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ABSTRACT

Equine pituitary pars intermedia dysfunction (PPID) is a common endocrine disease of the olde
horse. First described in 1932 and | i kened to human Cushingos
enlargement of the pituitary gland thatsvclassically termed an adenonide underlying
mechanism is attributable to a lack of dopaminergic inhibition of the pars intermedia. Treatment
methods have remained essentially unchange@dgears and the prevalence data haaenly
stemmed from Eastn Australisandthe USA.The general objective of this thesis was to explore
the feasibility of developing a targeted egfiecific approach for the treatment of equine PPID.
The specific aims were to confirm the need for this advanced therapy by détgrrthe
prevalence of PPID in horses globally; to continue the investigation of the underlying cellular
mechanism of PPID by confirming the role of marmone convertases, and sequence the equine
pro-opiomelanocortin, prohormone convertase 1 and 2 gandsp investigate the methodology

for sitespecific applications of future therapy for equine PPID. These aims were met by
reporing the prevalence data from a worldwide audience of veterinarians using an iriieseet
survey tool by descriing partial gene sequences of the equippopiomelanocortinand
prohormone convertase enzymes and their expression in normal and PPID hodsdsy
showing how déw-volume contrast enhancement of the brain using computed tomogcawhy
delineak the margins of theituitary gland showing how general anesthesia effecttiisitility

and concentration of adrenocorticotrophic hormamlfinally, modifying a previously reported

technique by developing anovel surgical approach to theeatment of this classical cdition.
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CHAPTER 1

LITERATURE REVIEW



1.1 INTRODUCTION

Equine pituitary pars intermedigsfunction (PPID, also known asquineCus hi nggs di sea
was first described in 193P4llaske1932. It is acommonendocrinedisease of older horses
frequentlyco-diagnosed with equine metabolic syndrome (ERM8naldson et al. 2004,

Karikoski et al. B11; Ireland et aR013; Welsh 2016 linical signs are typichi noted in

horses older than Mearsand are rare in horses underygars old (Orth et al. 1983chott

2002.

The reportegrevalence of disease is varied and depends greatly on thiagompof horsse, and

the methods used to diagnose the condificable 1.1).lt varies from 0.025% of all horses in a
hospital population, to 39% in a study that focused on a small number of aged Tioesesioes

not appear to be a sex predispositiesgte early reports to the contrary (McFarlane 2011). This
difference may reflect the fact that female horsesld have been kept to an older age due to
their breeding potential, whereas castrated males (geldings) may have besrased at an
earlier @e, confounding the seeffect. Ponies and Morgan horses were thought to be
predisposed to the development of PPID (McFarlane 26idyever an Australian studgf 340
aged horses (McGowan 2Q¥8und that while ponies were older, there was rotead oheight
significarce associated with thdiagnosis of PPIDAdditionally, thedisease has been reported in

other equid species, such as donkeys and onagers (Peel et al. 2009)



Table 1.1Reported prevalence efjuine pituitary pars intermedia dysfunction

First Author | Publication Case Definition Population N Age Location Prevalence
Year (Study Duration) (Years) (%)
. 0.075-0.15
Evans 1972 Not stated Practice 4000 All ages USA ;
Estimated
Hirsutism and endogenous Hospital
van der Kolk 1993 ACTH (1 yea) 1800 All ages Netherlands 0.5
Mellor 2001 Not stated OVY”ef : 1230 All ages UK <1
Questionnaire
Clinical examination and Hospital .
Chandler 2001 DST (4 months 23 26.5 (median UK 39
Hirsutism or endogenous Hospital All horses 0.36
Brosnahan |  2003a g P 467 > 20 USA 10
ACTH or Necropsy (10 Year$
> 30 19
Brosnahan 2003b Veterinarian Diagnosed OVY”ef . 218 > 20 USA 8
Questionnaire
Shedding / moultinghanges Owner 12.5
Ireland 2011 ACushi ng6sd S Questionnaire 918 > 15 UK 3.3
Hirsutism Hospital 0.16
DST 11 Years
Rohrbach | 2012 DST /TRH stimulation 1993 134,632 Allages USA 0.025
2002 0.37
Ireland 2013 Not stated OW”ef : 797 All ages UK 2.8
Questionnaire
. Owner .
McGowan 2013 Hair coat changes : . 339 > 15 Australia 14
Questionnaire
McGowan 2013 Endogenous ACTH Tes |  orses from 325 > 15 Australia 21.2
above study
Multi-hospital
Welsh 2016 Not stated Records 70477 All ages UK 2.9

26 Years




Cushingds disease in cani ne a-lependentorepiuitagyat i e nt
independent depending on theuste of the endocringbnormality. In the former caseere is an

over secretion chdrenocorticotrophic hormone (ACTHY a benign, but functional, adenoma of

the parsdistalis of the pituitary gland. Thiacts on the adrenal glandad stimulaesan ove

secretion of cortisol. The resultant clinical signs hotheostatic disturbances are a result of this

el evated serum cortisol. I n pituitary indepe
wholly within the adrenal glands with the same resultafg eft s . Equi ne ,Gushing
PPID, differs from both of theaforementioned conditions that while it is almost exclusively

the result ofhyperplasia and hypertrophy die pars intermedia of the pituitary gland, the
resuting hormonal disturbanas a result of inceased circulating levels of mpiomelanocortin

(POMC) peptideswith only a minority of horses havingdrenal hyperplasia and increased

circulating serum cortisol.

1.2 ANATOMY

The pituitary gland lies within a bony depression (théadeircica) of the basisphenoid bone at
the base of the cranium. It is dorsoventrally flattened (along theawisy in the horse such that

it lies almost parallel to the hypotamic base in the midbrain. Separated from the rest of the
brain by a thick éld of dura mater (the diaphragma sella) there is a foramen through which the

infundibular stalkis attached to the hypothalamus.

There are2 major divisions of the pituitary gland associated vitstembryological development.

The anterior pituitaryor the adenohypophysisriginates from an invagination tie pharyngeal



epithel i um, c al | eanpriRea bfhldbesptize paysadistalib, the pats tubesalis
and the pars intermedid@he posterior pituitaryor neurohypophysisis composed othe pars
nervosa, an outgrowth of neural tissue from the hypothalamus (Hall 2011). The pars nervosa is
compris@ of axons and nerve terminalgginating in the paraventricular and supraoptic nuclei

of the hypothalamus which stores and releases hormagtxcm and arginine vasopressin (also

known as ati-diuretic hormong

The pars distalis is comprised of corticotrophs (producing AGCTde)matotrophs (growth
hormong; lactotrophs (prolact thyrotrophs (thyroid stimulatingormong and gmadotrophs
(lutenising hormonandfollicular stimulating hormone The pars tuberalisvhich sirrounds the
infundibular stalk contains cells expressing melatonin receptors on their surface, the relative
density of which changes in relation to daylight length. These melatonn produced by the
pineal glandunder the direction of the suprachiasmatic nucleus of the hypothalamus imhich
turn, is influenced by the retinohypothalamic trdobm the retinal ganglion cellsThe cells
subsequently regulate the productand release of reproductive hormones from the pars distalis
(MassonPevet et al. 1994; Revel et a009). Themelanotrophs are the sole endocrine cell of
the pars intermedia(McFarlane 2011). These produdémelanocyte stimulating hormone
(UMSH), -eibdorphin ACTH, corticotropinlike intermediate hormone (CLIPand other POMC

peptidesall of which arederived fromPOMC.

The vascular anatomy of the equine hypophysiscluding the pars intermediaas bea
describd in depth (Vitums 1975 The internal carotid artery gives rise to the rostroventral

infundibular (hyophyseal) arteries supplying the ventral capillary network of the median



eminence of the hypothalamus. Ventral and dorsal hypophyseal vessmadiéhrough the pars
tuberalis to supply blood to the distal part of the adenohypophysis terminating in the sinusoidal
network of the pars distalis. The right and left caudal infundibular arteries arise from the caudal
intercarotid artery (and in someses the internal carotid artery) andnning in a sheath of dura
mater, pass through the intercavernous sinus to become a capillary network in the most distal

aspect of the pars nervosa (and infbndar stalk).

Venous drainage is caudal to the left anght cavernas sinuses. There ar2 paths,
caudoventrally into the ventral petrosal sinus and foramen lacerunsewhdly, rostrolaterally
exiting via the orbital fissurento the ophthalmic vein and thehedeep facial vein (Vitums
1978). The latter aurse gives rise to an exquisite method of assessing equine hypophyseal

hormone production (Irvine et al. 1984, Irvine et al. 1987; Alexander et al. 1996).

1.3 PHYSIOLOGY

The physiology of the hypophysis is controlled by the hypothalamus. There arabernof
hypothalamic rieasing and inhibiting hormongsoduced ina myriad nuclei (Hurcombe 2011).
The corticotrophs (producing POMC and subsequently, ACTH) are stimulated by tcoptio
releasing hormoneroduced in the parvocellular neurons in theapantricular nucleus of the
hypothalanus. The somatotsphs (producinggrowth hormong are stimulated by growth
hormonereleasing hormonproduced in the arcuate nucleus and thyrotrophin releasing hormone
(TRH) from the paraventricular nucleus of the hyyaddmusThe latter hormone also stitates

the corticotrophsNegative feedback results in the production of somatostatin (also known as



GH-inhibiting hormone) in the hypothalamus. The lactotrophs (produg@rgactin are
stimulated by TRH and inhibitday dopamine produced in the tuberoinfundibular neurons of the
arcuate nucleus of the hypothalamus (Hurcombe 2011). The thyrotrpmitiidging thyroid
stimulating hormongeare stimulated by TRH. The gonadotrophs (produttitggnising hormone
and follicular stimulating hormone are stimulated by gonattophinreleasing hormone

produced in the preoptic nucleus of the hypothalamus.

In contrast, thenelanotrophs of thpars intermediarestimulated by TRH (as above) promoting

the synthesis and secretion of RO and the derived peptides. Melarophsare under the tonic,
inhibitory control of dopamine secreted by dopaminergic neurons located in the periventricular
nucleus of the hypothalamus. The axons transit the infundibular stalk, terminating on the
melandrophs releasing the dopamine to bind to tgelopamine receptors (D2R) in thars

intermedia

POMC produced by both the corticotrophs of the pars distalis and the melanotrophs of the pars
intermedia undergoes further modification dylistinct prehormame convertasenzymes PC1

and PC2under dopaminergic control. PC1 is expressed in both metguinstrand corticotrophs

of the pars intermedjavhere POMC is converted to ACTH. PG#hich converts ACTH to

UMSH and CLIPjs expressed in the melanotrophsrad. In the unaffectedoinse (norPPID) the
presence of PC2 in the melanotroptii modify any ACTH produced by PC1 (from POMC)

into UIMSH and CLIP. Thereforehe majority of ACTH in normal horses will be a product of the

pars distalis andMSH and CLIP vill be products of the pars intermedia (Wilsaral. 1982).



1.4 PATHOPHYSIOLOGY

The underlying etiology oéquine PPIDs a spedic expansion of the melanotropbs the pars
intermedia of the pituitary gland (McFarlane et al. 2005). These changedbéawevariably

reported as hyperplasia, hypertrophy and classicallypasgasmn the form of aradenoma.

Melanotrophicexpansion could occur as a result of over stimulation with TdRE lack of
dopaminergic inhibitionHypothalamic TRHstimulatesmultiple cell lines in the pars distalis as
well as themelanotophs of the prs intermediand so, hyperseretion of TRHshould result in
multiclonal expansiorhowever, thigloes not occufKorbonits et al. 2004)TRH from the
paraventricular nucleus released into the blood vesseldltgé median eminence bind to its
cellular targets in thpars distaligHurcombe 2011)In contrast, the mechanism by which TRH
reaches the melanotrophs, in the relatively poorly vascularized pars intermedia is urkigwn.
therefore theoretically possible that this differencedielivery mechanism couleksult in

monoclonaexpansion of the melanotrophs

A lack of dopamine inhibition could also result in multiclonal expansion. However, as the
dopamine producing meonal cell bodies of the lactotrophs are located in the arcuate nucleus and
those of the melanotrophs are in the periventricular nucleus, a highly spegidinal loss of

these dopamine producing celtgy explainthe monoclonal expansion of the melanphs.

Indeed there isnow good evidence that PPID is a neurodegenerative disorder characterized by a
lack of dopaminergic input to the melanotrophs of the pars intermedia (McFarlane 2007).

Abnormalities in both the absolute and relative abundanB©MC-derived peptides normalize



in the pesence of the dopamine agonist, pergolide mesy&selting in subsequent

improvement in clinial signs and diagnostiest results of PPID affected horg€sth et al.

1982) Tissue from the pars intermediBPPID lorseshas been reported to cont@times less
dopamineand 6times less dopamingic nerve terminalthanthatfrom agedmatched controls
(Millington et al. 1998) Additionally, the periventricular nucleus of the hypothalanmBPID

horses contains0% lessdopaminergic neuronal cell bodiggnagematched control horses
(McFarlane et al. 2005T.hese findings complement earlier cell culture research suggesting that
POMC mRNA expressionandthm@ unt of i mrendorphinevasceduced & thb

face of a specific D2R agonist (quinpirole; Gehlert et al. 1988). Additionally, in a sheep model
using hypothalamipituitary disconnected ewes, researchers found that without hypothalamic
input, plasm levels of ACTH and cortisol rose. This led them to conclude that there was some
tonic inhibitory input from the hypothalamus which was removed in their disconnect sheep,
compared to those with intact hypothalaspituitary axes (Engler et al. 1990). dtinteresting to

note that these researchers discounted dopamine as the inhibitory agent based on a lack of effect
on basal or stimulated ACTH production. However, the researchers were applying the dopamine
treatments to the anterior pituitary and notitliermediate pituitary in this experiment.

Goudreau et a(1992 disconnected the periventricular nucleus from the pituitary gland in a rat
model and found that the | evels of plasma UMS
stimulated the perivericular nucleus of the hypothalamusats with intact hypothalamic

pitutaryaxeeand f ound that the plasma concentration

Studies in dopamine receptor deficient mice heaglted in theituitary hyperplasiagaiardiet

al. 1997). Concurrently PC upregulation occurs, howevyd?PC1 increases in activity by to 5



times whereas that of PC2 incsea by only2 to 3 times (Saiardi et al. 1998Jhis differential
activity would result in an overabdance of ACTH and a relatiailure of further conversio

into the downstream produgis . éVISH andJCLIP

The underlying mechanism for a lack of dopaminergic control is not kndaxvever, there is a
suggestion that oxidative stress plays a significant role. There is a significant increase in the
amount of 3nitrotyrosine (an oxidativetiess marker) present in the periventricular nucleus of
the hypothalamus in PPID horses compared to normal horses (McFarlane et al. 2005).
Additionally, lipofuscin (a pigment associated with oxidized cell debris) has been fouhd in

pars nervosa and theter-septal tissues separaimelanotroph clusters in the pars intermedia

PPID horsegGloveret al. 2009); both of thesmrresponohg to the position of periventricular
neurons from the hypothalam(Saland 200)L Further, as has been found in hulRaar ki nsonds
di sease pat i e nsynsclein hab leeendoum torbe inceedsedlih PRIBeswhen
compared to nor mal h o r s esgnucléinvkc & rraturl aproteinthat t al
accumulates by either increased production or reducedantsa (misfolding and aggregation)

causing cell death.

There arell dopaminergic cell groups ardmain pathways in the brainSo far, onlythe
periventricular nuclear neuronal cell bodiegve beerreported to have beesxaminedfor a
dopamine lack in t horse Thereforeit is unknown whethePPID represents a dopaminergic
defect solelyof the periventricular nucleusr whether the other pathways are also affeciée.
substantia nigra has been examined (McFarlane, personal communication) and fourteito ¢

normal numbers of dopamine neuronal cell bodies. It is possible that the privileged position of
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the pituitary gland (outside the blotdain barrier) allows for the access of environmental toxins,
or otheragents, resulting in the selective desinrcof the periventricular dopamine producing

nucleivia the tuberoinfundibular pathway

Irrespective of the underlying etiology, the mel@aphic cell line expansion results in the
overproduction and systemic release of POBI@ itsdownstream peptideresulting inthe

myriad clinical signs asgiated with PPID in the horse.

1.5 CLINICAL SIGNS

Hirsutism (more correctly termed hypertrichosis, see belsvjhe most unique and frequent
clinical sign in the horse occurring in %&to 80% of horses with PID. Horses typically present

with long, shaggyor curly, hair coats that have failed to shed normally after winter. Other early
signs may include longer hair in the jugular groove or distal limbs. The pathogenesis of this
abnormality is unknown, howeveheories include an increased androgen secretion from adrenal
tissue (asseeninwam wi t h human @ndsa dysfungiénan treeimeregalatian)

at the level of the hypothalamus. While pituitary compression is cited, there is no evidence to
supprt this theory. There is, however, evidence thatratged oxidative stress occurs in the
hypothalamiepituitary axis of rats (Kobayashi et al. 2009) and it is possible that the elevated
levels of3-nitrotyrosine (an oxidative stress marker) preseiénperiventricular nucleus of the
hypothalamus in PPID horseasnoted by McFarlane (2005), have an unknown effect on the

thermoregulatory mechanisms of this critical region of the biah.another possibility is that
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abnormal concentrations, or inappriate temporal relationships betwegmolactin and other

hormones may be responsible for hair retention in PPID (Thompsoriéd@.andb).

Irrespective of the pathogenesis, a recent publicgborera et al. 2013)as reported that horses
suffering from PPID did not have an increased total number of hair follicles in lskiosy
samplesompared to age and sexatched normal horses. Rather, the hirsutism was a function of

a greater number of hair follicles in the resting stage, resulting in aefadwshed the hair shaft.

This led the researchers to suggest that the term hirsute is not correctly applied to PPID horses
and that hypertrichosis would be a more appsete termOlder, hirsute horses abetimes more

likely to have a positive PPID tesesult than similarly aged animals without hair coat
abnormalities (McGowan 2008). The positive predictive value (PPV) of this clinical sign in the
diagnosis of the disease conditisnheavily dependent on the prevalence of the conditionein th
population under examinatiorFrank et al.(2006) reported a PPV of 90% in a population of
horses that had been selected for having hairy coats (PPID prevalence of 62%), whereas
McGowan et al. (2013)eported a PPV of only 33% in an sgtectedpopulation of horses
subsequently determined to have PPID based on having elevations in seasfjusigd
endogenous ACTH values. The prevalence of the condition in this population of horses was
21.2% Schott et al. (2017) reported on the reliability of a clinical scoristesy for PPID. These
researchers use& clinical signs (hypertrichosis, hyperhidrosis, polyuria and polydipsia,
abnormal fat deposition and muscle wasting addition to an elevated basal ACTH
concentration or an abnormal dexamethasone suppressionhesbuicome of this study was

that hypertrichosis was useful to differentiate between PPID and normal horses, but that a more
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detailed scoring system needed more investigation. Other causes of hypertrichosis (or hirsutism)
in the horse are rare. There aelated case reports @triogenic adrenal insufficien@ssociated

with anabolic steroid treatment (Dowlireg al. 1993), a functioning adrenocortical tumor (van

der Kolk et al. 2001)and a case of pituitary lymphoma (Mitsui 20@7athave been reporteab

causing abnormal hair coats or abnormal shedding profiles in horses.

Chronic, recurrent laminitis has been reporteduinto a third ofPPID horseseven in the
absence of hirsutism (Daldsonet al. 2004). The pathogenesis remains elusive. Receli¢stu
have implicatectlevatedserum insulin concentrations (McGowan et28i(3, 2013 andCarter et

al. 2009 and an equine model of sugshysiological doses of insulin in the face of normal
insulin sensitivity and serum glucose concentration resultéammitis (Asplin et al. 2007; de
Laat et al. 2010)De Laat et al(2017) showed that the insulin levels horses withpastire
associated laminitis wasgher in horses with concurreRPID and equine metabolic syndrome
(EMS), than with either PPID or MS alone.Interestingly, in this group of horses, the serum
insulin concentration was significantly positively correlated with the severity (Obel grade) of
laminitis (Obel 1948) Finally, it would be disingenuous to consider laminitis and pathologies of
the equine foot while excluding other collaggpe abnormalities occurring concurrently in
PPID horses. Alterations in muscle mass, body weight and fat distribution under the influence of
POMCGC-derived peptides or subsequent cortisolandrogen (Morgan et.a2017) metabolism

may fundamentally alter the basement membrane of the equinéafoellaemaking it more
prone to laminitic episodetdeed, a recent paper by Karikoski (2016) sbdwhat horses with

PPIDhad more sharp axial primary epidermal larmeettsan control horses and horses with PPID
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and concurrent EMS, for reasons that are unknown at this time. These authors also found that the
degree of lamellar change was correlated with having PPID and hyperinsulinemia. This
suggested that older horses Icbinave concurrent PPID and EMS and that the laminitis

associated with PPID may actually be a function of EMS and not PPID per se.

The pathophysiology behind weight loss in PPID horses is unknown. This early clinical sign
occurs in up to 8 of horses withPPID, but is sometimes abserithere are even low numbers

of horses which have amormal body condition othat areobese (Hillyer et al. 1992; Schott
2002). Fa redistribution,as evidenced by bulging supsar b i t a | fat pads, a
head fatas well as pranammary and preputial f@dillyer et al. 1992) occurs in between%5

and 306 of horses with PPID (McFarlane 2011)ypically, cases present with a pendulous
abdomen and loss of epaxial musculaturgerestingly, muscle biopsies of theabnormal
horses indicate histological changes consistent with glucocorticoid excess in other Jpeeies (
et al. 1967;Pleasure et al. 197@®leman et al. 20062010. The role, if anyof the POMC
derived peptides iPPID-associated muscldraphy or obsity has not ben determined. Given
thata significant proportion of PPID horses are now known to have concurrent EMS (30% are
hyperinsulinemic Donaldson et al. 2004; Karikoski et al. 2011; Ireland et al. 2013; Welsh) 2016
the compex interrelationship étween the disease conditiomakes apportioning clinical signs

difficult.

Hyperhidrosis is commonly reported as a clinical sign in horses with PPID (Schott 2002). These

animals are not typically hyperthermic and thus the sweating lbeaythe result of the
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hypertrichosis in which casesimply clipping the excess hair from the horse may result in
resolution of this clinical signin other cases, compression of the hypothalamic thermal
regulationcentermay account for the abnormalitypwever this has not éen determined. There

arealsocases of anhidrosis (lack of sweating) being reported in cases of PPID (McFarlane 2010).

Polyuria and polydypsia has been inconsistently reported in PPID horses, occurring in between
0% (van der Kolk et al. 1993) and %6of horses (Hillyer et al. 1992). Overalhe incidence is
approximately 3% (McFarlane 2011). Mechanisms postulated includeuaged antidiuretic
hormone secretionfrom the pars nervosa due to compression from the pars intermedia, an
osmotic diuresis due toméreased circulating levels of glucoss well as an unknown effect of

increased cortisol concentrations acting in the central nervous system.

Docility, lethargy, and less commonlgiecreased responsiveness to painful stiralie been
reported, whicthave been associated with an increase in the pradacti -@ridorghinin PPID
horsegMillington et al. 1988. Opportunistic infections associatedmihe skin, respiratory tract
(including dental related sinusitjgnd abscesses have been reported % &horses with PPID
as compared to ¥4 of healthyaged horses (McFarlane 2011). Thechanism of these findings
is not fully elucidated, howevegthe increased concentration of a cocktdilmmunosuppressive
hormones includinf CTH-enfdor phi n, U MiSsbiatechwdth tisigpoblémimakes|

a simpe etiologyunlikely. Interestingly, work by McFarlane et al. (2015) showed that neutrophil
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function was reduced in PPID horses (decreased oxidative burst activity and adhesion) compared

to control horses.

Reproductive problems in aged PPID positive maaee reported to be multiple anttlude
failure to cycle or inappropriate cyclicityendometritis, infertility, and inappropriate lactation
(Love 1993; McCue 2002). This broaploup of abnormalitiess typically reported in review
papers and the underrtg mechanism(sare unknown (Johnson et al. 2011). One suggestion is
that compression of the pars distalis by the pars intermedia leads to a redudtitgmining
hormoneand follicular stimulating hormonesecretion and alteredyclicity in PPID positve
females (Linse 2011). There is only case report of a mare fitting the clinical and
clinicopathological profile of PPID being treated medically and then beginning to cycle normally
(Panzani et al. 2003). Beyond this report, the current author camdiniirect evidence of the

effect of PPID on reproductive function in age and sex matched horses.

1.6 DIAGNOSTIC TESTING

1.61 HORMONE CONCENTRATIONS

Definitive diagnosis of equine PPID is complicated as there is no unequivocal test. The disease
process s slowly progressive such that by the time a diagnosis is attempted, the pathological
changes within the hypophysis have likely been present for a significant period of time.

Historically, the majority of clinicians we presented with dypertrichotichorse which formed
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the basis for lte diagnosis. Subsequent to thtte evaluaton of certain serum hormone
concentrations coulthcrease the likelihood of a definitive diagnodiat there is no definitive
antenortemtest towhich to refer. Recently however with the help of industry fundifigthe
number of norhypertrichotic horses being tested for PPID has increased dramatidéiéy WK,

Europe and Australia.

There is a distinct seasonality to the hormonal output of the equine pars intermediajnust as
other seasonal breeders. As such, plasma concentratidthe ofain POM@&lerived peptides,

UMSH and ACTH are significantly elevatedetween Augst and Octobefpossibly as early as

July), autumn in the Northern Hemispheteg@an et al198); McFarlanest al 2004; Donaldson

et al. 2005;Beech et al. 2009; Lee et al. 2010; Frank et al. 2P14x;e et al. 2010Copas and
Durham 2012 Similarly, Secombe et al. (2017) indicated that theesa daylength effect on
endogenous basal ACTH production in theuthern Hemisphere (Australia) and that horses
closer to the equator (Townsville, Queensland) had a higher basal level of ACTH with a reduced
elevation between the summer solstice and autumn equinox (January to May), than horses further
from the equator (@th, Western Australia) who had a lower basal endogenous concentration but
a greater elevation in the January to May period. These researchers suggested that the latitude
difference was associated with reduced day length changes closer to the equatwerahe

effect is that variations in seasonal endogenous B&SaH concentrations caresult in false

positive diagnoses when diagnostic tests are performétbut using seasonally adjusted

reference ranges
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There are a variety of hormoihased testssed for the diagnosis of PPIBlistorically, the most
common wa the dexamethasone suppression test (Dybdal et al. ¥88dh was originally
reported to have 100% sensitivity and 100% specifiditythe normal horse, ACTH from the
pars distalis acts onhé¢ adrenal gland to release cortisol. An increase in the circulating
concentration of cortisol then acts in negative feedback fashion to reduce the output of ACTH.
Administration of dexamethasone ¢articcsteroidbased hormone) in the normal horse will
thereforeresult in a suppression of the basal cortisol level by reducing the production of ACTH.
In the horse with PPID, the increased ACTH production is derived from the pars intema¢dia
the pars distalisandis not responsive to the negative feedbatibition due to a receptor lack
rather than neoplastic autononfgntakly et al. 1984; Seger et al. 1988), asal cortisol
suppression does not occ(eortisol greater than Eg/dL 19 hours after dexamethasone
administrationis suggestive of PPID)Additionally there is a concern amongst clients and
veterinarians that using a corticosteroid (dexamethasone) will induce laminitis in these

compromised animals and thus the dexaasihe suppression test has fallen odiaodr.

In horses with PPID, ACTIi$ produced in the pars intermedia well as the pars distaled sq
anincrease in the basal level of this circulating hormone was reported as a simple, single test for
PPID (@uétil et al. 1996;Lee et al. 2010)McGowan et al. (2013) reported a sensitivity and
specificity of 8@ and 83%respectivelyfor a single serum ACTH sample using a-offtvalue

of 29.7pg/mL in seasons other than autumn. In autumn, using-aftutlue of 77.4 pg/mL the
sensitivity improved to 100% with a specificity of 95%n elevation in the basal plasma

concentration of ACTH is currently recommended as a diagnostic test for PPID, on the caveat
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that seasonalhadjusted reference valuégreater tha 35 to 50 pg/mL, chemiluminescent or
radioimmunoassay respectively; Wamberto July) andgreater thanl00 pg/mL (August to
Octobe) are usedNicFarlane 2011Copas and Durham 2012Vost recently Durham (2017)
suggested that these adjusted values mag he¢her investigation as there appeared to be a
lower level of endogenous basal ACTH concentration in horses in April, preceding the rise from
July to November. Furthermore, itimportant to note that there are significant differences in the
values ratirned by different testing nteadologies (chemiluminescent, immunoftescent or
radioimmunoassayirvine et al. 2016; Knowles et al. 201 7here may also ban age, sexpony

breed (Shetlands) and colour (gregffect of having higher endogenous basalTAClevels

(Durham 2017).

In contrast, irrespective of disease statldSH is produced solely in the pars intermedigH
stimulation of normal and PPID horses (McFarlane 2006) indicated that both normal and PPID
horses had marked increases UNISH after TRH stimulation. There was no significant
difference in the magnitude of the response, although horses with PPID hadlMi@t¢devels

both before and after stimulatioMcGowan et al. (201)3reportedusing elevations in basal
endogenoudMSH levels as aliagnostic test. This had moderately good specificity and
sensitivityof 93% and 59% respectivelyusing a cubff value of 52.0pmol/L in seasons other

than autumn. In autumtie specificity and sensitivity improved 8% and 100% respectively,
usinga cutoff value of 165.4 pmol/L. In this paper, the definitive diagnosis was provided using

hirsutism, in addition t& or more clinical signs of PPID.
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The ACTH stimulation test is based upon the supposition that in the face of an increased
concentrationof circulating ACTH, an abnormally enlarged (or primed) adrenal gland will
respond by increasing the output of cortisol to be measured in the serum. Unsurprisingly, as
adrenal gland hyperplasia in horses with PPID is uncommon (McFarlane 20H1ACTH
concentration is affected bg multitude of factorNagata et al. 1999; Fazio et al. 2008)
conflicting results have been reported (Hillyer etl@92; Dybdal et al.1994; van der Kolk et al.

1995).

As described above, melanaphs ofthe pars intermediaf the pituitary are stimulated by TRH
produced in the hypothalamus. This positive effect is retained in PPID and is thiedbaisisthe
TRH-stimulation test, which originally measured the increase in serum cortisol produced as a
result of exogenously admstered TRH(Beech et al1985). However, mon-diseased animals
also have a response T&®H stimulation and10 of 16 animals h@greater than 3% increase in
serum cortiso{McFarlane et al. 2006J.0 circumvent this problenBeech et al. (2007) reported
measuring serum concentration of ACTH after TRH stimulaflomg intravenously)instead of
cortisol, and used cut-off values of 100 pg/mL and35 pg/mL measuredlO minutes anc0
minutes after TRH injectianThis test is currenthadvocatedin cases wher an equivocal
endogenous basal ACTH concentration has been measteedurrent recommendation is that 1
mg of TRH is administered and blood drawn for the determination of ACTH concentration
before administration and at 10 and 30 minutes after admirostr&utoff values are reported

to begreater tharl10 pg/mL at 10 minutesand greater than 65 pg/mL at 30 minuteafter
stimulation however, bothGoodale et al(2013 and Funk et al. (2011)reported that further

studies were required to determing-off values.A recent Australian paper (Byrne et 2017)
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reported the high variability foautumnal TRH stimulation test resulis normal horses in
Australig noting that there was considel@aloverlap between PPID and nRBRID affected
horsesAdams ¢ al. (2017)evaluated the seasalreffect of ACTH response to TRH stimulation
and noted a sensitivignd specificity 0B6% and 926, respectivelyin the autumn monthsvith

a cutoff of 480 pg/mL In the norautumn months a cwff of 178 pg/mL ledo snsitivities and
specificities of 780 and 95% respectivelyin determining PPID. The same researchers showed
that evaluating the ACTH concentration at 30 minutes improved their sensitivity and specificity
to 90% and 96%, using a cut off of 209 pg/mL iretautumn and a sensitivity and specificity of
87% and 860, respectively in norautumn months. In this studghere appeared to be an ability

to differentiate between the normasubclinical (not overtly PPID horse), anctlearly
hypertrichotic PPID horseChapman et al. (2017) reported on us3n@.5 mg, 1 mg and 2 mg)

and Stallenberger et al. (2017) 2160.5 mg and 1 mglifferent amounts of TRKb perform the
stimulation test with no significantly different mean plasma ACTH concentrations noted between

groups after stimulation in either study.

A combined test (usingetamethasone suppression and TRH stimulation) has been advocated
historically (Frank et al. 2006) as increasing the specificity (76%) sewsitivity (88%) of
diagnosisabove hat of eithe single test aloneThe positive and negative predictive values were

71% and 90%, respectively.

Given the effect of exogenoywolactin on hair shedding in the horse, Schott et al. (2017)

assessed the use of blopmblactin concentrations for use as aesning test for PPID in the
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horse. These researchers found that whielactin levels were higher in PPID horses, the
variability was such that the sensitivity and specificity was on®p @nd 546, respectivelywith

a cutoff of greater tha3.5 ng/mL.It was therefore deemed not to be of use as a screening test.

Horses with PPID have been reported to lose the cortisol circadian rhythm (Dybdal et al. 1994).
As such, less than a &difference between morning and evening serum cortisol concentrations
was considered as a possible diagnostic test (Douglas 1999), however, it ultimately proved
unsuitable for several reasons. Firstly, there is a normal loss of circadian rhythm inherent with
aging and also with generalized disease. Secondly, even in thealdehsease, the amplitude

of the variation over the course of a day is low. Added to thesetare a myriad other factors
such as stress, feeding, and exercise that can alter the basal cortisotolewelspoint that
determining a useful cwdff value between PPID and normal horses has proven difficult
(McFarlane 2011; Cordero et al. 201¥erestingly, a recent study found that tear concentration

of cortisol in PPID horses was found to be higher than aged control horses, despite there being no
significant difference in serum cortisol concentrations. Additionally, the ratio between tear and
serum cortisol concentrations was higher in PPID than in aged controls (Hart et al. 2016). The
focus of the paper was on the delayed corneal wound healiPBD horses.tlis possible that

this easily obtained sample might be useful as a diagnostic test in the future.

Another possible avenue for PPID diagnosis is proteomics. McFarlane et al. (2017) are
developing a diagnostic test based on massisted lasatesorption/ionization (MALDBTime
of Flight (TOF) Mass Spectrometryfhis methodology differs from the previously mentioned

tests in that it seeks out plasma peptide signatures drabésl upon the premise that in PPID

22



there are a significant number aitered peptides and POMC derivatives in the circulation that
are not present in the normal horse. Thus ifais in the design and testing phase but may

represent the next quantum leap in the early diagnosis of PPID in the horse.

1.62 IMAGING

The reent advent of advanced diagnostic imaging nibea has not been used to iftsll
advantage in PPID. Magnetic resonance imaging (MRI) is the chosen modality for soft tissue
imaging. There ar@ different types of MRI unit available for use in the horséigh-field (3

Tesla) machine requiring general anesthesiie use of which has been reported in the
assessment of the pituitary gland of PPID horses (Schott et al. 2005y smallerdow field (1

Tesla) unit designed for standing animals. Standing&r&RI using the smaller, low field units
would limit cost and improve availability oethnology. However, bore sizethe area into
which the region of interest must fit precludes brain imaging in mature horses, which

specifically excludes use in HPpatients.

Computed tomography (CT) is a technique that is best used for bone imaging, although good soft
tissue delineation is also possiblET is routinely used for imaging the distal limbs and heads of
equine patients under general anesthesia @k recently standing CTexamination of the
equine head has gained popularity in some academic institutions and private practices. The
ability to use the latter modality in a standing horse reduces both cost and risk for the equine
patient. Imaging of sotissues can be improved by contrast enhancement as illustrated succinctly

in a paper reporting the use of high volume (24D) intravenous contrast enhancement to
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improve the ability of researchers to delineate areas of damaged cerebrum in a study of
neuological horses (Lacombe 2010). CT has been usdandwithout contrast enhancement

to assess the ability to accurateteasure the size of normal equine pituitary glandgvia
(McKlveen et al. 2003) ananost recentlycontrast enhanced computed tgraphy was used to

study the effect of long term medical treatment of horses with PPID using pergolide mesylate
(Pease et al. 2011). Problems associated with contrast enhancementraintissues using the
published methodology were that the high votduaf contrast material represented a significant
cost. Additionally, the use of intravenous contrast material resulted in volume dilution of the
medium throughout the body tissues with proportionately less being distributed in the soft tissues
of the brain Theoretically, bytargeting a specific bodyart,i.e., delivering the contrashaterial

solely to this regionthe volume depletion effectould be reducedandresultin superior image
guality and reduced cost. Using specificaltyed contrasenhancd diagnostic imaging would

also allow the arterial supply to the pars intermedia of the pituitary dgtarze elucidated.
Comparison of the information obtained from normal horses with that obtained from horses with
PPID may allow interventional cerebroeatar surgery to be performed PPID patients (see

Chapter &.
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1.63 NECROPSY

Necropsy and histological examination of the pituitary gléorepreserdd the definitive
diagnostic tesfor PPID. However, he hypophysis undergoes agtated morpholagal change

in boththe pars intermedia and the pdistalis (Leitenbacher and Herbach 2016), complicating

the definitive diagnosis of PPIOThe hypophysis is typically 20 5 times larger in horses with

PPID than in unaffected horseshich is due to aambination ofhypertrophy and hyperplasia of
thecells of thepars intermedialhese melanotrophs greesent in nodules or follicular structures
separated by fineonnectivetissue (Boujon et al. 1993; van der Kolk et al. 20G#bver et al.

2007; Miller et al.2008. Given that there is considerable overlap in the size, weight and density
of PPID and normal hypophyses, a histological grading system was develapede( Kolk et

al. 2004. In this system, istologic lesionsof the pars intermedia, parsddalis, or both, were
determined to bé@ if there were no lesiong; if there were single or multiple cystg; if there

was focal or multifocal hyperplasia;,3f there was a single or multiple microadenomas
(arbitrarily classified as beintgss than 5 m in size); and 4if there was a macroadenoma
(greater thar® mmin sizg. McFarlane et al. (2005) subsequently reported that histological grade
only correlated with antemortem diagnostic test result @9 the time. Miller et al. (2008)

were the firsto develop a 1 to 5 graded scoring system and reported that only adenomas graded
as 3 or higher were associated with elevations in plasma ACTH laftefsstimulation with a

D2R antagonist (domperidoneggnd t may simply be that the diagnostic tests araet sensitive
enough to detect the hormonal changes and that the systemic response to the elevations in

POMCGC-derived peptides may hawet to reach the lowdmit of responseMore recently, a
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modification of this system was reported by Leitenbacretr Herbach (2016) where grade
represented a normal pituitary gland. Increasing grades represented gradual increases in
abrormality such that grad@ was assigned to focal or multifocal enlargemehtthe pars
intermedia, grad8 was diffuse enlargemewf the pars mtermedia, grade represented diffuse
enlargement of the pars intermedia with microadenomeas tharb mm in diameter) and grade

5 was diffuse enlargement with macroadenonwedter tharb mm). Despite the agelated
changes to the equine hypyysis the authorseported that a definitive diagnosis of PPID could

be made using a combination of pituitary weight and quantitative stereological change,
specifically the volume of the pituitary gland and the volume of the pars internfealis.
intermalia adenomata were also classified as-fumctional (or ageassociated) or PPID
associated adenomas, depending on the evidence of clinical signs of PPID. The latter
classification is controversial dsere is no evidence to suggésat microadenomata aren

functional.

1.7 TREATMENT

1.71 MEDICAL

PPID results in a disease syndrome of the older horse and as such a holistic approach to
management must be taken. The provision of sufficient sheleer, appropriate diet and
general husbandry, such #&se routine maintenance of both oral health and podiadrg

important.
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The drug of choice is pergolide mesylad@ ergotderived D2R agonist with down regulates
POMGC-derived peptide production via asotein coupled mechanism. This drug needs to be
given forthelife term of the horseEfficacy of this drug has been well documented (Munoz et al.
1996; Schott et al. 2001; Donaldson et al. 2002; Perkins et al. 2002; Sgobini et allt2084).
initially wused for the tggéutemoged fromdhie marketdaen Par
to its association with valvular endocarditis. An exemption was made for compoundedtpro

to be used for equine PPIDowever the efficacies varied due to instabilities in aqueous carriers
and the compounded produwd to be stored in the refrigerator (Davis et al. 2009). Recently, a
new equine pergolide product has been approved by the Federal Drug Administration in the USA
and Health Canadain Canada and is also being used in Eurogerascend Boehringer
Ingleheim). Treatment is usually initiated asrig per horse and tldose iditrated up in 0.5mg

or 1 mg incrementgyntil clinical and clinicopathological featuregtbe disease are normalized
Therapeutic monitoring can be performed, howgtleese hormoneesponse tests may take
several months to normalif®cFarlane et al. 2017yhy these responses take such a long time

to normalize is difficult to understand wh@harmacokinetics and pharmacodynamics of oral
pergolide mesylate showed that the pergolidecentration reached a steady state within 3 days

of the initiating treatment. There was a concurrent significant reduction in the plasma ACTH
concentration and the authors of this study (Rendle et al. 2017) suggested that earliargollow
testing may be mmsible. There is also &uggestion (McFarlane 2011) that individual
requirements may increase overtimeoc cur r ed i n huma randRhare kndayn s on o
also be a season effect, with additional pergolide being needed to control ACTH concentrations

in PPID horses in the summer and fall (McFarlane et al. 2017).

27



Two other drugs have bearsed in the management BPID. Cyproheptadinea serotonin
antagonist wittanantihistamine andn antimuscarinic effects has been used, however, in studies
comparng the efficacy of either cyproheptadine or pergolide in normalizing the clinical signs
associated with PPID, there was either no difference between the drugs (Perkins et al. 2002) or a
superiority of pergolide (Donaldson et al. 2002yproheptadindias keen usedn combination

with pergolide in refractory cases of PPID (Donaldson et al. 2002; Perkins et al. 2002). Trilostane
has been reported to improve the clinical sigmsmarily laminitis PU / PD and lethargy)
associated with PPlbut not the dexantigasone suppression test res(MisGowan et al. 2003).

It is a competitive inhibitor of 3lhydroxysteroid dehydrogenase, the enzyme responsible for
production of cortisol from cholesterol. As such, this drug may improve the clinical signs of
PPID in the mall percentage of horses with adal gland hyperplasia, but has no effect on

pituitary derived hormones.

1.72 SURGICAL

Surgical intervention in the treatment of human brain tumors is common. These procedures can
be performed via a craniotomy; i k dgle 0 a ghesr oseg stereotaxic guidance;
cerebrovascular neurosurgery (blocking specific arteriesnmrsl to cause hypoxic necrosis);
neuroendoscopicallyor specifically in some cased tumors of the pituitary glandjia a trans

nasal approach (Krisi2002; Cappabianca 2004pPituitary tumors incats and dogbkave also

been removed (Meij 1997) using a traoral approach withrelapsefree ratesin dogs being
reported as 9% (Meij et al. 1998) and91% at 1 year and &b at 2 years (Meigt al. 2002).

Initial reports of surgery in canine pituitatlye pendent Cushingds disease
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they reported that residual cells left within the sella turcica hypertrophied resulting in a lack of
need for possurgical hormone therapfMeij et al. 1997) Unfortunately, later publications
indicated that this was likely a result of incomplete removal of the initial adenoma (Meij et al.

2002)

Brain surgery is rarely performed in the horse. There are single case reports of the drainage of a
brain abscess aftéwcalization usingCT (Allen et al. 1987; Cornelisse et al. 2001; Janicek et al.
2006)and a CTFguided biopsy of an intraerebral mass which was subsequently diagnosed as a
cholesterinic granulomgVanschandevijl et al. 2008Kramer et al. (2007yepored on 3
approaches to the equine cranium (rostrotentorial, suboccipital and the transfrongaver

heads, which gave limited access to the rostral, dorsal and caudal aspects of the cerebral cortex
and cerebellum. No described approach gave accds® toypophysis. There is a single case
report of an open craniotomy and severing of the hypothalpituitary axis using a laser
(Locatelli 1984),which unfortunately does not describe the technique or outcome aufifyci

well to allow repetitionlt is important to note that any surgical intervention in the PPID horse
must represent an improvement on current medical treatment modalities. Namely, there should
be no need for daily medicatiopeyond tle immediate posturgical phaseEssentially this
meansthat abnormal melatphs from the pars intermedia need to be excisedblen or
otherwise disabledvithout damage to the other important regions ofglhed.This may seem a
difficult task, given that the pars intermedia is interposed between tisedpalis and the pars
nervosa however, in endtage (Grade 5) pituitary glands the pars distalis is often reduced to a
thin strip of tissue on the outside of the grossly enlarged gland, meaning that the potential for

damage may be lessened.
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Potential stgical approaches to the hypophysis include myeloscopy via a foramen magnum
access pointa trars-sphenopalatine sinus approachy e nt r al craniotomy (us
triangle or trandaryngeal approach) via a slostotomy of the basisphenoid borme possibly
cerebrovascularly. The orientation of the equine brain relative to the long axis of the head is
approximately parallel, as with most quadrupeds. However, it is the anatomical arrangement of

the paranasal sinuses in this species that impartsiealkdifference to any potential surgical

approach to the sella turcica. In addition to this, as the pars intermedia enlarges there may also be

an as yet unreported alteration in the orientatsare and shapef the gland, which would have

major implicdions on any surgicahterventionor invasive treatment

As noted above, Vitums (1975) specifically did not examine the arterial anatomy of the pars
intermedia of the equine pituitary gland. If the arterial vascularization of the pars intermedia can
be sibstantiated it may be thawith contrast enhancemerthe neovascularization associated
with adenomatous expansion in PPID can be \vise@dl and subsequently occludeda
fluoroscopy, CT or MRuided coils This approach may be the least invasive ansdtmlegant
treatment. Another optiomay beto use the venous access as described by Vitums (1978) and
exploited by Irvine et al. (1984). If catheterization of the ventral cavernous sinus for blood
sample collection is possible, then access to the piugland for treatment purposeas

described by Sakes et al. (201iS)a realistic and exciting minimally invasive approach.

Despite the factthat PPID was first reported 8%ears ago, only recently have some
pathophysiological mechanisms been descril@uohilarly, there is only 1 common treatment,

which was first described 30 years ago. A further understanding of the pathophysiology of
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disease, an early, definitive diagnostic test and a less onerous treatment for this chronic condition

is needed.

18 GENERAL OBJECTIVES AND SPECIFIC AIMS

The long term goal of this research is to explore the feasibility of developing a taiigseted
specific approach for the treatment of equine PPID. This thesis constitutes a first approach to this

goal. The specific ans of this thesis are:

1. To confirm the need for this advanced therapy by determining the pregadé PPID

in horses globallyChapter 2)

2. To continue the investigation of the underlying cellular mechanism of PPID by
sequencing the POMC, PC1 and PC2 gemgentifying a suitable internal control
gene for use in the equine pituitary gland, examining gene expressioniajrprone
convertases, and quantifying the differe

hormone concentrations in affected and unaffecteceb(@hapter 3).

3. To investigate the methodology for sg@pecific application of future therapy for

equine PPID (Chapte4, 5, and 6).
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FOOTNOTES

2https://www.talkaboutlaminitis.co.uk/
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CHAPTER 2

EQUINE PITUITARY PARS INTERMEDIA DYSFUNCTION: AN INTERNATIONAL
SURVEY OF VETERINARIANS &APPROACH TO DIAGNOSIS, MANAGEMENT AND

ESTIMATED PREVALENCE
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CHAPTER 2

TRANSITION PAGE

Equine pituitary pars intermedia dysfunction: An international survey of veterinarians 0

approach to diagnosis, management anestimatedprevalence

This dapter presents an international survey complebsd equine practitioners from 20
countries. This serves as a basis upon which to investigate PPID further. Important
geographical differences wefrfeund in the methodology of diagnosis. Cost and management
responsibilities associated with treatment were described as client concerns by veterinarians

completing the survey.

This survey was important to bring an international perspective to the diagrasil
management of this chronic equine condition. Additionally, it verifies the need for a ity
acting therapy, or a -time treatment, to bring about a cure and ioye the welfare of aged

horses.
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2.1 ABSTRACT

Objectives: To determine ithe diagnosis and treatmeat pituitary pars intermedia dysfunction
(PPID) variesby geographic regioand toestimatethe prevalencef PPIDin horses as observed
by veterinarians across locations.

Materials and Methods: An online questionaire was developed for equiveterinarians.
Veterinary associations, especially equine specialtygsobps, were contacted and a survey link
was sent to members of each organizatiBeneralized linear models were used to examine
whether the method of diagnosis and treatment of this condition, as well as reported prevalence,
differed by geographic region.

Results: 426 veterinarians from separataics completed survey®iagnosis vas usually based
on clinical signs andraendogenous adrenocorticotrophic hormone Tesatment was typically
medical (636 of respondents)f which 7%% used pergolide mesylate. Thstimatedorevalence
was Pb6 which did not differ by geographical locatiorlalf of veterinarians had 5 or more
animals with PPID under their care.

Conclusions: Geographic differences exist in the diagnostic approach, but nastimeaed
prevalence of clinical disease. Cost and management responsibilities associated widgntreat

were described as client concerns by veterinarians.
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2.2 INTRODUCTION

Pituitary pars intermedia dysfunction (PPI D).
commonly diagnosed endocrinopathy of older horses (Toribio 2005). Clinical signs aa#iytypic
noted in horses older than 18 years and are rare in horses under 10 (Schott 2002; Orth et al.

1982).

The estimatedprevalence of PPID is varied and depends on the age of horses in the referent
population, aswell as the method (i.e., owneports vesusdiagnostic tes)susedto effect the
diagnosis(Table 1.1) Johnson et al . (2011) state that i
of the condition range from 0.09t0o 0.%0f t he equi ne popul ationo, &
report an increasenithe rate of diagnosis from 0.025t0 0.3®6 between 1993 and 2002.

However, aghe horsepopulationages, the prevalence increases:%.8 horses over 15 years in

Great Britain (Ireland et a2011), 106 in horses over 20 years in North Angeri(Brosnaha and

Paradis 2003) anti4% to 21% in similarly aged horses in Australia (McGowarakt2013).

The proposed pathophysiology of PPID is a loss of dopaminergic inhibition of melanotrophs in
the pars intermediaf the pituitary glandeading to hyperplasiand hypertrophyThe inciting

cause is unknown, but oxidative damage to the hypothalamic dopaminergic neuronal soma is
thought to play an important role (McFarlane et al. 2005; Glover et al. 2009). The prevalence of
Parkin@ n6s di sease, -asociatedmaurodedeograsive idisorler, varies among
geographic regions with higher prevalence in northern and agriduNoréh American states

compared to southern and industrialized areas (Priyadarshi et al. 2001; Wright 2010). It is
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unknown if such a gewaphical effect exists for equine PPID, whether it be regional or global.

Domesticated horses are living longer as theyimeceeasingly being managed asmpanion
animals (Welsh et al. 2016)As such, the frequency with which veterinarians are asked to
diagnose and manage PPID would be expected to rise. The objectives of the study were to
determine whether veterinarians were diagnosing and treating this important chronic disease in
similar fashion across different geographical regiovigle accounting dr any differences

veterinarians reported gstimatedprevalence of PPID.

2.3 MATERIALS AND METHODS

A survey was developed (Appendix A) and pilot tested with veterinarians experienced in the
design and implementation of survey tools. The final prodwas twanslated into French and
Spanish and all 3 versions were managed online for 18 months (January 2012 to Juhe 2013)
Institutional ethics approval was not required because no personal data was requested from

respondents.

The survey was brought to thetention of equine practitioners by contacting international
colleagues, national and staf@/SA and Australia)or provincial (Canadian) veterinary
organizations, as well as international equine veterinary groups, inclegingesub-specialties

of the rational associations of individual countries (Appendix B). These groups then notified
their respective members throughmail, digital bulletins and newsletters. Six months after

original contact, all groups were asked to send a second notification tonrabership. Paper
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surveys were also produced and distributed by the authors at the annual meeting of the American
Association of Equine Practitioners (2012; Anaheim, California) and completed results were
added to the database. All results were compikidg a Windowsbased spreadsheet progPam

and then moved to a commercial statistical package for arvalysis

Linear regression was first used to look at differences in prdetiet prevalence reported by
veterinarians as a percentagfeheir caseloagdenominator not available) by both practice type

and among geographic regions, as this was considered a factor that might subsequently impact
approaches to diagnosis and treatment. Poisson regression with a log link function was used to
examine the effecof potential risk factors on the number of PPID diagnostic tests used by
veterinarians. Logistic regression was used to evaluate potential risk factors for the decision to
use a diagnostic test (1) in addition to clinical signs alone (0); similarly, &rndiee the
potential risk factors behind the decision to use the most common endocrinologic test (1) as
opposed to othemelocrinologic test options (Q)vhether the primary diseasevhat is assumed

to be a functional pituitary tuoni was treated (1) anot (0);and if treated with commercial (1)
versus compounded (0) pergolide (if available). All potential risk factors were initially screened
using unconditional analysis and variables whewalpes <0.2 were considered in building the

final multivariade model (Dohoo, Martin and Stryhn 2012)l final models were built using
manual backwards elimination. Variablamnsidered in model buildingpat were not significant

and that were not mediatomere assessed as potential confoundém@ssociation®f interest

that were identified during the analytical procedthere 2or more variables were sigiwant,
biologically plausible Zvay interactions were assessed with interactions retained in the final

model and reported if the ty# likelihood ratio tet was significant (p< 0.095. Differences,
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where p< 0.05 were considered significant, and appropriate measures of effect and 95%

Confidence intervalQl) were reported for each analysis.

The number of horses under the care of veterinary practitioness hwghly skewed and
associations between this variable and the outcomes of interest were not linear. As such, the
number of horses under the care of each veterinarian was categorized usifidirits based

on the 25%, 5% and 734 data quartiless folows 1 to 2 horses, 3 to 4 horses, 5 to 20 horses,

and 21 to 250 horses.

Not all questions were answered by all respondents. For other questions, such as country of
veterinary practice and practice type, there was only 1 respondent from each of Sagh Afri
Chile and Jordan. Countries were consolidated into geographical regions kit analysis

with elimination ofsingle respondermtegions For these reasons not all analyses had the same
number of included observations. Specific inclusion critanié respondent numbers are reported

in the appropriate sections of the results.

24 RESULTS

There were 426 respondergach representing a singtéinic; 404 responded in English, 12

responded in French and 10 responded in Spanisb.hundred and eigidseven espondents

(67.4%)from 20countries completed the question on practice location of vthermajority,
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Table 2.1Number of veterinary responses tabulated by coamdgrouped by

geographic region.

Geographic Region

North America

South America

Europe

Middle East

Australasia

Africa

Country

Canada
USA

Chile

Belgium
Denmark
France
Germany

ltaly
Netherlands
Northern Ireland
Norway
Portugal

Spain

Sweden

United Kingdom

Jordan
Australia
Japan

New Zealand

South Africa

Reported
Unreported
Total

Total number
of respondents Percent Percent of total

from each of total number of reported
country number practice country
181 42.5 63
83 19.5 28.9
98 23 34.1
1 0.2 0.3
1 0.2 0.3
73 17.2 25.3
6 14 2.1
5 1.2 1.7
3 0.7 1
30 7 10.5
2 0.5 0.7
2 0.5 0.7
1 0.2 0.3
2 0.5 0.7
2 0.5 0.7
6 1.4 2.1
5 1.2 1.7
9 2.1 3.1
1 0.2 0.3
1 0.2 0.3
31 7 10.4
23 5.4 8

4 0.9 14
3 0.7 1

1 0.2 0.3
1 0.2 0.3
287 67.4 100
139 32.6

426 100
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34.1% (98/287), were from the U.S.A, 288(83/287) were from Canada, and 19.%30/287)

were from GermanyCountries were grouped into geographical regiffable 2.1). Practice
category was widely varied (Table 2.2) and encompassed equine specialists as welliasctco

small animal and equine practitioners, and general mixed animal veterinarians. Most respondents

worked in private practice (Table 2.3).

Of the 426 veterinarians completing the survey, 360 (84.5%) reported at least 1 horse with PPID
in their pradce. The median number of PPID animals under the care of the study respondents
was 5 (256 and 796 1Q range 3 to 20). These araia represented a median of %.(25% and
75% IQ range 0.1 to 5.0) of their equine practice dasel. The median age of affecthdrses

was 20 gas (236 and 756 1Q range 18 to 22; mean 19.7- 8§D 4.3, range 9 to 35eas).

Overall, 67.26 (242/360) of veterinarians reported managing PPID horses by treatiagwas
assumed to be fanctional pituitary tumarwith drugs. Of theemaining 32.8% (118/360pnly

34 of the respondents elaborated as to why tféared no treatmentSeventynine percent
(27/34) of these veterinarians indicated that client limitations prevented the clientsdabimg
while treatment was not warraat in 179 (6/34), or the lack of drug availability prevented them
from treating (3%, 1/34). Reasons for client limitations were reported as financial (667%; n
25) or perceived responsibility of loigrm management (33.3%;-n14). Some respondents

repated that botHinancial and responsibility of loagerm managementere limiting reasons.
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Table 2.2Distribution of esponderst bypractice ategories

Practice Category

Equineonly (Specialty

Large Animal (Equine Predominant)
Large Animal (General)
CombinedSA and Ejuine

General Mixed

Reported
Unreported
Total

Number Overall Percentage of

Percentage  Reported Practice
Categories

132 31.0 44.0

40 9.4 13.3

16 3.8 5.3

47 11.0 15.7

65 15.3 21.7

300 70.4 100.0

126 29.6

426 100.0

Table 2.3Distribution of esponderst bypractice ype

Practice Type Number of
Respondents

Private Practice 274

Academia 17

Government 3

Industry 2

Reported 296

Unreported 130

Total 426

Overall

Percentage of Reportec

Percentage Practice Types

64.3
4.0
0.7
0.5

69.5
30.5
100.0
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Of those veterinarians with at least 1 PPID horse under their care% 6222/360)
recommended medical treatmewnthile a small number reported using other options such as
dietary mangement (8), herbal therapy (4), exercise (3), acupuncture (3), immunomodulation
(2), and parasite management (Spme chose not to treat (46/368hd ®me respondents

(66/360) did not describe their treatment recommendations

Additionally, other veteriariansreported using different management strategiesomecases

(hence the numerator is greater than the denominator), but did not elaborate as to what influenced
their choices.Overall, grgolide mesylate was the most commonly reported form of medical
treatment (n= 271) as either the compounded (136) or commercially available (135) form.
Commercial cyproheptadine (6), trilostane (5), and bromocriptine (2) were also used. Some
veterinarians reported using more than 1 producthe same horsand, theefore, the sum of

treatments exceeds the number of respondents.

Most respondents (71.0%, 303/426) indicated that they thought PPID was an important equine
disease. Fiftyfour percent of veterinarians (228/426) indicated that a new approach to the

managemet or cure of the disease was necessary.

The daaset was then limited teeterinarians working in private and academic practice in North
AmericaandEurope(n = 254) None of the variables examined, including geographical region (p

= 0.61) or practice e (p= 0.61), were associated with tlestimatedprevalence of disease.
Similarly, the number of animals reported as being under the care of each respondent did not vary

by geographic region (p 0.96) The number of animals under calid vay by practie category
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(p = 0.004), where those respondents in equine only (specialty) practice had more PPID horses
under their care than veterinarians in mixed small animal / equine practicgsraard| practice

(p = 0.002 and0.001 respectively. There waso difference between those large animal

equine (p= 0.15) or large animal practice §0.64), and there &re no significant difference

amongother categories.

Equine veterinarians froMdorth America and Europat have PPID horses under their dare

208) typically used a single diagnostic test to determine whether a horse had PPID (median 1,
25% and 796 1Q range 1 to 2; mean 1.4-+0.63, range 1 to 4)and this number varied by
geographical location (p 0.046) but notbased orthe characteristicsf the practice surveyed (p

= 0.13). Some respondents reported using clinical signs as their only diagnosts6(288,(

27%). In the final model of factors affecting whether a practitioner used only clinical signs, or
clinical signs and an additionalsteto diagnose PPID, the only significantly associated variable
was geographical location (g 0.01). The oddsof European veterinarians using clinical signs
alone to diagnose PPID was higher than for North American vetering@&h$.35, 9%6 Cl =

2.11014.2).

If veterinarians chose to use a diagnostic test in addition to clinical signs, the most common
adjunct test was adetermination of endogenouadrenocorticotrophic hormoneACTH)
concentrationsThe final model identifying the factors associatechwithether a practitioner
chose to diagnose PPID using clinical signs andogenous®\CTH compared to clinical signs

and any other additional test included only the number of horses under the care of the

veterinarian. Veterinarians with less than 5 horsiéls RPID under their care were more likely to
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use endogenouACTH, as compared to another test, addition to clinical signs than those

veterinarians witlgreaterthan 5 horses (OR5.0, 996 Cl = 1.3t0 18.9, p=0.009).

None of the factors examinedyciuding geographical region ( 0.31), were associated with
whether a respondent decided to treat PPID medically as compared to leaving the horses
untreated North American and Europeaespondentschoice of drug to treat PPID included
commercial pergale mesylate (n= 100), compounded pergolide mesylate £n 98),
cyproheptadine (= 5), commercial trilostane (= 3) and bromocriptine (= 2). Some

respondents used more thadrug.

2.5 DISCUSSION

The objectives of this survey were to investigate waieveterinarians in different geographical
regions used similar strategies in the diagnosis and treatment of PPID while accounting for any
differences in thestimatedorevalence of PPID as reported by these veterinaNdasattempted

to encourage a wideariety of respondents by actively inviting a spectrum of veterinarians, from
those who were in general mixed practice with at least some equine cases to those in specialty

practices where 100% of the caseload was equine.

Eighty-four percent of respondenhad at least 1 horse with PPID under their care, with half of
veterinarians reporting at least 5 horses with PPID. This data shows that most veterinarians
servicing the horse industry have to deal with this chronic, debilitating prol@emresults
sugeest thatEuropean veterinarians were more likely to use clinical signs alone for diagnosis

than colleagues iNorth America The reason behind this differencarnfiguing and deserving
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of further investigation. By waiting until the pathognomonic cliniappearance of advanced
PPID is evident, some Europeaaterinariansmight be waiting longer than necess#sfore
instituting treatment to ameliorate the biochemical abnormality associated with this condition
However, given theeady availability of a ammercial medical treatment with proven efficacy

and few negative sequelae beyond cost for treating an incorrectly diagnosed patient, additional
diagnostics could potentially be perceived as not being cost effitiefdgrtunately the response

rate for ourstudy was not sufficient to detect differences, if any, among European countries.

Taking all responses into consideration%36f respondents in our survey used clinical signs

i.e., hypertrichosis as the sole diagnostic criterion in the diagnosis dDPFhis may appear
inadequate, howevehypertrichosis has been reported as hawangositive predictive value
(PPV) of 904 (Frank et al. 2006). This is a high value, but the calculation of PPV is intimately
associated with the prevalence of disease.eSthe authors of that paper selected their case
population as being suspicious of PPID, and then confirmed the diagnosis uskmgopest
examination, the prevalence of disease was high (62%). The specificity and sensitivity of the test
was reported as 96 and 71%, respectively. In our study population, where veterinarians
reported a estimatedprevalence of PPID of % in their practice populations, the use of
hypertrichosis alone wid generate a PPV of only 14%he negative predictive value (NPW)

a lack of hypertrichosisn this population, however, igreater tharf9%. The evaluation of
hypertrichosis in older horses results in an increased PPV because they have a higher pretest
probability of disease (McGowan 2013). The probability of a false pegiiagnosis in an aged
horse with hypertrichosis should be much lower due, in part, to the limited list of possible

alternative diagnoses. Rohrbach et al. (2012) reported that 34% of 44 horses and ponies with
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PPID were dignosed solely on the basis of lkypichosis with another 2% based on a
combination of lpertrichosisandthe result ofa dexamethasone suppression test. The authors
stated that when presenypertrichosisvas conslered as accurate as laboratmigntified cases.
However, the sensitity is not 1006 and the resulting NPV in high risk horses will not be
greater thar®99%. Three percent of horsevith a pituitary pars intermedia adenoma at necropsy
did not show any clinical signs associated with PPID including hypertricf@k&la et al1997;

van derKolk et al. 2004).

Dybdal et al. (1994) reported that all PPID horses had a plasma cortisol concentration of greater
than 27.6nmol/L (1 eg/dL) at 20 hours post dexamethasone administration, whereas all control
horses had serum cortisolr@@ntrations less than 27.6 nmol/L. Subsequently, Frank et al. (2006)
reported that the dexamethasone suppression test had a sensitivi®g ah@ specificity of

76% in a populatiorof horses, whose age ranged from 2 years to 33 yravbjch the diagosis

was ultimately determined mecropsyassessment of the pituitary glaMibst respondentso the
survey questiomised resting plasma ACTH concentration (van der Kolk et al. 199%tiCet al.

1996) as their adjunct diagnostic test of choice. Thsdreported sensitivity between &Jand

84% with a specificity of between 78% and%3using different cubff values of 29.7 pg/mL
(McGowan et al. (2013nd35 pg/mL Perkins et al. (20Q2using hypertrichosis and 3 or more
clinical signs of PPIDin seasons other than autuninis important to note that early papers
citing diagnostic cubff values may be misleading as they were published before the seasonal
variation in ACTH concentration was recognized (Donaldson et al. 2008)differences in

specificity and sensitivity of the dexamethasone suppression and the endogenous ACTH tests
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may explain why the use of the dexamethasone suppression test, as well as the reported risks of

inducing laminitis, has fallen out of favor.

For the aged horse thi hypertrichosis, use of an additional test with the above mentioned
specificities and sensitivities (the presence of hypertrichosis and endogenous ACTH testing) only
decreases the probability of detecting a false positiv@pgcificity) PPID horse fron% to

about 26 assuming serial intpretation of the test results from clinical diagnosis followed by the
endogenous ACTH te$tDepending on the estimated prevalence of the disease in that age of
horse, the PPV is not substantially improved by using tmbmed approach, questioning the
benefit of additional testintp rulein diseasen animals with clinical signdt was interesting to

find that veterinarians with fewer than 5 horses under their care were more likely to use
laboratory corroborative tesg than those with greater than 5 horses. The reasoning behind this
choice is not known, howevewe speculate that perhaps those with greater numbers of PPID
animals under their care are more confident in using only clinical signs, because gfethierr

professional experience.

One limitation of the data obtained from this survey, as well as that in the existingyegred
literature, is that horses that are bottnfaomed with, and suspected bfving PPID are
discussed togetheHistorically, hases that dichot have hypertrichosis, despite advancing age
were infrequently tested and there is currently no consensus on a definitive diagnostic test for
documenting PPID, especially in earlier stages of diséassuch, the true prevalence of diseas

may be much higher than reported (Donaldson, Jorgensen and Beech 2004; van der Kolk 2004;

Rohrbach et aR012). The extent to which oltbrses and ponigse., greater tharl5 yearsare
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being tested has been subjectively increasing in recent (g=pesially in the UK and Australia,
whose numbers are not well represented in the current suavelthere has beeam emphasis

on trying to detect and treat PPID before it becomes a welfare concern. A recent experimental
study by McGowan et al. (2013) @ped a PPID prevalence of 2%a4n horses over 15 years,
based orendogenou®\CTH concentrationdespite the prevalence oygertrichosis being only
14.2%. In this scenario (aged horse with no apparent hypertrichosis), the addition of endogenous
ACTH testng interpreted in parallel with clinical signs (again, with the above mentioned
specificities and sensitivés) will improve thesensitivity of a diagnosis of PPID from %lwith

clinical signs alongto 95% for animals witha concurrent positive ACTH te$This shows that

the use of adjunct testing methodologies earlier in the disease process, oreaniagtest in
horses over 12 td5 years of agesanallow earlier diagnosis and treatment of disease. This may
improve the health of the horse andemd the usefulness of the animal to the client. As a
profession, we can and should strive to diagnose this condition earlier and thus improve the

quality of life for aging horses.

Most respondents reported treatingividuals suspected to be affectedhwPPID, and most of

them used pergolide mesylate. Commercial and compounded product was equally represented
overall. Unfortunately the survey did not explore the extent to which commercial versus
compounded form of pergolide was available to the respusdas this may have significantly
affected their choice of product, especially as the compounded pergolide has beetodmwen
substantial limitations, such as a lack of stability depending on the vehicle and storage conditions

(Stanley and DiMaio Kych 2010; Davis et al. 2009).
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Of the small number of participants elaborating as to why they did not treat affected horses
almost 806 reported that financial and management limitations reported by their clients
precluded treatment. Some veterinariansdclieth reasons. This may explain why, despite the
availability of a drugwith proven efficacyMunoz et al. 1996; Perkins et al. 2002; Schott et al.
2001; Donaldson et al. 2002; Sgorbini et al. 20@4er 506 of respondentstated that they
would like tosee a new treatment or cure developed for this debilitating conditrencurrent
treatment is costly due its ongoing nature, and is labor and management intensive. Treating a
horse on a daily basis may not seem overly orgeroowever, in extensivety pasture managed
horses who are infrequently handled, the need for daily medication would preclude treatment.
Similarly, there is a significant emotional stress put upon the caregivarsrans an@nimals

with chronic ongoing disease processes (Thom@swd Gustafson 1996; Kelly 2014). Earlier
diagnosisand treatmenof this condition could improve the welfare of the horse by reducing or
preventing some of the clinical sequelae, but will do little to assuage the client concerns and
emotional stress abbthe feasibility of daily medication. If an equally efficacipyst much less

labor intensivetreatment were to become available, it is possible that veterinarians and clients

would explore this option.

The data from this survey represent the infororatshared by the veterinarians who were
interested enough in this issue to take the time to respond to the survey. Volunteer bias is a
limitation of survey dataasit is for the recruitment of practices to provide access to client data.
However, the restd were not completely restricted to veterinarians with a strong interest in

PPID as only 7% reported that it is an important disease.
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A second challenge in this study resulted from working through third parties to disthileute
survey link. Gven thatthe number of memberraail addresse®r each distribubhg organization

was not shared, the response rate was unable to be calculated. However, desuiteatsiag

focus on privacy and confidentiality of distribution listee authorsvere fortunatehat these
organizations were willing to distribute the survey link. The number of total respondents was
lower thanwas originally hopedhowever, based on the resulting confidence intervals adequate
power to explore regional differences and risk factorsifmportant diagnostic and treatment
practiceswas available Most respondents were from North Ameri€ajrope and, to a lesser
extent the AsiaPacific region.However, as far as the authors are aware, this is the only study to
provide a concurrent coragson among these region&hile it may be limited in itsaccuracy,

our data reflect a crosection of a larger number of clinicsdageographical regions than has
been previously reportedndsuggest that there was not a substantial difference ireticeiped
prevalence of PPID among participating regions. The reasons for lower numbers of responses

from regions other than North Ameriaad Europe&re unknown.

Finally, there are recall biases inherent in all survey respobgeghere is no reason believe

that this would be different among different regions. &simatedorevalence was greaterrisk

from reporting errors than routine diagnostic and management practices. It was not considered
practical to ask veterinarians to do a searckheir client recordshowever the focus of our

discussion has been on diagnostic and treatment choices.

Overall, the results of this international survey of equine veterinarians indicated there were

differences in how veterinarians diagnd3BID, with Europea veterinarians more likely to
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render a diagnosis without adjunct laboratory testiagardless of the number of animals under

their care, thanNorth American colleaguesThe estimatedprevalence ofthe condition
recognized by practitionereas approximagly 1% of horses of all agesyith no apparent
geographical variation. More specifically, there was no differencestimatedprevalence
between the northern and southern hemispheres, and no difference between Canada and the USA.
There is a need for adaihal treatment options for PPID asnse veterinarians repedthat their

clients are concerned about cost and management restrictions surrounding tberntong

treatment of PPID.

Footnotes:

aVertical Response, San Francisco, California, USA

b Microsoft Excel, Microsoft Canada Inc, Mississauga, ON, Canada
¢ SPSSJBM Canada IngcMississauga, ON, Canada

dhttp://epitools.ausvet.com.au/content.php?page=2Tests
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CHAPTER 3

TRANSITION PAGE

Profiles of pro-opiomelanocortin, encoded peptidesand their processing

enzymesin equine pituitary pars intermedia dysfunction

This dapter presents the results of sequencing the equine POMC, PC1 and PC2 genes. The most
appropriate internal reference gene for the equine pituitary gland is descrdmeds the

expression of POR, PC1 and PC2 in PPID and normal hors@be concentration of POMC,

ACTH, UMSH, CLIP, PC1 and PC2 in ventral <cav

horses is reported.

This work contributes to the understanding of the pathophysiology of PPID by confirming
previously held assumptions that uprigion of PC1 and PC2 occurs in PPID. Partial
sequences of POMC, PC1 and PC2 were submitted to GenBank, where previously there had only
been computer predictions. Pituitary hormone concentrations confirmed upregulation in PPID,
but used samples obtainediin the ventral cavernous sinus resulting in values that were much

higher than have previously been reported.

Copyright statement: Chapter 3 has been submitted for publication. The copyright of this

Chapter will belong to the journal in which it is pubbsh

Full citation: CarmaltJL, Mortazavi S, McOnie R, AlleAL and Unniappan S. Profgef pro-
opiomelanocortin encoded peptidesand their processing enzymes in equine pituitary pars

intermedia gsfunction. PLOS ONE, 2017. Submitted.
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3.1 ABSTRACT

Objectives: To identify the partial sequences of equine POMC, PC1, and PC2 mRNAs; and to
determine whether the expression of POMC, PC1, and PC2 mRNAs in whole pituitary extracts,
and POMCGCproteinin the cavernous sinus blood of horses are altered in PPID.

Materials and Methods Total RNA was extracted from thentire pituitary glands of 6 normal

and6 PPID affected horsesDNA wasgeneratecandRT-PCR was used to generate sequences
which were subequently extracted, purified and sequenced. Nine internal control genes were
screened for suitability for use in the pituitary gland. cDNA was amplified using primers based
on predictecEquus caballusequences for POMC, PC1 and PC2, and subjected-gi°PRR to
determine expression between normal and PPID horses. Commercial EBSNC, ACTH,

CLIP) anda RIA (U M S)hivere used to determimgasmaconcentrationen the ventral cavernous
sinus blood

Results: Partial sequences obtained match the corresponding regions of predicted equine POMC,
PC1 and PC2 sequences. Tagpressionof POMC, PC1 and PC2 mRNAs were ffou
upregulated in the pituty of horses with PPID. Plasm&TH andU-MSH were eleated, while

CLIP waslower in PPID horses

Conclusions: There aredistinct differences in gene and protein expression of POMC and its
intermediates, and processing enzynred?PID. This dataprovides evidence to support the
notion that local, pituitargpecific inadequacies in prohormone processing likely contribute to

equine PPID.
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3.2 INTRODUCTION

Equine pituitary pars intermedia dysfunction (PPID), also known as equireiCi ngds di sea

a common disease of horses older than 15 yearsthik most common endocrine disease of the
equine species with reported prevalence between 14% and 30% in agedMoGewan et al.
2013).Horses with PPID suffer significant moriiidand chronically poor welfare from myriad
clinical signs. Hypertrichosis, chronic recurrent laminitis and redistribution of body fat occur
frequently, as does increased susceptibility to opportunistic infections of the skin and respiratory
tract. PPID $ proposed to be a primary neurodegenerative disorder characterized by a lack of
dopaminergic inhibition of the melanotrophs of the patermedia(Millington et al. 1988;
McFarlane et al. 2005)n vitro andin vivo studies in rats and sheep have showat tin the
absence of dopamine, hyperplasia and hypertrophy of the melanotroph cell lin¢Getdert et

al. 1988; Engler et al. 1990n mice with dopamine typ2 (D2R) receptor deficiencies, the gene
expression of proopiomelanocortin (POMC) and itsoasmted prohormone convertases (PC1
and PC2) are upregulaté8aiardi et al1988) This results in an overabundance of downstream
POMCGCpeptides, such as adrenocorticotrophic hormone (ACTH) cleaved from POMC by PC1;
and alphamelanocyte stimulating hormen(MSH) and corticotrophitike immune peptide
(CLIP) cleaved from ACTH by PC2, being released into the systemic circulation. This theory is
given additional support by the fact that clinical signs and endogenous ACTH levels normalize in

the face of treimnent with a dopamine agonist (pergolide mesylate).

We hypothesized that PC1 and PC2 levels in the pituitary gland are altered in PPID, resulting in

an abnormal relative abundance of POMC derived proteins. Our aims were to confirm the native
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cDNA sequence of equine POMC, PC1 and PC2; to determine the most reliable internal control
gene for use when quantifying mRNA expression of POMC, PC1 and PC2 in the pitutary; to

guantify and compare the mRNA expression of POMC and PCs in normal and PPID horses; and

toquantifythepl asma concentr at i-MSHanddcCLIPInRh@ Mdadd from @& H ,

ventral cavernous sing normal andPPID horses

3.3 MATERIALS AND METHODS

3.3.1 ANIMALS

The whole pituitary gland of 10 normal and 6 PPID horses, submitted tDepartment of
Veterinary Pathology at the Western College of Veterinary Medicine, University of
Saskatchewanwere collected immedidiepostmortem The gland was diced into small pieces
and snap frozen in liquid nitrogen. Samples were store80AC urtil total RNA extraction.
Normal horses comprised é4fgeldngs, one stallion, and 5 mares witmaan agef 10.1 \eas.

The PPID horse group, which exhibitdte classical signs afisease Hypertrichosis, laminitis
and fat redistributioy comprised of2 geldings and 3 mared gex was not recordedavith a
mean agef 22 yeas. The age disparity between groups was a function of theelded nature

of PPID.

An additional6 normal horses and 6 PPID horses were used for ventral cavernous sinus blood

collection. Normal horses (5 mares and 1 gelding) hattan ageof 12.2 yeas, whereas the

U

horses exhibiting signs of PPID (5 mares and 1 gelding) had a mean age of 24.3 years. Horses

were obtained by private donation to the research program, with sigriedned consent
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provided by the owners. They were housed in an outside paddock with hay and water provided
ad-libitum. Blood was collected from the ventral cavernous sinus of standing horses using
techniqus reported earlierlryine and Alexander1987. Blood was placed into plastic tubes
containing EDTA(1.8 mg/mL) stored on ice during the collection period and then centrifuged at
4000rpm for 15 minutes at’ €. Plasma wasollectedand frozen at80' C, for furtherhormone

and PC measurements

3.3.2 TOTAL RNA EXTRACTION AND cDNA SYNTHESIS

Total RNA was extracted from the whole pituitary samples using TRIzol RNA isolatamyertt

The entire pituitary gland was diced and mixed to prevent including just one region, 1 mL TRIzol
was added to 1 mg of dicggituitary tissue samples, and homogenized by bead disrbtiatiwh
incubated in room temperature for 5 minutes. Phase separation was performed by adeig 200
chloroform to each sample. Samples were mixed thoroughly, and centrifugkdl feinutes at

13000 rpm before thaqueous phase was transferred for RNA precipitation. Isopropanol (500
eL) was added and centrifuged Awaswdfedwihhut es
mL of 75% ethanol and dissolved in pure RNase free water. The purity of extracted RNA was
assessed by optical density absorption ratio (OD 260/280 @m@ microgram of total RNA was

used forcDNA synthesis usinga commercial kit as drected by the manufacturer. cDNA

samples were stored-&0 C until RT-PCRs and RPCRs.
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3.3.3 PRIMERS

Primers were designed using PrinBast™ from National Center for Biotechnology
Information (NCBI)®. Equus caballuPOMC (GenBank: XM_014731265,1PC1 (GenBank:
XM_001504608.%4 and PCAGenBank:XM_001491591.pprimer sets were designed based on
partial predicted sequencesth the accession numbers listed ab¢Vable 3.1) Primers were
commercially synthesizédvalidated and optimized for higprimer efficiency and annealing
temperaturesThen, primers were used féteverse TranscriptieRolymerase Chain Reaction

(RT-PCR) or Reverse Transcriptigpuantitative PCRs (RGPCR).

3.3.4 RT-PCRAND SEQUENCING

RT-PCRs were carried out usinglL of cDNA,50eM d NTPO6s, 10x PCR reacti
MgCl> and 0.5¢L tag DNA polymerasé making total of 20eL of reaction volume. PCR
conditions were: initial denaturation for 5 minutes at®@%ollowed by 35 cycles of denaturation

at 95 C for 1 minue, annealing temperature (TaBl¢) and extension at 7@ for 1 minute, and

a final extension of 73 for 10 minutes. PCR products were electrophoresed on 1.5% agarose

gel. The images of the gel were recorded under UV ligdands of the expected sizgere

excised from 1.5% agarose gel. Four bands, representing ekpeupéicons, were purifiéénd

sent for sequencing @tionalResearctCouncil, Canada). Sequences obtained were analyzed by

NCBI and aligned to predicted equine POMC, PC1, and PC2 0@l nucleotide blast

toold*. A comparison of partial sequences from normal and PPID horses to determine whether

differences in the critical (mature peptide or enzyme) sites of the sequeaseserformed
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Table 3.1 Sequences of primergene bank acce®n number, amplicon size, and annealing

temperatureised for RTPCR and RTgPCR.

. . . Annealing
Gene Primer Accession No. Amplicon Size Temperature
GenBank (bp) o
(O
F- CAAGATCGACCTCTCCGCTG 213 o0
R- GGTCACTTCCACATGGGTGC
POMC | F TCAGGCTTCTGTGGAAGT XM_014731267.1 178 o1
R- AAGTGGCCCATGACGTA'
F- TGGGTTGCTAAATGCCAAAGC”
PCL | L e T XM_001504608.4 300 60
F- TGTGGGGTCGGAGTAGCATA "
R- CCGTCGATGCTGCTGACATT 280
PC2Z | F CAACGATCCCTATCCGTA XM_001491591.5 168 50
R- CGTCATAAATGGCTGGTC
F- AACGACACTCTGGCATGCTAACT
LBSIRNA | L A XM_001497064 98 60
F- AGAAGGAGAAAGGCCCTCAG
GAPDH | e e naoax NM_001163856 87 56
F- GTGTTCCGAAGGTTCAGGTT
B2M | R ATTTCAATCTCAGGCGGATG NM_001082502 102 55
F- CGACATCCGTAAGGACCTGT
ACTB | R CAGGGCTGTGATCTCCTTCT NM_001081838 99 56
F- GGGATTCGCACTGTGGCTGTCA
GUSB |1 G e o TSR | XM_001493514.2 116 62
F- GCAGAAGAAGCCATTTGAGG
SDHA | - CACAAS AAC AT LToReS XM_001490889.4 102 55
F- TGTTGTAGGAGCCCGTAGGT
YWHAZ | o ATTCTCGAGCCATCTGCTGT XM_001492988 94 60
F- GCTTCTGCCACAGGCTTAAC
steaeaz | 1 OC el SO eSS XM_001501324.3 69 55
Cypioar | F- GAGATGCCGTGGGAATTCTAGE | (oo oo 109 o

R- ACGTTTCTCAGCCAAAAT!

*Used for RFPCR, Used forRT-gPCR

88




Once the sequences oloid, although partial, confirmed the predicted sequences, the same

primers were used for RGPCRs.

3.3.5 RT-QUANTATIVE PCR

cDNAs were amplified by CFX conné¢Bio-Rad, Canada) using iQ SYBR green supefiix

and forward and reverse primers shown in &&bl. For each sample, RJPCR was run in
duplicate and repeated again to ensure consistency. The thermal profile for all reactions was 5
minutes at 95C and 40 cycles of 10 seconds denaturation atC930 seconds of optimum
annealing temperature asosin in Table3.1, and 10 seconds of final extension af @3
Specificity of amplified products in R§PCR assays were determined by analyzing the melting
curve to differentiate the target amplicon from primer dimers and other nonspecific products. A

single melt curve was observed for each primer set of alfRCR reactions.

Our extensive search in the literature for a suitable internal control gene that was validated for
use in pituitary samplesf horses was not successfllhe Ct values ofglyceraldelgde 3
phosphate dehydrogenase (GAPDH), 18S rRNA (18S); Betacroglobulin (B2M), beta actin
(ACTB), succinate dehydrogenase complex (SDHA), beta glucoronidase (GUSB), and tyrosine
3-monooxygenase/tryptopharnonooxygenase activation protein (YWHAZ) weexamined.
These genes weted previously beewalidated for use in equine reproductive tiss(isin et

al. 2011) Based on the results of this validation, @evalues of POMC, PC1, and PC2 were

normalized to YWHAZ,which had beerchosen as the houdsseping gene. Relative mRNA
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expressions of genes of interest were determined according to Livak and Schnia@gggnrAll

reagents were stored under desired condition until use.

3.3.6 HORMONE MEASUREMENTS

Plasma ACTH concentrations were measured usiogmmercial sandwich as§8yThe plasma

samples and test contrglsvere thawed and maintained on ice until analybitia-assay
coefficients of variation were 4.61% to 0.33% for low and high control sera with mean ACTH
concentrations of 31.45 or 460gp mL , respectivel y. The manuf :
sensitivity, lower limit of detection, was 9 pg/miCompetitive sandwichenzymelinked
immunosorbent assay&l(ISAs) were performed for POMCm{anuf act urer 6s st at
sensitivity was 0.1 ng/lny intra-assay coefficients of variation were 11.19% to 11.48% for
control sera with mean POMC concentrations of 0.39 or 8.08 ng/mL, respectavady)CLIP
(manufacturerds stated anal yassayceefficiesteaf wtiatonvi t y
were 5.24% to 5.55% for control sera with mean CLIP concentrations of 57.9 or 483.7 pg/mL,
respectively following manufacturers guidelinés A commercial RIA was used for the

det er mi navSH eancentrdtongtUmanuf act ur er 6 s #®viyawas 8 anal
pag/mL (3 pmol/L), intraassay coefficients of variation were 0.81% to 5.52% for control sera

wi t h  m\SH ncondgntrations of 20.5 pg/mL or 125.3 pg/mL (12.3 or 75.2 pmol/L),
respectively)Manuf act ur er 0 s ACTH asshestaiedo eressdadiivity toUnSH,

but a 1315% crosgeactivity to ACTH (1839). Information contained with thd MSH R A
statedno crossreactivity to ACTH and guidelines for the CLIP ELISA sthteh ad sigriificant

crossreactivity or interference betweeritls anal yte and anal ogues i s
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3.3.7 STATISTICAL ANALYSIS

All values were reported as means + SEM. Statistical analysis was performed using PRISM 5.0
and SPSS Comparisons between groups were made uSihgu d etest (@nd a ManhVhitney

U test where appropriat® values <0.05 were considered statistically significant.

3.4 RESULTS

Partial mMRNA sequences of POMC, PC1 and PC2 were obtained and found to be idetiecal to
predicted equine sequences used to design the prilinalso confirned the hormonencoding
regionin the native equine POMC (GenBank Accession nuntb€R75178) and sequences of

PC1 (GenBank Accession numbekY275179), and PC2 (GenBank Accession number:
KY275180) mRNA <squences Equus POMC partial nucleotidesequence dxbited high
similarity to corresponding regions in tipeedicted horseHquuscaballus 95%), and human
(Homo sapiens85%) POMC nucleotide sequenc&ke partial amino acid spiences of POMC,
UMSH a n dvergalsd highly similar to predicted horse (Equus caballus $82%, and

91.9% respectivelypnd human (Homo sapiens, 8 0 %; 69. 2%
(Figure 31A). Additionally, PC1 (Figure 3.1B) and PC2 (Figure 3.partialsequences showed

very highsimilarity to predicted horséequus caballus99% and 98%, spedively) and human

(Homo sapiens98%, 96%, respectivehlpC1 and PC2 nucleotide sequenddsrse PC1 and
PC2partialamino acid sequences were found éoidentical to predicted horsEquuscaballus

99% and 100%, respectively) and human (98%, 100%, respectively) sequences. When comparing

the amino acids sequences, we did not find aifferences in POMC, PC1l or PC2
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Figure 3.1A Equine POMC partiaamino aa sequence compared to predicteguus caballus
and Homo sapiensequenceskRed arrowdenotes the cleaga point within POMC for ACTH

the first 13 ami no a c(edlne) amd theviatteraminotacds B8)e UMS H

subsequently become CL(Red arrow with dashed end

60 70 80 90 100 110
gon(;f)-tsag)lens PHLEABTPMEPG ; PL P vMGH! FG AG VS AG
Efe icte :‘:I'““S PLEEP CSPATA ---M---PRTPG ATSAGTAS - AAGTAAAAAANANS A

quus-caballus PLEMPCSPATA ---M- - -PHTPG ATSIAGAAS - AAGTAAAAAANANS A

120 130 140 150 160
'|;'°"‘d?‘fa§'e"5 cerLPEGGPEP AlirGPIEC F PVG pvlvy PHG -
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t omsn (1-13) t 1CLIP(18-39)
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Figure 3.1BEquine PC1 partishmino acidsequence compared to predickglius caballugnd

Homo sapiensequences.

Homo-sapiens
Predicted-equus
Equus-caballus

Homo-sapiens
Predicted-equus
Equus-caballus
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Figure 3.1CEquine PC2 partiadmino acidsequence compared to preditEquus caballusand

Homo sapiensequences.

30
Homo-sapiens Y PBAGPA LY P Y LGP
Predicted-equus YPBAGPAIY P LGP
el | Iﬁl IAGPA.YIEIE B
90
Homo-sapiens ve LG LB x
Predicted-equus LEVGL L X
Equus-caballus EEI E. VGLE.L LX
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sequences betweermrmaland PPID horses

Of the 9 genes tested as internal control g€Rggire 3.2A), only 183RNA (Figure 3.2B), and
YWHAZ (Figure 3.2G genes were found to be stab#d prowded consistent Cvalues in
control and PPID groups. Other genes were not stphdeided inconsistent Ct valuaad were

considered nateliable for use

POMC, PC1 and PC2 mRNAgere expresseith the equine pituitargland tissugFigure3.3A).
POMC (4.8 fold increase, g 0.0083, PC1(5.45 fold increase, p 0.0007%, and PC25.27 fold
increase, p= 0.01) mRNAs were significantly upregulated in the pituitary gland of horses with
PPID (n = 6), when compared to normal horses (F&3.3B, G andD, n= 10). There was no

significant difference between the upregulation of PC1 and PED(pl1) in PPID horses.

There were no differences in POMilasma concentratiorfisetween normal (n = 6) and PPID
horses (n = 6, p = 0.68, Figure 3.4ACTH (p = 0.0005, jur e 3 . 4NBSH (pa=r0.8004,U
Figure 3.4C)plasma concentrationsere significantly higher in PPID horses whereas CLIP (p =

0.025, Figure 3.4Dgoncentrationsvere significantly lower in PPID horses.
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Figure 3.2A Cycle threshold (Ct) values for &linternal control genes in the equine pituitary

gland.Bars denote mean values{$EM).
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Figure 3.2B Cycle threshold (Gtvalues forthe mRNA expression di8SrRNA in the pituitary

gland ofnormal(n = 10) and PPID(n = 6) hores.Barsdenote mean values (H3EM).
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Figure 3.2C Cycle threshold (Gtvalues forthe mRNA expression 6fWHAZ in the pituitary

gland ofnormal(n = 10) and PPID(n = 6) horsesBarsdenote mean values (H3EM).
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Figure 3.3A A RT-PCR gel electrophoresis image showing the expression of equine POMC
(178bp), PC1 (300bp) and PC2 (168bp) in the pituitary glBi@ldenotes neemplate control

for the peptide to the left of the column.
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Figure 3.3B POMC mRNA expressiofin theequinepituitary glandtissue fromnormal (n= 10)

andPPID (n = 6) horses.Data are normalized to the YWHAZ hodseeping(HK) gene Bars

denote mean values ({3EM). ** = p<0.01
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Figure 3.3C PC1 mRNA expression in the equine pituitary gland tissue from normal (n = 10)
and PPID (n = 6) horses. Data are normalized to the YWHAZ Haeeging (HK) geneBars

denote mean values (f3EM). *** = p<0.001
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Figure 3.3D PC2 mRNA expression in the equine pituitary gland tissue from normal (n = 10)
and PPID (n = 6) horses. Data are normalized to the YWHAZ Haeeging (HK) geneBars

denote mean values (3EM). ** = p<0.01.
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Figure 3.4A Plasma concentrations of POMICthe plasma of ventral cavernous sinus blood of

normal(n = 6) and PPID(n = 6) horsesBars denote mean values (3EM).
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Figure 3.4B Plasma concentrations AICTH in the plasma of ventral cavernous sinus blood of

normal (n = 6) and PPID (n = 6) horsBsus denote mean values (8EM). *** = p <0.001
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Figure 3.4CPl asma concentrations of UMSH in the pl e

normal (n = 6) and PPID (n = 6) horsBsus denote mean values (3EM). *** = p <0.001.
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Figure 3.4D Plasma concentrations of CLIP in thagha of ventral cavernous sinus blood of

normal (n = 6) and PPID (n = 6) horsBsus denote mean values (3EM).* = p <0.05
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3.5 DISCUSSION

This study partially confirmed the predicted equine POMC, PC1 and PC2 mRNAanseg, and

found the expression of all three transcripts in the equine pitui@uy. sequencing data,
although only partial, matched that of the predicted sequences of all three genes. Additionally,
there were no key differences in the amino acid segqueh®iormones encoded in POMC, or

PC1 and PC2 between normal and PPID horses. These findings are interesting because there is
strong evidence suggesting that a significant portion of the elevated endogenous ACTH in PPID
horses is likely not bioavailab(©rth et al. 1982; Cordero et al. 2012)mutation in the POMC

gene was reported in humans, resulting in immunologically active, but biologically inactive

ACTH (Samuels et al. 2013)

This mutation resulted in an ACTH analogue that could not bind to tHe M2eptor on the
adrenal glandOur findings that the mRNA sequences of POMC, and the amino acid sequence of
ACTH, did not differ between normal and PPID horses suggests that lack of ACTH bioactivity in
horses is possibly not associated with a nucleopdymorphism in the encoding gene.
Combined with the clinical and laboratory evidence that treatment with a-aD@mist
normalizes endogenous ACTH levels, and the clinical signs of disease, our findings would
suggest that the lack of ACTH bioactivity in IPPhorses is more likely associated with post
translational modification of the nascent ACTH, downregulation of the M2R receptor on the
adrenal gland, or some other yet unidentified mechanism. Multiple candidate genes were
assessed for use as internal coingenes in the equine pituitary gland. The results showing that

both 18S rRNA and YWHAZ could be used as an internal control/Hoesging gene is
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significant because this information has not previously been reported. The reduced variability in

the exprssion of the latter gene resulted in its subsequent use in our study.

Our study found that POMC, PC1 and PC2 mRNA expression was elevated in the pituitary gland
of PPID horses. Although only gene expression was studied here, this supports the mechanistic
theory behind dopamingeficient elevations in plasma ACTH concentrations extrapolated from
murine studiegSaiardi et al. 1998While both PC1 and PC2 mRNA expression increased in
PPID horses, our results did not show the differential upregulation mof22R deficient mice,
whereinPC1 increased in activity by 4 to 5 times, whereas that of PC2 increased by only 2 to 3
times (Saiardi et al. 1998)There are several possible explanations. Firstly, while mammalian
hormone mechanisms are typically consenapecies specific differences do exist. Secondly, the
murine studies that postulated a lack of dopamine, useetgopamine receptor deficient D2R
knockout mice. These mice do not actually suffer from a true dopadsgfieiency. It is possible

that differential receptor binding may have altered the relative upregulation of the prohormone
convertase sutypes. Finally, our method of whole gland extraction precluded cellular
localization of the PC enzymes. It is possible that differential upregulatiamredan multiple

areas of the gland with the overall result that there was not a difference between PC1 and PC2.
Had tissue been removed from speqgifars intermediar pars distalisegions, it is possible that

differential upregulation in the face oPED may have been revealed.

There were no differences in the concentration of POMC within the plasma of cerebral blood
collected from the ventral cavernous sinus between PPID horses and control horses. This was not

surprising because despite increasedMBOMRNA expression, the protein would have been
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cleaved into the downstream, smaller peptides, includin@ T H;MSHJand CLIP before

release into the ventral cavernous sinus. Our findings concur with previously reported literature

in that there were si gni-MSHanaRPID haskesecomapharedotm s i n
control horsegCouétil et al. 1996; Leeteal. 2010; Beech et al. 201BjcGowan et al. 203).
Interestinglyt h e i n c-M®Hawasenotimirrorédl by a concomitant rise in the concentration

of CLIP. This wadikely a function of the assay (which was not validated in this staslyitial

analy$ s -MBH uding an equine specific ELISA kit showed no elevation of hormone
concentration in PPID animals (data not shown). Repeating the analysis using the
radioimmunoassay as used by other investiggtdg-arlane et al. 2006; Cordero et al. 2012;
McGowan etal. 2013) esul t ed i n the findingVSH®bcautredan si gni
PPID horses. It is possible that a Cidpecific RIA would have demonstrated concomitant
increases inthisPOM@B ept i de, especi a-MSHandOlLR aeercleavdd &éomf act 1

ACTH.

In conclusion, the series of studies reported here supported the hypothesis that PC1 and PC2 in
the equine pituitary gland is upregulated in PPID. This is associated with an abnormal abundance
of POMC derived proteins being raked into the blood of the ventral cavernous sinus, and then
into the blood of the systemic circulation. We only determined partial sequences of POMC, PC1
and PC2. In addition, tissue expression of these proteins was not determined. Despite these
limitations, our results concludbat upregulation of PC1 and PC2 occur in PPID horses which
cleave a normaPOMC polypeptide, resulting in elevated concentrations of Pa@gitved
peptides in the diseased stafeiture research shoulddus on more in depth studief the

endocrine milieu during various stages of PPID.
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Footnotes:

2TRIzol. Invitrogen Inc. Canada.

b TissueLyser, Qigen, Canada

¢ Nanodrop. NB2000c, Thermo Scientific Inc. Canada
diScript cDNA. Bio-Rad. Canada.

¢ PrimerBlast™: www.ncbi.nlm.nih.goytools/primesblast/

"IDT Inc. Canada

9Taq DNA polymerasdnvitrogen Inc. Canada

hGel DodM, EZ Imager, BieRad, Canada.

' QIAquick Gel extraction kit. Qiagen Inc. Canada

INCBI nucleotide blastittps://blast.ncbi.nim.nih.gov/Blast

K http://www.ebiac.uk

' CFX Connect, BieRad, Canada

MIQSYBR green supermix. BiRad, Canada

" Siemens ACTH kit, Siemens Canada, Oakville, ON, Canada

° Immulite 1000 Chemiluminescent System, Siemens Canada, Oakville, ON, Canada
P Bi-level ACTH control module, Siemens @ala Oakville, ON, Canada
9POMGC MBS012413, MyBioSource Inc., San Diego, CA, USA

" CLIP-MBS088236MyBioSource Inc., San Diego, CA, USA

s Euriai MSH, Euro Diagnostica AB, Malmé, Sweden

'PRISM 5.0, GraphPad Software, Inc. La Jolla, CA USA

YSPSS versiodl, IBM Canada Ltd, Markham, ON, Canada
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CHAPTER 4

INTRAARTERIAL INJECTION OF IODINATED CONTRAST MEDIUM FOR CONTRAST

ENHANCED COMPUTED TOMOGRAPHY 6 THE EQUINE HEAD
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CHAPTER 4

TRANSITION PAGE

I ntraarterial injection of iodinated contrast medium for contrastenhanced

computed tomographyof the equine head

This dapter presentshe methodology for contrashhanced computed tomography
using intraarterially delivered contrast material. This has the benefit of allowing the
delineation of the margins of the pituitary gland and, additiondsing significantly
more costeffective than a large intravenous dose of contrast agent which suffers from

volume depletion.

This work is important in that it allows a determination of pituitgtgnd size, which
may be a helpful adjunct test in the amertem diagnosis gbituitary pars intermedia
dysfunction This may allow earlier diagnosis of this conditionb® made, resulting in

earlier treatment and an improvement in the welfare of the aged horse.

Copyright statement: Chapter 4has been published and is reproduced here with the
permission of thecopyright owner (Journal of Veterinary Radiology and Ultrasoin

John Wiley and Son#nc.)

Full citation: Carmalt JL and Montgomery lhtraarterial injection of iodinated contrast
medium for contrasenhanced computed tomograpbly the equine headvet Radiol

Ultrasound. 201556(4):384-390. doi: 10.1111/vru.1225
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and regions of interest and statistical interpretation. Montgomery provided the expertise
as to the timef-flight technique. Carmalt wrote the paper with editorial input from

Montgomery.
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41  ABSTRACT

Objectives: To determinewhether lowvolume intearterial administrationof contrast
medium would resulin an equvalentimage quality and tissue attenuation versig
volume intravenous bolusdministration for enhanced computed tomography (CT) of the
equine head

Materials and Methods: A prospectie crossover experimental design was used in 6
horses.After anesthet induction the right carotid arterywas exposed surgically and
catheterizedFour CT scans of the cranium were performed for each horse:negsel
immediately following intrarterial ©@ntrast injection5-minutes post injection (return to
baseline) and after intravenous contrast administrataft tissueattenuationin pre
determined regionef interest (ROI);andlength, width and heighheasurements of the
pituitary gland were recdedat each time pointHorses were euthanased gmithitary

gland measurements were repeated-puastem.

Results: Margins of the pituitary gland could not be accurately delineated without
contrastenhancement. Intaaterial and intravenous administrati@f contrast medium
resulted in significantly greater soft tissue enhancement of some brain ROI and the
pituitary gland versus baseline values. Pituitary gland measurements made -on post
contrast CT images did not diffeom those obtained during pasbriem examination.
Conclusions: Low-dose intrarterial administration of contrast material in the equine
head resulted in comparable soft tissue enhancement J@gugolume intravenous

administration.
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4.2 INTRODUCTION

Computed tomography (CT9 a widelyused advanced imaging modality for diagnosis of
suspected cranial lesions and surgical planmmirige equine head (Puchalski et al. 2010).
While superior to CT for evaluation of soft tissues, disadvantages of magnetic resonance
imaging (MRI) for the equi@ head include less availability, longer anesthesia times, and
greater expense (Holmes 2013). While more available, disadvantages of radiographic
cerebral angiography for the equine head include high contrast medium dosages and
costs.There ardew publicationsdescribingthe use of contrast agent administered via an
intravenous (IV) injection for enhanced computed tomography of the equine head and
dosages vary widelyOne report examined the brain after traumatic head injury and
another assessed the letegm (6 months) effecaf pergolide treatment on pituitary gland

size (Lacombe et al2010; Pease et al. 2011). Both of these repwft-volume IV
injection of iodinatedcontrast mediumPeasest al.i 250 mL of 370 mgl/mL; Lacombe

et al.i approximately300 mL of 350 mgl/mL. A third repbrdiscussed the use of
contrastenhanced CT as a potentially useful tool in the assessment of the equine head,
but did not report theose to administer, or discuss timing of #tan requiredo acquire
contrastenhancd images of the head (Kinns and Pease 2009). Aqus\gadaver study

used contrastnhanced CT to describe effects of CT slice thickness on equine pituitary
gland measurements and reported a dosage of 60 mL administered by bolus injection IV
immediately atemortem (McKlveen et al. 2003) andsimgle absact reported the use of

intraarterial (IA) contrast administration for CT the equine head (Bergman et al. 2012)
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Disadvantages of IV contrast administration center around the large volume of contrast
medium required in a horse. This leads to a high cost of contrast material, and an
extended duration of the injection time. With a long injection time there is marked
dilution of the contrast medium within the vascular space and decreased contrast
enhancment. When administered IA and targeted to a specific region such as tha head,
lower volume of contrast medium can be used, as has been demonstrated in the equine
distal limb (Puchalski et al. 2007Jhis would help reduce the cost associated with
contrast nedium administration, andnay provide greatecontrastresolution when
comparedo the previously reported higlolumelV contrast technique An IA contrast
injection technique may also be helpful for comparing characteristics of intracranial

strucures during arterial and venous phases.

The objectives of the current study were to determine whether-admme IA bolus of
contrast medium would result in equivalent image quality and tissue attenuation on CT
examination versus a higlolume IV bols technique; and whether contrast
administration allowed greater delineation of the hypophyseal margins such that the
accuracy ofsize measurements of this irdranial structure would be improved above
those obtained without the use of contrast materta. hypothesis was that levolume

IA contrast administration would prove to be equal, both indesfrimage quality and
contrastenhancement; and would result in comparable hypophyseal margin delineation

with the highvolumelV technique.
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4.3 MATERIALS AND METHODS

This work was approved by the University of Saskatchewan Animal Research Ethics
Board and adhered to the Canadian Council on Animal Care guidelines for humane

animal use.

Six horses, weighing between 475 kgs and 550 kgs were recruiteddeltidiorses were
either surrendered by their owner or were destined for slaugkdeh horse the
jugular furrows clipped of hair prior % jugular catheterization of theght jugular vein.
Horses werethen premedicated using 1.1 mg/kg xylazinend anesthsia was induced
with 2.2 mg/kg ketamirfeboth administeredV. Anesthesia was maintained with IV
Atr-dpilpo (xyl azi nephendamneconsbimationke witha thed addgionaof

intranasal oxygen for the duration of the procedure.

Horses wergositioned in left lateral recumbency antiGecm surgical incisionvasmade

in theright jugular furrow, immediatelguperficial tothe jugular vein. Theght common

carotid arterywasisolated from the vagsympathetic trunlandcatheterized with a 14 G

3. 50 ¢ atdnmde @mirwas placed aroundhe isolated artery to facilitate later
identification and the artery allowed to return into the incisiostekile towelwasplaced

over the incision and the horse moved to cbenputedtomographysuite.Iln Horse 6, a
second common carotid artery tlaterization was performed petaneously using
ultrasound guidance to determine whether surgical intervention was necessary to perform

intraarterialcontrast administration.
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The horses were placed in leftdeal recumbency on the CT table grakitioned at the

start of the IA scan with the table advanced as far forward as possible (i.e., such that the
direction of the scan acquisition would follow the direction of blood flo#fjer the

mean arterial pressei(MAP) of the horse was stabilized at 70 mmHg, acorgrast CT

of the cranium was perforal using a standard prototoTechnical factors included a
helical acquisition with pitch of 0.94lice width 1 mm,tube rotation time of 0.75
seconds, 135 kVp,8) mA,and 512 x 512 image matrix. All scans were reconstructed
with a soft tissue and bone algorithnT.he rostral limit of the scan was immediately
rostral to the cribriform plate extending as far caudal on the neck as the size of the horse
would permitin terms of entry into the CT gantry, generally to the level of the second
cervical vertebrae. This was followed by the administratiod4imL of 240 mgl/mL
lohexof delivered into the carotid artery with a pressure injéetoa rate of 4 mL/s and
presure limited to a maximum of 325 psi. #¢anning protocol to include arterial and
venous phases of contrast enhancement was perforifieel.initial scan was started 5
seconds after the initiation of the injection such that 20 mL of the total 44 mL voflume o
the injection had been infused with continual injection throughout the arterial phase scan.
The length of the scan varied between horses as the size of the horses and subsequent area

included in the scan differed between animals.

After the IA postcontast CT scan was performed, there was a del&nahutes prior to
an additional scan of the same region placing ROI in predetermined locations to verify
that tissues had returned to their-pomtrast (baseline) administration attenuation levels,

as detemined in the preontrast CT.
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Once confirmed, the higholume IV angiographic scan was performed using manual
injection of 240 mL lohexol 350 mimL (due to the large volume being greater than the
capacity of the pressure injector) via the jugular vethetar. The start time for the scan
after the IV injection was 1 minut@llowing for delivery of the contrast agent taeth

cerebrum

Objective assessment of soft tissue contrast enhancement was performed by measuring
the Hounsfield units (HU) within aROI at multiple locations in the images which were
standardized for all horses in an axial slice in a soft tissue window at the level of the
middle of the pituitary gland: 1) the center of the pituitary gland, 2) right cerebrum, 3) left
cerebrum, 4) rightemporalis muscle, 5) left temporalis muscle, 6) right digastricus
muscle, 7) left digastricus muscle, 8) right jugular vein, and 9) left jugular vein. The sizes
of the ROI were standardized within each patient and, in positioning the ROI every effort
was made to locate them at a corresponding position between patients. Subjective
assessment of image quality was also recorded. The region of the hypophysis was
identified and the margins delineated, if possible. The images were viewed in a window
width of 3%, and window level of 35. The length (measured in a sagittal plane
reconstruction), width and height of the gland was measured and recorded in-the pre

contrast, as well as in both the IV and IA injection pmsitrast sequences.

After the completion oftte diagnostic procedure the horsesreeuthamsed using amv
overdose of barbituratéleads were disarticulated and the crania opened. The brain was

removed leaving the hypophysissitu. This was carefully elevated from the underlying
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