12 h (P=0.069) and respiratory rate at 48 h (P=0.0040) were
observed in carprofen treated calves compared to placebo treated ©aitesrprofen
administratiorresuted in the largest average daily gaatbeitnot different than placebo
treatedcalves (P=0.23putincreased compared with calves administered carprofen
subcutaneously (P=0.003@verall, at the study dose, the effect of carprofen on

sensitivity and stress following dehorning was minimalthough given the observed
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tendency towards reduction of nociception and stress associated with dehorning as well

astheprolonged prostaglandin inhibition, further dose titration studies may be warranted.

Introduction

The pain and distress associated with disbudding aratmialy hadeen
evaluated usinghanges to physiology, behavior, and the neuroendocrine system
(Stafford and Mellor, 2011; Stock et al, 2013). Analysis of affedtates such as pain
anddistress are often achieved through the measurement of indirect measures such as
changes in the hypothalampituitary-adrenal axis (McMeekan et al., 1998), autonomic
nervous system response (Stewart et al., 2008), and behavior (Faulkner and Weary,
2000).Despite these previously reported changes indicative of pain and distress
following a noxious event, there are currently no approved analgesics for cattle in the
United Stateg¢Coetzee, 2013a)

Several pain mitigating strategies have been evaluatedugtinreductions in
cortisol, a multimodal approach to analgesia including the use of local anesthesia
(McMeekan et. al, 1998), nesteroidal antinflammatory drugs (NSAID) (Huber et al.,
2013), or sedatives (Stilwell et al., 2010) may provide optimal nedief (Stafford and
Mellor, 2005 Coetzee, 2013bFurthermore, additional benefits maydieservedrom
use of an analgesic with persistent activity (Heinrich et al, 2006tzee, 2011Allen
et al., 2013).

Carprofen is an NSAID with a prolonged hAfé in cattlethat isadministered as
a racemic (RSx) mixture with efficacy primarily attributed to the S(+) enantiomer
(Brentnall et al., 2012). Currently, it is approved in countries in Europe and Asia as an

adjunctive treatment for inflammation asseedhwith pneumonia in young calves.
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Carprofen has demonstrated both G@2pendent (Micelleta et al., 2014) and GOX
independent mechanisms including attenuating,|la proinflammatory cytokine
equine synoviocytes and chondrocygdamstrong and Lees, P@). Together with the
significance of 1-6 mediating the pain associated with bumsodents carprofen may
be ideally suited to manage pain associated with cautery deharrgagle(Summer et
al, 2008).

The objective of our study is to investig#te effect of peroperatively

administered carprofen on nociception and stress following cautery dehorning.

Materials and Methods
Animals and Housing

Forty Holstein calves (18 castrated males and 22 females) with a mean + SD age
of 50.9 + 5.3chnd nean weight £ SD of 63.8 +8.7 legdehorningwere ncluded in
this study The lowa State University Daigrovided the calves used in the studly
veterinarian determined all calves were healthy based on physical examination prior to
enrollment.This stug protocol was approved by the Institutional Animal Care and Use
Committee at lowa State University (IACUC Log #3-7566B)

Calves were houseazh the lowa State University Dainy a naturallyventilated
group housindacility. A total of five groups beight animals were moved from
individual 3sided pen#to group housing 6 days prior to dehorning for environmental
and social acclimatization. Group pens (3.7 x 6.4 m) were beddedtaw added
daily. Both water and grain were provided to the cahdBbitumfor the duration of

the trial Grain consistedf primarily pdleted corn, oats, molasses
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protein/vitamin/mineral supplemerand monensi(Table 1) The study was conducted
in July and August

Animals were monitored twice daily for healbbservations. Animals appearing
depressed or lethargic were examined by a veterinarian and monitored or treated
accordingly. Veterinarian diagnoseskpiratory disease was diagnosed based on
persistentlevated rectal temperature (>1033), spontaneousough, and ocular
and/or nasal discharge. Respiratory disease was treated using tulathromycin (2.5
mg/kg) (Draxxin®, Pfizer Inc., New York, NY) with resolution of clinical 1s$g
following treatmentOverall, one animal was treated in the SHAM group, twmals
were treated in the both the PO and PLCBO groups, and 3 animals were treated in the
SQ group throughout the length of the studglves did not require further treatment

for any other disease process.

Study Design

A randomizectontrolledtrial desgn wasusedfor this investigation. Study
animalswere randomly assigned to receive carprofen orally (1.4 mg/kg) (PO) (n=10),
subcutaneously (1.4 mg/kg) (SQ) (n=10), or sterile saline subcutaneous placebo and
oral lactose placebo with actual dehornfRgCBO) (n=10) or with sham dehorning
(SHAM) (n=10)(Figure 1) In addition, an oral and SQ placebo was administered to all
calves not administered carprofen such that all animals received an oral bolus and SQ
injection. Randomization of group assignmsamasaccomplished using computer
generated random number using calf weight (Microspée RedmondWA, USA) as

described by Theurer et al. (2012). In addition, animals were blocked by sex to ensure
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equal distributiorof sexwithin the treatment groups. Fawing randomization and
group assignment, calves were enrolled in one of 4 treatment groups (n=10) containing
equal number of animals. Fiyphase®f 8 calves pephasewere usedluring a 6week
period of time. Two animals from each treatment group wepreesented in eagihase
(n=2 calves / treatmenphase) and were group house@quivalenfpens
Investigators collecting data were masked to the treatment groups.

A jugular catheter was placed for the purpose of blood sample collestion
previouslydescribed in Stock et al., 201Briefly, a trained handler manually
restrained the calves during catheter placement. The jugular area to be catheterized was
clipped and surgically prepared usifi@fo isopropyl alcohol and povidone iodine.
Local anesthesieonsisting of subcutaneously administered 1 mL of 2% lidocaine was
provided in the intended catheterized gfeBRh o eni x E, Spaestnawk Labor
Lenexa, KS). AL8 G x 55 mm intravenous catheter (SURFLO®, Terumo Medical
Corp., Somerset, NJ) with injéan plug (Hospira Inc, Lake Forest, las inserted
into the vein The catheter was suturesing #3 nylon suture (Ethifo E , Et hicon, Sa
Lorenzo, PR)Using3 mL of a heparin saline solution containing 3 USP units heparin
sodium/mL saline (Heparin Sodiulnjection, Bater Healthcare, Deerfield, IL),
catheter patency was maintain&tie catheter port was disinfected with an alcohol
swab prior to sample collection.

Study animals (n=10)ereadministered SQ carprofen (1.4 mg/kg) (Rimadyl®
Injectable, 50 mgnL; NADA 141-199, Pfizer Inc.) under the skin in the cervical
muscular region in compliance with Beef Quality Assurance (BQA). The test article

was stored accordi ng tABmhsgringe fvascdedito er 6 s i ns
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administer the dose which wesunded to the nearest tenth nitalves enrolled in the
other groups not receiving SQ carpro(®®, PLCBO, and SHAMj)eceived an
equivalent amount of 0.9% saline subcutaneously in the same manner previously
described.

Oral carprofen (1.4 mg/kgddministation was completedsing tablets of two
different concentrations in order to provide the most accurate targeted dose. Either 100
mg tablets (Novox® Caplets, ANADA #2808, Vedco, Inc.) or 75 mg tablets
(Novox® Caplets, ANADA #20198, Vedco, Inc) were prided to calves in a small
gelatin capsule (Torpac®, Fairfield, NJ) administered using an oral balling gun. The
test article was stored acUsiogtheiwo diffetrerd manuf
formulations, the dose was rounded to the neardst @iiihe weightdetermined 24
hrs prior to administration. Using these two tablet formulations, the actual mean dose of
1.40 mg/kg (range: 1.1131.63 mg/kg) was administered to the calves as an oral bolus.
Animals not receiving oral carprofen (SELCBO, SHAM) were identically

administered a placebo (lactose powder) encapsulated in the same gelatin bolus.

Dehorning

Dehorning was perfoned in 10 minute interval€alves were restrained during
dehorning using a modified calf restraining device (East/Bortable Calf Restraint,
eNasco, Fort Atkinson, WI). Cautery dehorning was initiated 10 minutes following
administration of the oral bolus, subcutaneous injection and local anesthietial
anestheti¢2% lidocaineVetOne®, Boise, ID) (5 ml / sitayas administered tdla

calvesusing acornual nerve blocks desribed by Stock and others (201&ffective
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local anesthesia of the cornual tissue was confirmed using behavior reactions (e.g. ear
flicks, head shaking, strong escape behavior) to a npadke5 minutes after
administration of the cornual nerve block. Following confirmation of appropriate
desensitization, calves were cautdehorningoy placement of a preeated electrical
hotiron (approx. 600 °C) (Dehorner-30, Rhinehart Development Gmration,
Spencerville, IN) on thedrn tissue for approximately 120 seconds until a
circumferential coppecoloredring surrounding the horn bud was fornsahilarly
described by Stock and others (2018)duplicate, nofheated electric dehorner
(Dehaner X-50, Rhinehart Development Corporation, Spencerville, IN) was used
identically for SHAM animals. Each group of eight study animals was dehorned by the
same person to minimize variation within fhfease

Thedehorningsites were monitored daily forgas of discharge or infection, in
addition to an assessment of attitude, posture, appetite, lying time, aiogp@etive
swelling. A rescue analgesia protocol of flunixin meglumine at 2.2 mg/kg, 1V once
daily for 3 days was devised if obvert pain ottrdiss was evident, such as increased
lying time, head pressing, inflammation with major drainage oflém®rningsite,

dehydration or inappetence.

Blood Sample Collection

Trained handlermanually restrained animals for blood collectiBaseline
sampls were obtained immediately prior to drug administration. Blood samples were
collected for animals receiving carprofen or placebo via the catheter at 0.5, 0.75, 1, 2, 4,

6, 8, 10, 12, 24, 48, 72, and 96-h( m) following dehorning. Samples were
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immediatdy transferred to a blood collection tube with either sodium heparin or
ethylenediaminetetraacetic (EDTA) (Vacutainer®, BD Diagnostics) and stored in a
cooler with ice packs before processing. Blood samples were centrifuged for 15
minutes at 1,500g ambenttemperature. Collected plasma was placed in cryovials
and frozen at80°C until analysis.

Calves were restrained using the same head restraint as previously described
approximately 5 minutes prior to nociception threshold detection via pressure
algomery and infrared thermographBlood collection would occur before calves were
placed in the head restraint. After thisef period of acclimatization in the restraint
device, infrared images were obtained. Following infrared thermography imaging,
calveswere blindfolded for pressure algometyciceptionthresholdestingto avoid
conditionedwithdrawal reflex based on visual cues. Baseline sanpidsart rate,
respiratory rate, ocular temperature, and mechanical nociception thresmneld

obtained 142 h prior to the initiation of the study.

Ocular Temperature

A thermography camer&([IR SC 660, FLIR Systems AB, Boston, Ni#vith a
thermal sensitivity of 0.05 Celsius, 320 x 240 pixel display, precision > 98%)sgds
to quantify changes in oculameraturesimilarly described irstock and others
(2015) The camera was internally calibrated to ambient temperature prior to image
collection; however additional minute adjustments to ambient temperature and
humidity wereusedduring software processingnages were obtained from the left

side of the calf, at aangle of approximately 45anda distance 00.5 metes distance
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from the eye. Maximum temperature (°C) within a circumferential area of the eye
including the medial posterior palpebral bordethaf lower eyelid and the lacrimal
caruncle was obtained as previously described (Stewart el al., A0@8ps were
analyzed using FLIR Tools (v. 4.1; FLIR Systems Inc, Boston, MA) following
collection.At each timepoint, three images were obtained amelrhinimum

temperature recorded was used for statistical analysis.

Mechanical Nociception Threshold (MNT)

MNT, as defined by a maximum force which induces a withdrawal response, was
determined at 4, 8, 12, 24, 48, 72 and 96 h-gekbrning as described Tapper et al.
2012 and Stock et al., 2015. Briefly, using a hand pe#ssure algometer (Wagner Force
TenE FDX 25 Compact Digital Force Gage, Wa
was applied perpendicular at a rate of approximately 1 kg of force qgndsat 2
locations (lateral and caudal) adjacent to the horn bud. The 1 cm2 rubber tip of the
algometer was placed immediately adjacent to cauterized skin. Additionally, a third
control location between the eyes on the frontal bone was used to evaluatef ldiN
area that was not adjacent to cauterized skin. A withdrawal response was indicated by an
overt movement away from the applied pressure algometer. The obtained pressure value
was recorded by a second researcher prior to observation from the meestjgplying
the pressure. A maximum value of 10 kgf was determ@npdori. Calves were
blindfolded prior to MNT to avoid a response associated with visual cues. Both the order

of locations tested and the side of the calf the researcher stood on dawirEd
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between each calf. Locations were tested three times in sequential order and the value

was averaged for statistical analysis.

Heart and Respiratory Rate

Heart and espiratory rates and heart rates were obtained prior to placement within
the restaining device, with respiratory rates obtairtgda recordeoutside of the group
pen and heart rates determined following a brief period of acclimatization of the
recorder in the group pen. In this way, the restraining device would not influence
respiratoy and heart rates.

Heartand respiratoryate wasvaluated via auscultation at 3.5, 7.5, 11.5, 23.5,
475,715 and 95+ 05hrs The bell of a stethoscope
Classic Il, St, Paul, MN, USA) was placed between the 3rd and 5thastal space
and beats were counted ovelfsecond period. The value obtained was used to
calculate beats per minuteespiratory rate was determined without handling by

observing the movements of the thoracic cavity over a 15 second period.

AverageDaily Gain

Animals were weighed using a Brecknell digital scale (PSH®), Avery
WeightTronix, Fairmont, MN). Average daily gain was calculated using weights
obtainedapproximately24 hours prior to the carprofen administrationXyj and 7
days followng dehorning (d7). The scale was calibrated with weights of a known mass

immediately prior to obtaining the weight of a calf.

(31
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Cortisol

Plasma cortisol samples were determined using a commercial radioimmune assay
kit (CoatA-Count® Cortisol, Siemens Maxl Solutions Diagnostics (formally
Diagnostic Products Corp.), Los Angeles, CA) previously used for bovine plasma
(Stilwell et al, 2008a Stock et al., 2015 Samples were assayed in duplicate with the
reported concentration equaling the average céadmucentration between duplicates.
The average intraand interassay coefficients of variation were 8.2% and 7.8%,
respectively. Area under the effect curve (AUEC) was calculated using the linear

trapezoidal method as previously described (Glynn e2@1.3).

Substance P

Substance P (SP) concentrations were analyzed as described by Van Engen and
others (2013) using neextracted plasma. Samples were assayed in duplicate with the
reported concentration equaling the average SP concentration betweeatdspliThe
coefficient of variation for intraassay variability was at 8.6% and the irdesay
variability was calculated at 8.4%rea under the effect curve (AUEC) was calculated

using the linear trapezoidal method

Prostaglandin E2

Ex-vivo prostagandin E2 (PGE?2) synthesis inhibition was determined as
described by Fraccaro and others (2013). Blood collected from calves was placed into
sterile vacuum tubes containing heparin at 2, 6, 12, 24, 48, 72, 96 h. LPS obtained from

E. coli 0111:B4 (Sigma&ldrich, Co. St. Louis, MO) in PBS was added at 10 pg/mL to
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the heparinized whole blood and incubated for 24 h at 37°C. Baseline samples were
incubated witrandwithout LPS. The same volume of PBS was added to the negative
control baseline sampleBlasma wasubsequently collected pesicubation following
centrifugationat 400 g for 10 minutes atnbient temperaturdlethanol was added to
plasma in a 1:5 plasma to methanol dilution, facilitating protein precipitation.

Following centrifugation at 3,000 g foDIninutes, the supernatant was collected and
stored at80 °C. A commercial PGE2 ELISA kit (Cayman Chemical, Ann Arbor, MI)
previously described using methanol precipitated bovine plasma was used for
determination of PGE2 concentration (Donalisio et 8113 Fraccaro et al, 2013).
Samples were assayed in duplicate with the reported concentration equaling the average
PGRE2 concentration between duplicat@$ie coefficient of variation for intrassay
variability was at 9.8% and the intassay variability \as calculated at 14.6%ne

animal from each of the PLCBO and SQ treatment groups were removed from analysis

due to laboratory error.

Carprofen Plasma Concentration

Plasma concentrations of carprofen (R & S enantiomers) were determined using
high-pressue liquid chromatography (Agilent 1100 Pump and Autosampler, Agilent
Technologies, Santa Clara, CA, USA) coupled with ion trap mass spectrometry detection
(LTQ , Thermo Scientific, San Jose, CA, USA). Plasma samples, plasma spikes, and
blanks, 100 pL, wex mixed with 400 pL of acetonitrile to precipitate plasma proteins.
Diclofenac (10 pL of 5 ng/ uL) was added as an internal standard to all samples. The

samples were vortexed for 5 seconds and centrifuged for 20 minutes at 2,000 x g to
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sediment the pretn pellet. The supernatant was poured off into dry down tubes and
evaporated at 5€ with a flow of nitrogen in a Turbovap. The contents were
reconstituted with 150 pL of 25% acetonitrile in water. The samples were transferred to
an autosampler viafgted with a glass insert and centrifuged at 2,000 x g prior to
analysis.

ForLCMS analysis the injection volume was
consisted of A: 0.1% formic acid in water and B: 0.1% formic acid in acetonitrile at a
flow rate of 0.225 mL/min. A solvent gradient beginning at 40% B with a linear gradient
to 60% B in 5 minutes was used for analysis. Separation was achieved with a LUX
Cellulosel chiral column, 50 mm x 2 mm , 3 um particles (Phenomenex, Inc., Torrance,
CA, USA) maintained at 40°C. S+ and ¢arprofereluted at 4.4 and 4.9 minutes,
respectivey, while diclofenac eluted at 4.5 minutes. Electrospray ionization (ESI) and
full scan MS was used for analyte detection. Carprofen was detected with negative ESI
with MS3 fragmentation (272Y228). Wideband
used to a the loss of water from diclofenac during transition from the parent (m/z 297)
to the fragment ions. The sum of the intensities of ions at m/z of 190, 226, and 228 were
used for carprofen quantitation. The internal standard, diclofenac, was quamiitated
the sum of the fragment ion intensities at m/z of 215, 250, and 252. Sequences consisting
of plasma blanks, calibration spikes, and bovine plasma samples were batch processed
with a processing method developed in the Xcalibur software (Thermo 8cjesein
Jose, CA, USA). The processing method automatically identified and integrated each
peak in each sample and calculated the calibration curve based on a weighted (1/X) linear

fit. Plasma concentrations of carprofen in unknown samples were cattblathe
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Xcalibur software based on the calibration curve. Results were then viewed in the Quan
Browser portion of the Xcalibur software. Twelve calibration spikes were prepared in
blank bovine plasma covering the concentration range of 5 to 20,000 .n@alibration

curves exhibited a correlation coefficient (r2) exceeding 0.996 across the entire
concentration range. QC samples at 15, 150, and 1500 ng/mL were prepared in bulk and
run with each set of samples/calibrators. The variance of the QCesawgs within 2

10% of the nominal value.

Pharmacokinetic Analysis

A non-compartmental fparmacokineti@analysis wagperformedusingcomputer
software The following parameters were evaluatacta under the curve from time 0O to
infinity (AUCO-D )and time 0 to last collected sample (AU@®) using the linear
trapezoidal ruleas well as th@ercent of the AUC extrapolated to infinity (AUC
extrapolated)The extrapolated portion of the AUC wastermined by multiplying the
| ast measur ed pl as nmthe fistordectermibal rated constakfpb y t h e
The range of the &z was determined by vVvisu
determined by linear regression of time and natuga(llw) of theplasmaconcentration.
Thevolume of distribubn per bioavailabilityvz/F was determined by diving the dose by
oz A A Ol@uranceer bioavailability(CI/F) was determined by dividing the dose by
AUC.Inadditon T1i &z, max i mu @atiorp(Craag)@ral tincedonmaventum r
concentration (Tmaxyas determinedThe relative F was estimated by dividitheoral

(meanAUC/Dose) by the subcutaneo{mean AUC/Dose)
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Statistical Analysis

Analyses were performed in SAS 9.3 (SAS Institute, Cary Ithg a general
linear mixed effects model with repeated measures. Data obtained from response
variables including cortisol, substance P, MNT, heart rate, respiratoypmnat®GE2
werenaturallog transformed for normalityBaseline values were usedcwariates.
The fixed effects were treatment (carprofen PO, carprofeP&§QBO, SHAM), time,
and the interaction between treatment and time. The effect of sex was included for all
statistical model€?hasevas a random effect and calf was the subjecepéated
measures. fests were used to test the significance of main effects and interactions. If
significant overall differences were identified among levels of a factor, pairwise
comparisons were performed using Tukeytssts. Paired t tests were merhed to test
the differences between LBEmulated and unstimulated baselinevexo PGE2
concentrations. Planned contrasts were performed evaluating the responses of carprofen
(PO &SQ)versusPLCBOtreated calves following dehorning as well as the nespo
following actual(PO, SQ, & PLCBOpr sham(SHAM) dehorningThese three
contrasts are analyzed for the entire study along with at different time points (4, 8, 12,

24, 48, 72, 96).

Results & Discussion
Animal Medicinal Drug Use Clarification AAM DUCA) permits the use of
medicines to be used in an extabel manner provided specific requirements are met

(FDA, 1994). As no drugs are currently labeled in cattle for analgesia or those that are
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labeled as aninflammatory have unknown analgesic prdjgs following a single dose,

the use of carprofen wouttbnstitute extrdabel drug use permitted under AMDUCA.
Following an IV or SQ dose of 1.4 mg/kg, a 14 d slaughter withhold period is required in
the European Uniouasing the approved European foratidn Sincethere is a zero
tolerance on the presencevidlative residues under AMDUCA for exttabel drug use,

and carprofen demonstrates agtated pharmacokinetics, additional tissue residues

studieswould be necessary prior to any recommendatomu$e in young calves.

Carprofen

Carprofen was well absorbed following both subcutaneous and oral
administration(Table 2 and 3)Although carprofen is administered as a racemic
mixture, the S(+) enantiomer has been reported to be primarily respdosithle
observed prostaglandin inhibition (Brenitreg al., 2012). Using AUC®, t he obser v
enantiomer ratio, R:S, was 57:43 for both oral and subcutaneous administration. This
ratiois nearly identical to that previously reported following IV administration
(Delatour et al., 1996). In the presentdstubothSQ and PGdministration of
carprofendemonstrated small volume of distribution as well as a slow clearance
resulting in prolonged median hdiNes, S(+) = 52.8 h (rang&8.31 180.7 h), S(+) =
49.7 h (range38.41 79.2 h), respectively. Thes/alues are marginally longer in
comparison to those previously published in calves of similar age (Delatour et al.,
1996). Carprofeis(+)achieveda meanmaximum concentrations of 6.9 ug/mL at

9 h following SQ administration and 3®.8 ug/mL at 1& following PO dosing. The
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relative bioavailabilityof POcarprofen in comparison to SQ calculated using mean
AUCO-b wasapproximately 70%.

The pharmacokinetics in the present study indicated a marginally longdiféhalf
than previously reported in amals of similar age (Delatour et al., 1996). This may be a
result of using a younger population of animals in the present study. Age dependent
pharmacokinetics of carprofen has been reported in calves with concentrations
persisting longer in younger anirsgDelatour et al., 1996; Brentnall et al, 2012)
Longer halflives in younger calves are suggested to be a result of a reduction in
clearance which is consistent with our findings (Lees et al., 1996, Delatour et al., 1996).
It should be noted that tdJCO-B beerved in our study should be interpreted with
caution due to the large percent of the AUC extrapolated.

Analgesic concentrations of NSAIDs have been previously estimated using a
calculated IG@o concentration of COX inhibition (Lees efal., 2004;Huntjenset al,
2005). A recent study evaluatingwitro COX-2 inhibition using a bovine whole blood
assayndicted anCgp equal to aneantotal carprofen(RSx)concentration of 8.9
pg/mL (range: 1.9 42.9 pg/mL)(Miciletta et al., D13). Interestinglyit was reported
that the R{) enantiomer may attenuate CQ@¥ibitory activity of the S(+) enantiomer
(Miciletta et al., 2013)Assuming these concentrations provide pain reief use of
total carprofen concentrations weihsimilar enantiomer raticsaerived in our study
SQ administrationvould provide analgesi@om approximatelyl h to 24 h of time
however, a direct comparison between studies should be interpreted with caution given
differences in study desig@ral administration did not achietlds targetmean

concentration throughout the course of the stullyesedata wouldootentiallysupport
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the current daily regimen of(dadministration to achieve the previously reporteg;I1C
however the duration above the §gobserved in this studg shorter than that

previously reported using the S(+) enantiomer alone (Brentnall et al, 2012). This may
due to the interaction of the RRenantiomer givethe enantioselectivity observed
following administration of the racemic mixture in cahassrepord by Miciletta and

collegues (2013)

Prostaglandin E2

An effect of treatment (P<0.0001) and time (P<0.0001) was observed on
prostaglandin E2 (PGE) percent inhibitidrable 4) Moreover, there was an
interaction of time and treatment (P<0.0001). Percgnbition was increasefibr
calves administered carprofen subcutaneously compared to placebo treated controls
from the initial collection timgoint of 2 h through 72 h (P<0.08jigure 2) In
addition, the percent inhibition was decreased in calvetetremally with carprofen
from 6 h through 96 h compared to placebo treated cor{ial3.05)(Figure 2)
Prostaglandin percent inhibition was significantly increased in stemorningcalves
compared to calves treated with carprofen for all froiats (P<€.05). No difference
was observed in prostaglandin inhibition between platedsieddehorningcalves
compared with those shasehorning(P>0.1).BaselinePGE concentrations of LPS
stimulated blood wagreater than unstimulated bloé<0.0001).

NSAIDs inhibit COX isoenzymes responsible for producing prostaglandins which
increase nociceptioerdy increasing the sensitivity for nerve transmission at the site

of injury (Basbaum et al. 2009). Carprofen is known to be a weak inhibitor of
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cyclcoxygenase (Datour et al., 1996; Lees et al., 1998% such the mechanism of
actionfor analgesias thought to be both COHependent and COMdependent. In
addition to inhibition of prostaglandins (Miciletta et al., 2013; Brentnall et al, 2012), the
effect of carpofen may be mediated throughanges improinflammatorycytokines

such as IE6 (Armstrong and Lees, 2002). In our study,vivo PGEconcentrations
werepersistently decreased for the duration of the stuawarprofen treated calves
compared to placeboeated controls; however, only a modemterallreduction was
observed in comparison to other NSAIDs demonstrating up to 100% PG inhibition
using tissue cage models (Lees et al., 2004).

Multiple studies have used in vitro assays to measure the efipiotency of
carprofen on PGE inhibition (Brentnell et al., 2012; Miciletta et al., 2013). However in
our study, exvivo PGE inhibition was used to determine the duration of effect
following a single doseDetermination of exivo PGE concentrations inaes the
effect of the parent compound in in vivo enantiomer ratios as well as any contribution
from circulating metaboliteg\lthough it is unknown if carprofen metabolites are
important for producing analgesiatia¥e metabolites are known to contribubethe
analgesic effect in humans following administration of morphine (Penson et al., 2000).
Moreover, glucuronide and coenzyme A thioester metabolites of ketoprofen, an NSAID
of thesame2-arylpropionic acid clasas carprofendemonstrate potent prostagtlin
inhibition in vitro (Levoin et al., 2004). Although not measured in this study, active
metabolites may explain the obserifference ininhibition of PGEbetween
carprofen and placebo treated caltrest persisted longer than 48 h with decreasing

parent drug concentrations.
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Although no differences were obserwbdoughout the studgetween placebo
treated controls and animals shdahornedan insignificant decrease in PGE
production in placebo tread controls was observethis may be due to ineased
glucocorticoid concentrations associated with dehorning which are repodean

regulate the induction of PG concentrations (Santini et al., 2001).

Cortisol

There was no effect of treatment on cortisol concentrations (P=0.48). Cortisol
concentations were affected over time (P<0.0001); however there was no interaction of
time and treatment (P=0.2¢)able 4)(Figure 3) No treatment differences were
observed in evaluating the overall AUEG6h (P=0.5) (Figure 4. Furthermore, no
treatment diffeences were observed when the AUEC was divided as follo&¢1 O
(P=0.64), 28 h (P=0.3%and 896 h(P=0.59 (Table 5)

In contrast evaluations, calves that were dehorned compared to sham dehorned
had greater cortisol concentrations at 20 m (P=0.04@)approximately 4 h
(P=0.0048) following actual or shadehorning Additionally, dehorned calves tended
to have greater cortisol concentrations at 48 h (P=0.060) compared to those sham
dehornedIn comparison with calves receiving carprofen, placebo tlezbes tended
to have increased cortisol concentrations at 8 h (P=0.10) and decreased cortisol at 12 h
(P=0.069).

Cortisol concentrations have been previously described to increase in calves
dehorned compared to those sham dehof8&dford and Mellor2005) Although

changes in cortisol concentrations were observed over time in this study, no overall



162

treatment differences among the groups were observed. Contrast statements reveal that
time points at 20 m, 4 h and 48 h palghorningappear to beoterially sensitive time

points in detecting differences in cortisol concentrations following dehocoimgpared

to those sham dehornethis is consistent with previous literature reporting increases

in cortisol concentrations immediately following dehorniagd after the loss of local
anesthesia (McMeekan et al., 1998; Doherty et al., 2004, Allen et al., 2013).
Furthermore, changes in both cortisol and behavior are noted to persist up to 24 to 48 h
in placebo treated controls comparedalves dehorned iaitNSAIDs (Faulkner and

Weary, 2000; Heinrich et al., 2009; Stock et al., 20THhjs response may be due to the
delayed amplification of acute phase proteins observed at this timdegiashing

(Glynn et al., 2013)

Carprofen did not have averall treémenteffect on cortisol concentrations
compared to placebo treated calves in this study. This differs from a previous study
which reported decreased cortisol concentrations at 1 h post cautery disbudding
compared to placebo treated controls (Stilwell.e2812). These differences may be
due to the route of administration as carprofen was administered intravenously in the
previous study potentially achievimggeaterconcentrationsapidly.

Administration of carprofen has been reported to decreassatartincentrations
and pain related behaviors at 24 h and 48 h followingsusgical castration (Pang et
al., 2006; Stilwell et al., 2008b)Ve did not observed this analgesic effect following
dehorning which may be due to a muted cortisol response isurgical castration or
due tothe potentialof amputatiordehorning resulting in a greater stress response in

comparisorto surgical castration (Robertson et al., 1994; Moshat, 2013; Ballou et
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al, 2013). Consequently, concentrations necessary tevacanalgesia for calves

following cauterydehorning may need to lgeeaterin comparison to castration.

Substance P

There was no effect of treatment (P=0.77), time (P=0.23) or interaction of time
and treatment (P=0.53) on substan¢&P) concentratian(Table 4)Area under the
effect curve and maximum substance P concentrations were not different among
treatment groups (Table SJontrasts statements indicated decreased SP concentration
at 8 h post dehorning for calves treated with carprofen compapdcebdreated
calves(P=0.016). Moreover, SP concentrations for calves treated with carprofen tended
to be increased at 20 m (P=0.096) and decreased at approximately 6 h (P=0.082) and 96
h (P=0.093) following dehorning compared to placebo treateddeti@ontrols
(Figure 5) The decreased SP concentratiorspgiroximately8 h in calves treated with
carprofen correlate with decreasing cortisol concentrations at 8 h as well. Taken
together, carprofen administration may attenuate the pain and dissessated with
cautery dehorning at 8 h.

Interestingly, an effect of gender was observed (P=0.005) with substance P
concentrations greater (0.11+0.039 pg/ml) in female calves compared to male calves.
Differences in pain responses between sexes have meoysly well documented
(Fillingim et al, 2009). More recently, SP differences between sexes were reported in a
rat model using formalin-evokedpain model resulting I8P release (Nazarian et al.,
2014). Consistent with our study, female rats had erease in SP release which was

determined to be mediated bsteadiol concentrations. In ostudy, although a
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difference was noted, the effect size was small. Additional studies are needed to further

elucidate the role of sexual dimorphism in SP releasattle.

Mechanical Nociception Threshold

An effect of treatment was observed (P<0.000)n@anmechanical nociception
threshold (MNT). Furthermore there was an effect of time (P<0.0001) but there was no
interaction between treatment and time (P=0(%8ple 4) Shamdehornedalves had
anincreased MNT at all collection timepoin®<0.001)Figure 6) No treatment
differences were observed among treatment groups of dehorned calves; however, there
was a tendency for calves treated with carprofenlévdte moe pressure around the
dehorning siteompared to placebo treated controls (P=0.097).

Previous studies have evaluated MNT differences following actual or sham
dehorningof calves (Heinrich et al, 2010; Tapper et al, 204fn et al. 2013, Glyn
et al. 2013. In thesepreviousstudies, calves were initially sham dehorpedr to
actualdehorning to determine baseline MNT information. In this stidgddition to
determining baseline MNT valueshamdehornectalves were included throughout the
data collection period to help control for the effects of the study on the pressure
algometry response. Due to the MNT differences observed between sham and actual
dehorned calves throughout the study period, MNT appears to be a reliable measure of
increaed pain sensitivity associated with cautery dehorning. Although MNT did not
return to baseline values following the duration of the study {drdjalves dehorned
partial thickness epidermal burns have been noted to induce mechanical hyperalgesia

for upto 4 weeks in rat thermal injury models (Summer et al., 2007).
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MNT has been useful in detecting nociception differences in dehorned calves
treated with armnalgesicHeinrich and others (2010) demonstrated decreased
sensitivity as determined by increaddNT following the use of IM meloxicam.
Moreover, Tapper et al., (2012) reported an increased MNT in calves administered
local anesthesia using ethanol for at least 3d-@elsbrningcompared to lidocaine.
Although, carprofen administration tended to @ase MNT throughout the study
period, further investigation is warranted to determine the improved sensitivity

associated with carprofen administration.

Ocular Temperature

There washo effect of treatm@ on ocular temperature (P=0)68n effect of
time was observed (P<0.0001), however, there was no intenaattitime and treatment
(P=0.29 (Table 4) Previous studies have indicated an equivocal response of ocular
temperature following dehornin§tewart and colleagues (2009) reported a decreased
oculartemperature associated with the loss of local anesthesia following dehorning.
Moreove, administration omeloxicamattenuated the decreased ocular temperature
observed in placebo treated calpestdehorning(Stewart et al., 2009); however, other
invesigations have not observed this same response (Glynn et al., 2013; Allen et al.,
2013; Stock et al., 2014As this response is hypothesized to reaoln activation of
the autonomic nervous systé€&NS) producing peripheral vasoconstriction, brief
handlng and restraint may confound this obsergfdct. In ourstudy, calves ere
placed in a head restraid¢vice prior to obtaining the image. This was to maintain the

collection of a consistent image. Calves were allowed to adjust to the restraint device
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briefly before the infrared image was collected which may have masked the ANS
response on ocular temperatures associatedeftbrning The similar ocular
temperature profiles throughout the study of sham and at#hakned calves might

further support tis statement.

Heart Rate

There was no effect of treatment on heart rate (P=0.43). Art efféme was
observed (P=0.0092however, there was no interactionvieeen treatment and time
(P=0.99 (Table 4) Contrast statements revealed sham animaletetudtave a
decreased heart rate at 4/.6°=0.10) and 95.5 (P=0.064) postlehorningcompared
with calves dehorned.

Heart rate has been previously used to evaluate changesAiN8i®llowing
noxious events in cattle (Stewart et al., 2009; Heinricl.e2010; Coetzee et al. 2012).
Increased heart rate variability has been reported in castrated or dehorned cattle as a
result of an imbalance in the autonomic nervous system (Stewart et al., 2009; Stewart et
al., 2010). Although previous reports hamdicated a significant reduction in hegate
in calves administeregheloxicam prior to dehorning, this effect was not observed in
our study (Heinrich et al., 2010; Coetzee et al., 2M&jerences in analgesic potential
between NSAIDs and method of datollection may be reasons for the reported
differences. In previous investigations, heart rates were collected using an electrical
heart rate monitor (Coetzee et al., 2012) or obtained following blood collection
(Heinrich et al., 2009which differs fran our studylt is noteworthy that no

differences werebserved between calves actually or shaimodned in the first 24 h
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postdehorningpotentially indicating the influence of the repeated handling for data
collection.The decreased heart rate observeti’ebh in sham dehorned calves

coincides with the observed reduction in cortisol concentration in sham animals. Taken
together, these responses may indicate a persistent stress response in calves following

dehorning.

Respiratory Rate

Statisticalanalysiswas performed with and without calves treated for respiratory
diseaseUsing data from all calves, respiratory rate was ffected by treatment
(P=0.20 or time (P=0.08pB(Table 4) Moreover, treatment groups did notfeifin
response over tim(P=0.5). Although carprofen calves tended to have an increased
respiratory rate in comparison to placebo treated calves (P=0.094), this effect was not
observed if calves treated for respiratory disease were removed from the statistical
analysis (P=0.38)nterestingly,carprofen treated calves hadinareased respiratory
rate at 47.% (P=0.0@0) post dehorning compared to placebo treated dehorned calves
despite removing pneumonia treated calves from the anadypi®vious report
indicated that respatory rates increase in placebo treated calves in comparison with
calves treated with meloxicam. (Heinrich et al. 2009). Although the lack of agreement
between studies may be due to differences in analgesic potential between NSAIDs
used, respiratory rategere not assessed past 24 h in the previous study (Heinrich et al.,
2009). The increase in respirataate observed in our study at 4h.Bhay correspond

with the reduction of carprofendés effect.
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Average Daily Gain

Calves treated with oral carprofendhan increased average daily gain compared
with those treated with subcutaneous carprofer2¢@a0 kg/d vs. 0.48+0.1Ky/d)
(P=0.m™39). No other differencesere observetetween treatment grou3>0.1).
Changes in average daily gain are equivocal pi#lvious studies reporting no changes
or increases compared to placebo treated controls (Baldridge et al., 2011; Glynn et al.
2013; Coetzee et al., 2012; Stock, et al., 2014). Greater increases were observed in
older study populations suggesting the po&tthat dehorning has a larger impact on
weight gain in older calves (Baldridge et al., 2011; Glynn et al. 2013; Coetzee et al.,
2012). Improved appetite and weight gain has been observed in calves administered
meloxicam subcutaneously on the onset ofrdesa (Todd et al., 2010). NSAIDs may
attenuate the production of proinflammatory cytokines associated with sickness
behavior including inappetance as observed in sheep (Baile et al., 1981) and swine
(Johnson and von Borell, 1994) endotoxin models. Weod@completely understand
the exact mechanism of the difference in ADG observed between carprofen treatments
in our study. Parameters that contribute to changes in ADG such as grain consumption
were not measured in our study. Potentially, oral carprofemnégtration may act
locally on the gastrointestinal tract inhibiting proinflammatory cytokines, thereby
improving appetite and grain consumption. Further investigations into changes in
average daily gain following carprofen administration are warranted asi increased

sample size.
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Conclusion

Cauterydehorning in dairy calves resulted in increased nociception throughout
the 96 h study period. Moreover, the stressolese was increasathmediately
following dehorning after the Iss of local anes#sig and 48 following dehorningn
comparison to sham dehorned calv@srprofen administration reachedncentrations
that moderately inhibited exivo prostaglandirand were decreaséar 72 h (SQ) and
96 h (PO) after administration compared with plaw treated controls; howeaye
analgesic responsestween treatment groups subsequent to dehoweng minimal
The observed tendency to reduced nociception and stress associated with d@norning
addition to the prolonged prostaglandin inhibitmstentally warrans future dose

titration studies.
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Table 1 As fed (%) components of the grain diet provided to calves throughout the

study.
Component As Fed%
Corn 50
Oats 5
Commercial Supplemen{38% protein) 30
Commercial Supplement (34% protein 10
Ligquid Molasses 5

*contains monensin



Table 2 Pharmacokinetic parameters following a remmpartmental analysis for carprofen (RSt) administered orally prior to
cautery dehorning (mean dose, 1.4 mg/kg; range, 1.13 to 1.63 mg/kg)

R(-) S(+)
Mean SD Min Median Max Mean SD Min Median Max

Parameter, Units

AUCEXxtrapo
(%)

AUCOYD, (h 5182 1434 3211 5195 786.8 | 3945 1146 2398 3710 565.5
AUCOY96h

37.1 10.6 21.0 35.6 57.2 31.0 9.5 19.2 31.6 49.6

3141 50.5 242.8 318.1 3829 | 2656 60.8 193.7 2579  358.6

(h*pg/mL)
CI/F, o
L) 145 041 089 136 218 | 1.92 057 124 1.8 292
Cmax,
441 063 353 458 516 | 394 084 2582 370 514
(ug/mL)
T (h)' ®Z. 428 185 393 581 970 | 529 145 384 497 792
(f‘/hz)’ 0012 00032 00071 0.012 0018 | 0.014 0.0032 00088 0014 0.018
Tr(?]")ix’ 264 124 12 24 48 228 144 12 18 48
ValF, 1240 237 932 1177 1612 | 1408 365 90.3 1381 2101
(ML/kg)

AUC T area under the plasma drug concentration curve; Cmaaximum plasma concentration; Tmiakme to maximum plasma
corcentration; T1/2- Zi elimination halflife; e 4 elimination rate constant; V/Fvolume of distribution per bioavailability; CLAF

plasma clearance per bioavailability

9.1



Table 3. Pharmacokinetic parameters following a rammpartmental analysis for carprofen (RSt) adsténed subcutaneously prior

to cautery dehorning (1.4 mg/kg).

R() S(+)

Parameter,Units

Mean SD Min Median Max Mean SD Min Median Max
AUCE(;‘/O)”apO 431 161 265 421 772 | 339 155 193 297 703
AUCONYD, 536 4585 3835 6563 1969.6| 557.7 368.6 2662 4331 15265
(h*pg/mL)
AUCOYO BN 3695 506 2841 3694 4632 | 3196 77.7 2149 3070 4527
(h*pg/mL)
CI/E,
(mLkg/h) 114 045 034 106 180 | 158 063 046 162 2.63
Cmax, 574 057 476 566 674 | 527 085 424 510 661
(Mg/mL)
1
T(/;)a‘z’ 80.3 586 47.9 757 2427 | 667 426 383 528 180.7
(i"/ﬁ)’ 0.0098 0.0040 0.0029 0.0092 0.014 | 0.013 0.0043 0.0038 0.013 0.018
Tmax
' 6 6 12 6 9 12
(h)
VzIF, 1183 161  79.3 1222 1383 | 1245 20.6 90.9 1305 147.3
(mL/kg)

AUC i area undethe plasma drug concentration curve; Crmamaximum plasma concentration; Tmiakme to maximum plasma
concentration; T1/ zi elimination halflife; a Z elimination rate constant; V/Fvolume of distribution per bioavailability; CLAF
plasma cleararcper bioavailability

LLT



Table 4. Summary tablef backtransformed response variailgeometric means (95% confidence interyaf)carprofen and
placebo treated calves paithorning. N=10 unless otherwise noted. Within a row, means without a commorcspipéifser
(P<0.05).

Carprofen Controls
RESDONS SQ PO PLCBO SHAM Treatment Time Time X
(Ur?its) © Mean Mean Mean Mean (P value) (P Treatment
(95%Cl) (95%Cl) (95%Cl) (95%Cl) value) (P value)
MN T, 0.7F 0.72 0.%8 1.%4
(kgf) (056t0088) (0.57t00.90) (0. #6.)7 (1.aa.) <~00001L <0.0001 099
Ocul ar
38.4 38.5° 382 1 382 2
t e(mgce:)r 2 (37.71039.0) (37.910392) (37t B88). (37t 88) 065 <00001 026
Heart r 943 98.5° 972 0 90° 4
(bpm) (87.310101.9) (91.310106.2) (89t @04 . (83t @7) 0+ 00092 096
Respirat 40°% 5 382 4 362 1 382 4
(bpm) (37ta@4). (@5t81). (B3t89). @5ta1) 020 0086 0.25
ADG, 0.48 092 0.%9 0.%8 0.0081
(kg/ da (0270068 (0.71to11® (08tH.)9 (0. 88.)8 °
Cortis 10.5 11.0° 112 9 9 24
(nmol / (8410132) (8.7t1013.8) (9 .t505) ( (7.t541) ¢ 048 ~<0.0001 0.22
Subst an 16.3 17.¢ 17.00 16.4
(pg/ mL (142t0187) (14810195 (14810195 (143t018.9) o077 ~ 023 0.53
Prost acg] -65.6 -62.2 213%°7 -8.°3
( %) (-73.710-55.2) (-70.71t0-51.5) (-39t @ )6 (28t &7) 00001 <0.0001  <0.0001

1: Mechanical Nociception Threshol2;Beats per minute3: n=9

8.1



Table 5. Area under theffect curve andnaximum cortisol and substance®hcentratior{geometric means (95% confidence
intervals))of carprofen(SQ & PO)and placebdPLCBO)treated calves postehorningN=10 for all response variables evaluated.
Within a row, means without@mmon superscript differ (P<0.05)

Carprofen Controls
Response SQ PO PLCBO SHAM P value
Mean (95%CI) Mean (95%CI) Mean (95%CI) Mean (95%CI)
Cortisol,
(nmol*h/L)
AUE®Gs 1087.9 1145.8 1201.8 898. 4 0.51
(814.1 to 1453.7) (850.9 to 1542.9) (896.1to 12.0) (6 6 9t. @62 0)5 '
16.3 17.5 202 0 192 5
AUEL (1211t021.8) (13.0t0237) (14t@86). 9 @4tae) 3 0B
80% 1 942 0 108. 4 6 9% 6
AUEL G5t@15. (64t836§. (75t456. @4s8taoqg. O34
AUESG 978.7 1022.1 105%8. 1 789. 6 0.55
(715.4 to 1338.9) (740.9t0 1409.9) (7 7 Ot. @34 5)3 (5 7 4t. 460 8 M '
Cma x (n 30.5 29.4 35% 7 28% 1 0.41
’ (24.3 t0 38.4) (23.3t0 37.2) (28t 85). 0 (22t 85) 4 '
Substan
(pg*hi/r
AUEG 1599.3 1625.5 | 162%2.0 158%. 5 0.96
(1342.8 t0 1904.7) (1364.9t01936.2 (1361 @ ©3)2 (1332 4@ 8 8)9 '
124.6 129.7 134. 8 13F.0
A UEds (107.4t0 144.5) (111.8t01505) (11 6t.@4156. (11 2t.a95 2 . 0.70
AUEG 1473.9 1494.4 ‘ 148%. 7 145% .5 0.96
(1232.41t0 1762.9 (1249.5t017875 (1242 6B 7)8 (1216 @ 3 3)9 '
23.7 23.° 232 6 222 9
Cma x , (| 0.98

(18.9t0 28.2) (18.9 to 28.3) 19t@8).8 (@8tav7) 9
AUEC: area under the effect curve; Cmax: maximum concentration

6.1
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40 Holstein calves

PO SQ Placebo Sham
Oral: Carprofen Oral: Placebo Oral: Placebo Oral: Placebo
SQ Injection: SQ Injection: SQ Injection: SQ Injection:
Placebo Carprofen Placebo Placebo
Local Local Anesthetic Local Anesthetic Local Anesthetic
Anesthetics (n=10) (n=10) (n=10)

Cold-Iron Dehorn

MNT oT HR ADG PGE
(96h) (96h) (96h) (7d) (96h)

Figure 1. Flow dhart outlining the timing of the study evenalves were dehornehd

Hot-lron Dehorn

Cortisol SP
(96h)

CARP
(96h)

(96h)

monitored for cortisol, substance P (SP), mechanical nociception threshold (MNT),
ocular temperature (OT), heart rate (HR), average daily gain (AD&jyvex
prostaglandin E(PGE), and carprofen (CARRJoncentration. The times in parentheses

represent the duration of data collection for each variable.
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Prostaglandin E(% change)

0 24 48 72 96
Time (h)

——PO —f8 -SQ =-a4- PLCBO-.-®-- SHAM

Figure 2. Back transformed geometric mean (xSE\ve/o prostaglandin k£
concentrations over 96in carprofenand placeb treated calves pesehorning
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(b)

Figure 3. Back transformed geometric mean (x$Bijtisol concentrations over 12 h (a)
and 96 h (b) focarprofenand placebo treated calves post cautietyorning Time 0
signifies the time of dehorning.



