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Simple Summary: Pituitary pars intermedia dysfunction is the most common endocrine disease of
geriatric horses and affects quality of life, immunocompetence and athletic performance. Clinical
signs of pituitary pars intermedia dysfunction can include hypertrichosis (a long hair coat), muscle
atrophy, a pendulous abdomen, recurrent infections, lethargy, lameness, polydipsia, and polyuria
(drinking and urinating more than normal). Awareness of endocrine diseases such as pituitary pars
intermedia dysfunction in the equine community has increased in the recent years, and new research
is becoming available providing insight into prevalence of clinical signs, difficulties with current
diagnostic techniques, and treatment of the condition. The purpose of this article is to review the
current literature, to provide veterinarians access to current perspectives for pathophysiology, clinical
signs, diagnosis, and treatment of pituitary pars intermedia dysfunction.

Abstract: Substantial morbidity results from pituitary pars intermedia dysfunction (PPID) which is
often underestimated by owners and veterinarians. Clinical signs, pathophysiology, diagnostic tests,
and treatment protocols of this condition are reviewed. The importance of improved recognition of
early clinical signs and diagnosis are highlighted, as initiation of treatment will result in improved
quality of life. Future research should be targeted at improving the accuracy of the diagnosis of PPID,
as basal adrenocorticotropic hormone (ACTH) concentration can lack sensitivity and thyrotropin
releasing hormone (TRH) used to assess ACTH response to TRH stimulation is not commercially
available as a sterile registered product in many countries. The relationship between PPID and insulin
dysregulation and its association with laminitis, as well as additional management practices and
long-term responses to treatment with pergolide also require further investigation.

Keywords: endocrine; geriatric; hypertrichosis; immune dysfunction; laminitis; insulin dysregula-
tion; a-melanocyte stimulating hormone («-MSH); proopiomelanocortin (POMC) derived peptides;
-endorphin (3-END)

1. Introduction

Pituitary pars intermedia dysfunction (PPID) is the most common endocrine disor-
der of geriatric horses, affecting 20-25% of horses over the age of 15 years [1-4]. Since
the disease was first described in 1932 [5,6], considerable research has been conducted
investigating PPID pathophysiology, prevalence of clinical signs, appropriate diagnostic
techniques and treatment. In recent years, awareness of PPID among horse owners has
grown [7], and veterinarians are increasingly testing for underlying endocrinopathies [8].
An increase in awareness has led to a substantial increase in research conducted in the field
of equine endocrinology [9]. The purpose of this article is to review the current literature
investigating anatomy of the equine pituitary gland, the pathophysiology, clinical signs,
diagnosis, treatment and management of PPID, as well as directions for future research.
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2. Anatomy and Physiology

The equine pituitary gland is suspended by the infundibular stalk, ventral to the
hypothalamus in the sella turcica [10]. The pituitary gland is composed of the adenohy-
pophysis (pars distalis, pars intermedia and pars tuberalis), and the neurohypophysis
(pars nervosa) [11]. In response to physiologic, pathologic or environmentally induced
stressors, there is activation of the hypothalamic-pituitary-adrenal axis. This involves the
paraventricular dopaminergic neurons of the hypothalamus synthesizing corticotropin-
releasing hormone (CRH) which is released in the hypothalamic-hypophyseal portal vessels.
There is local action of CRH on the corticotroph cells of the pars distalis, which leads to
ACTH secretion. Adrenocorticotrophin acts on the zona fasiculata cells of the adrenal
glands to synthesise and secrete glucocorticoids. The pars intermedia in horses is com-
posed of melanotrope cells which are directly innervated by hypothalamic periventricular
dopaminergic neurons which release dopamine. Dopamine acts on the D2 receptors of
the melanotropes to inhibit cell proliferation and transcription of POMC [12-14]. POMC
undergoes processing to produce ACTH, «-MSH, 3-END and corticotropin like interme-
diate lobe peptide (CLIP) [4,15-19]. In the normal equine pituitary gland most ACTH is
produced via enzymatic conversion of POMC by prohormone convertase I (PC-1) in the
pars distalis [15]. ACTH is further cleaved by prohormone convertase 2 (PC-2) to produce
o«-MSH and CLIP [4,15-19]. B-END is produced via PC-2 conversion of 3-lipotropin [20]
(Figure 1). Melanotrophs are also stimulated by thyrotropin-releasing hormone (TRH) [21].
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Figure 1. Simplified processing of POMC in the pars distalis by PC-1 to produce ACTH and f3-
lipotropin. Further PC-2 activity on ACTH and B-lipotropin to produce «-MSH, CLIP and 3-END in
the pars intermedia.

Closely linked to the hypothalamic-pituitary-adrenal axis is the hypothalamic-pituitary-
thyroid axis [22]. Endogenous TRH produced by the hypothalamus causes an increase in
thyroid stimulating hormone (TSH) produced by the pituitary gland, and an increase in
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circulating concentrations of thyroxine and triiodothyronine [23]. Glucocorticoids exert an
inhibitory action on the hypothalamic-pituitary-thyroid axis by reducing TRH secretion by the
hypothalamus [24,25]. Exogenous TRH administration will lead to binding of TRH receptors
on the melanotrophs of the pars intermedia and secretion of POMC derived peptides [26].

Hypothalamic and pituitary secretions are physiologically influenced by several factors
including stress, exercise, illness, photoperiod length, and climate [27-30]. In late summer
and autumn, concentrations of x-MSH and ACTH in peripheral blood increase in normal
horses, with more pronounced increases in animals with PPID [31]. These seasonal changes
in ACTH and «-MSH concentrations require seasonally adjusted diagnostic cut-off values
to diagnose PPID [2,32].

3. Pathophysiology of PPID

Pituitary pars intermedia dysfunction is one of the most common endocrinopathies in
horses; however, the pathophysiology of PPID is incompletely understood [33-38]. The
disease is caused by loss of dopaminergic inhibition of the pituitary PI due to oxidative-
stress and subsequent neurodegeneration of dopaminergic neurons within the hypotha-
lamus [17,39]. This theory was confirmed recently in a study that aimed to determine
whether it was decreased dopamine or dopamine D2 receptor dysfunction that led to
PPID. Tyrosine hydroxylase is a biomarker of dopaminergic neurons, and this retrospective
study used 28 horses with PPID to measure tyrosine hydroxylase expression within the
pars intermedia. A negative correlation between pituitary histomorphological grades and
tyrosine hydroxylase was observed, confirming the involvement of reduced dopamine in
the pathogenesis of PPID [38]. The loss of dopaminergic inhibition on the melanotropes of
the pars intermedia results in hyperplasia, microadenoma or macroadenoma formation and
overproduction of POMC derived peptides including ACTH and «-MSH (Figure 2) [16].
The ACTH secreted by the PI of horses with PPID is largely biologically inactive [17,40,41].
Subsequently, increased plasma ACTH concentrations do not result in adrenal stimulation
and hypercortisolaemia [16,17,42—-44]. Horses with PPID have resting serum concentrations
of free thyroxine and TSH that are lower than age-matched control horses, with normal
TSH responses to exogenous TRH administration [24]. Because glucocorticoids exert an
inhibitory action on the hypothalamic-pituitary-thyroid axis [24,25], it has been hypothe-
sized that increased glucocorticoid activity does exist, with prolonged tonic suppression

of TRH [24].
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Figure 2. Normal equine pituitary gland (a). Equine pituitary gland affected by PPID demonstrating
a loss of dopaminergic inhibition, and subsequent macroadenoma formation of the pituitary pars
intermedia and overproduction of POMC derived peptides (b).

Horses with PPID have increased concentrations of a-synuclein in dopaminergic
nerve terminals within the pars intermedia compared to healthy geriatric horses [14,45].
a-synuclein extracted from the pituitary glands of PPID affected horses is misfolded
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and overexpressed compared to normal and age-matched horses [45]. In one study, the
ultrastructure of x-synuclein from five each of young, aged and PPID affected horses
was assessed using transmission electron microscopy and revealed no a-synuclein fibrils
in young and aged horses. However, «-synuclein fibrils were detected in horses with
PPID [45]. Accumulation of a-synuclein and oxidative stress can lead to cytotoxicity and
subsequent degeneration of dopaminergic neurons in humans with Parkinson’s disease [46].
Further research is required to determine if misfolded a-synuclein is the cause or result of
degeneration of dopaminergic neurons in horses with PPID [45].

4. Signalment

Twenty to twenty-five percent of horses over 15 years of age are affected by
PPID [2-4]. There does not appear to be any sex predilection [3,4] or any breed pre-
disposition to PPID [3]. Previously, despite the high prevalence of PPID in the geriatric
equine population, owners were infrequently aware of the disease [4]. In 2012, free basal
ACTH testing for PPID was well marketed, improving awareness of PPID in both owners
and veterinarians [8]. However, despite recognising clinical signs, owners may be unlikely
to seek veterinary advice [4]. Early clinical signs are also easily missed as they can be
confused with normal age-related changes [4,47]. It is not recommended to test horses
less than 10 years-of-age unless hypertrichosis is present [16] as younger horses are rarely
affected by PPID [17]. The youngest horses reported with PPID were 7 years of age. This is
considered unusual and early onset familial PPID was suspected [17].

5. Clinical Signs

Clinical abnormalities associated with PPID include hypertrichosis, lethargy, muscle
atrophy, pendulous abdomen, polydipsia, polyuria, abnormal fat deposition, hyperhidrosis,
recurrent infections, infertility, behavioural changes, insulin dysregulation (ID), and lamini-
tis (Figure 3) [3,4]. However, mildly affected horses may only display subtle clinical signs,
such as delayed shedding, which may not be easily identified [4]. Prompt recognition of
clinical signs by owners and veterinarians may increase frequency of testing, leading to
earlier diagnosis and initiation of treatment.

Hypertrichosis Epaxial muscle wastage =~ Hyperhidrosis

Pendulous abdomen Pendulous abdomen
Figure 3. Clinical signs associated with severe, end-stage PPID.

5.1. Hypertrichosis

Hypertrichosis is a commonly recognised clinical sign associated with PPID and is
pathognomonic for the disease [4,48,49]. Hypertrichosis occurs due to an increased number
of hair follicles in the anagen phase, or phase of active growth. However, the cause of
hypertrichosis is poorly understood: theories include pressure of the hyperplastic pituitary
gland on the thermoregulatory centre of the hypothalamus [49], or excess o«-MSH produced
by the pars intermedia [50,51].
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Case series have been used to characterise the prevalence of clinical signs associated
with PPID. However, many of these studies demonstrate selection bias as only horses with
severe clinical disease, or horses from referral hospitals were included in the population
making it difficult to extrapolate the results to all horses [52,53]. Unbiased sampling of
over 300 horses determined that the prevalence of hypertrichosis was 33% as documented
by the owner, and 41% as documented by the veterinarian [4]. A recent systematic review
determined a prevalence of hypertrichosis of 69.9% in horses with PPID [3].

5.2. Laminitis

The cause of laminitis in horses with PPID is poorly understood. Laminitis can occur
due to co-existing hyperinsulinemia [54,55]. Of 325 horses with PPID, 32% had basal,
non-fasting hyperinsulinemia, and of those 66% had laminitis [4]. Laminitis has been
experimentally induced via administration of insulin [56,57]. The hemidesmosome is a
vital component of the basement membrane ultrastructure and hyperinsulinaemia can lead
to reduced hemidesmosome density [58—61]. Reduced density results in widening, damage
and weakening of the basement membrane and lamellar failure. The exact mechanism
behind this ultrastructural pathology requires further investigation [58].

A multicentre study using a convenience sample of horses subjected to euthanasia
found that all horses with PPID and laminitis had fasting hyperinsulinaeamia (median
74.1 uIU/L, IQR 49.9-349.5), whereas horses with PPID and without laminitis had serum
insulin concentrations below 20 uIU/L [62]. Although the sample size in that study was
small, hyperinsulinaemia was associated with endocrinopathic laminitis, but not necessarily
with PPID [62]. A study of 10 non-PPID horses, 9 untreated PPID horses and 9 PPID horses
undergoing treatment (pergolide) demonstrated that basal insulin and insulin responses
to oral sugar tests (OST) did not differ suggesting that PPID and ID are likely distinct
endocrine conditions [63]. Limitations of this study included small sample sizes and
lack of randomisation of PPID horses into treatment groups. It is not known if, or how,
PPID affects insulin concentrations [64,65]. Many studies have come to contradictory
conclusions [62,66,67], but results of recent studies suggest that ID is an indicator of PPID
chronicity, PPID and ID are different conditions or PPID exacerbates existing ID through
undetermined processes [65,68—-71]. More research is required to establish whether the
conditions are different or interrelated.

Laminitis is the second most prevalent finding observed in horses and ponies with
PPID and is often the first presenting complaint recognised by owners that seek veterinary
attention [3,72]. A systematic review reported the prevalence of laminitis in the PPID
population as 48.9% [3]. However, owner reported prevalence of laminitis in PPID affected
horses was lower than the proportion of PPID affected horses that presented to veterinary
clinics with hoof abnormalities indicative of chronic laminitis [3,73]. This finding could be
due to increased concentration of serum (3-END in horses with PPID, a potent endogenous
opiate agonist, that provides analgesia and increases pain tolerance [7], or due to poor
owner awareness [3]. In an unbiased Australian population, horses with PPID were found
to be 4.7 (95% CI: 1.5-14.4) times more likely to have laminitis than control aged horses [4].

Typically, hoof abnormalities or lameness associated with laminitis are more common
in pony breeds compared to horses [73], and lameness is less common in older horses with
PPID compared to younger horses with PPID [47].

5.3. Muscle Wastage

Epaxial muscle wastage is common in horses with PPID [3]. Older horses with
PPID appear more likely to demonstrate clinical signs of muscle wastage compared to
younger horses [47]. Muscle wastage in horses with PPID is due to atrophy of types 2A
and 2B muscle fibres [74]. However, it is unclear whether atrophy of muscle fibres is
due to decreased protein synthesis, or increased proteolysis [75]. There are four mecha-
nisms of proteolysis that contribute to protein degradation in horses: autophagy-lysosome,
ubiquitin-proteasome, calcium-dependent calpains, and cysteine-protease caspase enzyme
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cascade [75,76]. Horses with PPID were found to have higher m-calpain than horses
without PPID, suggesting that calpains may play a role in the development of PPID as-
sociated muscle wasting. However, other mechanisms of atrophy cannot be excluded,
including posttranslational events that could interfere with protein activation, inactivation,
and function [76]. Investigation of the involvement of the ubiquitin-proteasome pathway
of proteolysis through the proteolytic marker muscle RING finger 1 (MuRF1), found no
difference in MuRF1 or body phenylalanine kinetics between PPID affected and unaffected
horses [77]. In contrast, other authors found MuRF1 to be more abundant in PPID horses
compared to control horses, indicating involvement of the ubiquitin-proteasome pathway
of proteolysis in PPID epaxial muscle wastage [75]. Differences in results among studies
could be due to variations in population age, degree of muscle wastage, the muscle biopsied,
time of sampling or evaluation at a translational or transcriptional level [76,77]. Identifica-
tion of the pathophysiology behind epaxial muscle wastage in horses with PPID requires
more research. Measurement of muscle wastage has not been consistent in the literature.
Utilisation of a new muscle atrophy scoring system, once validated, may be useful [78].

5.4. Weight Loss

The pathophysiology behind weight loss in horses with PPID is unknown, and there
are some horses that demonstrate a normal body condition or are obese [79,80]. The
prevalence of weight loss in horses with PPID varies in the range of 5-88% between
studies [3], and is well recognised by owners [4]. Older horses with PPID appear more
likely to suffer from weight loss than younger horses with PPID [47]. As such, geriatric
horses presenting to veterinary clinics with the presenting complaint of weight loss should
be investigated for PPID.

5.5. Lethargy

It is difficult to objectively assess demeanour in horses, with the possibility of lethargy
being confused with reluctance to move secondary to laminitis. Lethargy associated with
PPID could occur due to increased 3-END concentrations, as 3-END is a natural potent
opiate agonist [7,37,81]. Lethargy has been recognised in 4-95% of horses with PPID [3].
Older animals with PPID tend to be more predisposed to lethargy than younger horses
with PPID [47].

5.6. Immune Dysfunction

Pituitary pars intermedia dysfunction has been associated with impaired immune
function and an increased occurrence of opportunistic infections. In one study, opportunis-
tic infections were found to occur in 35% of horses with PPID, compared to only 11% of
aged horses that do not have PPID [7]. In humans and rodents, insulin, x-MSH, and other
related melanocortins have been shown to reduce neutrophil function by reducing superox-
ide production (oxidative burst activity), migration and adhesion [82-86]: these alterations
to neutrophil function, in addition to reduced chemotaxis, have also been demonstrated in
PPID affected horses [87]. Impaired neutrophil function and reduced chemotaxis increases
the risk of opportunistic infections [87].

Horses with PPID had a lower lymphocyte count, and decreased interferon y produc-
tion from peripheral blood mononuclear cells (PBMC) after stimulation with
Rhodococcus equi and Escherichia coli and had increased interleukin-8 (IL-8) expression
and transforming growth factor 3 expression compared to age-matched horses without
PPID [88]. These findings suggest altered systemic immune function in horses with PPID
through a reduced Th1 response [88]. Increased IL-8 gene expression in horses with PPID
compared to age matched controls has been seen in other similar studies [89,90], partic-
ularly after TRH-stimulation testing, suggesting that alterations in IL-8 expression likely
occurs as a result of PPID [90]. In humans, IL-8 contributes to neurodegeneration [91] and it
is possible that IL-8 contributes to neurodegeneration in horses with PPID, but this requires
further research.
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One study evaluated the effect of PPID on immune function in horses through mea-
surement of ACTH, insulin, total cortisol, free cortisol, complete blood counts, plasma
myeloperoxidase (MPO) and cytokine/receptor gene expression in basal whole blood and
in vitro stimulations of whole blood and PBMC [88]. No significant differences in resting in-
sulin, total cortisol or free cortisol concentrations were identified between groups, reducing
the likelihood of involvement of these hormones in immunosuppression [88]. White blood
cells and lymphocyte counts were reduced in horses with PPID compared to age-matched
controls. However, white blood cell and lymphocyte counts were still within normal limits
in horses with PPID, even if significantly lower than healthy horses [88]. Plasma MPO
concentrations in healthy horses and horses with PPID were not different, suggesting
that the reduced neutrophil oxidative burst activity, migration and adhesion [82-86] does
not occur as a result of altered MPO concentrations [88]. Horses with PPID and aged
matched controls had similar responses to PMA /ionomycin stimulation, demonstrating
that horses with PPID can respond adequately to non-antigen-specific stimuli. The immune
dysfunction in horses with PPID in response to weaker stimuli may explain their higher
risk of opportunistic infections specifically, rather than all pathogenic stimuli [88]. It is
possible that immune responses are further reduced by ACTH. Adrenocorticotrophin has
been shown to reduce immune function in other studies [92-94], and despite not increasing
systemic cortisol concentrations in horses with PPID, could still be involved in immune
dysfunction [88]. However, there was no difference in the immune function of horses
with PPID that were treated with pergolide mesylate and untreated horses with PPID,
suggesting that ACTH may have few immunomodulatory effects in horses [88]. Further
research is required to determine the factors involved in immune dysfunction in horses
with PPID.

In a study that compared healthy adult horses (10-16 years of age without PPID) and
healthy geriatric horses (18-26 years of age without PPID) to determine the effects of ageing
on immune function, geriatric horses demonstrated reduced IL-17x after PMA /ionomycin
stimulation, increased tumour necrosis factor o« (TNF«x) production when stimulated with
heat-inactivated Rhodococcus equi, reduced plasma MPO and reduced monocyte counts
compared to adult horses [63]. The changes could represent a compensatory mechanism
to ensure an adequate immune response in geriatric horses [63]. Other research has
shown that aged horses show evidence of a pro-inflammatory state through an increase
in pro-inflammatory cytokine gene expression and TNFa concentrations [89,90,95]. This
phenomenon is known as inflamm-ageing and immunosenescence. In contrast, aged horses
with PPID demonstrate inflammatory cytokines and interferon y expression similar to
middle-aged horses. It has been proposed that the increase in POMC anti-inflammatory
hormones that occurs in horses with PPID counters age-related inflammation [89]. A more
recent study comparing healthy adult controls, healthy geriatric horses, horses with PPID
and horses with PPID and insulin dysregulation determined that PPID does moderately
affect circulating markers of inflammation [90]. In contrast to other studies, there were
limited differences in whole blood cytokine gene expression, serum cytokine concentrations
or acute phase proteins between the groups [90]. However, there was a significant increase
in IL-8 gene expression in horses with PPID and no ID compared to healthy geriatric horses.
In that study, concurrent ID and PPID was associated with an increase in serum amyloid A
(SAA) concentration [90], however, the sample size was only 10 horses with high levels of
individual variability. Further studies on the phenomenon on inflamm-ageing in horses,
as well as the relationship between PPID, insulin dysregulation and immunosuppression
are warranted.

Compared to horses in similar environmental conditions, horses with PPID had higher
faecal egg counts (eggs per gram (EPG)) before, and at 8, 10 and 12 weeks after ivermectin
treatment, while age had no effect on EPG [96]. However, another study that used EPG as
a marker of immune function failed to detect a difference in EPG between horses with pre-
clinical PPID, healthy controls, and horses with pre-clinical PPID treated with pergolide. No
horses included in the study had equine metabolic syndrome (EMS) or hyperinsulinemia,
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confirmed through an OST [97]. There are limitations of these studies, as EPG is not an
accurate measure of immune function or size of parasite burden. Impacts of husbandry
practices such as anthelmintic use and pasture management may have also influenced
the EPG.

5.7. Polyuria and Polydipsia (PU/PD)

In one study, the prevalence of polyuria and polydipsia (PU/PD) was approximately
31% in horses with PPID [3]. However, PU/PD is likely underreported due to difficulty
monitoring water intake and urine output in pasture-based situations. The cause of PU/PD
is not well understood but could be explained by reduced antidiuretic hormone secretion
from the pars nervosa due to compression by the PI [7,47,98]. This would explain why it is
normally seen in more severe cases [47]. Although originally proposed, hypercortisolaemia
antagonising antidiuretic hormone [99], and hyperglycaemia resulting in glucosuria and
osmotic diuresis [100] are unlikely causes of PU/PD. Horses with PPID are not usually
hypercortisolaemic [7,17,101], and are rarely hyperglycaemic or glucosuric [64,69]. Hyper-
hidrosis, fluid loss and resulting increased thirst have also been recently postulated to be
involved in the mechanism behind PU/PD [98,102].

5.8. Hyperhidrosis and Anhidrosis

Warmer and more humid climates closer to the equator tend to have a higher frequency
of hyperhidrosis and anhidrosis than cooler more temperate climates [47,103]. It is thought
that hyperhidrosis occurs due to hypertrichosis in warmer climates. However, some
horses continue to demonstrate this clinical sign even in cool climates or when whole-body
clipped [7]. Anhidrosis results when sweat glands become exhausted [104]. Anhidrosis
can result in exercise intolerance and even death as thermoregulation is impaired [103].
After intradermal terbutaline administration, plasma ACTH concentrations correlate more
strongly to sweat production than x-MSH [37]. Unfortunately, the exact pathophysiology
of hyperhidrosis and anhidrosis in horses with PPID has not been established.

5.9. Suspensory Ligament Degeneration

Suspensory ligament degeneration in aged horses, and horses with PPID is recog-
nised. Recent studies have shown that in horses with PPID, there is reduced longitudinal
arrangement of collagen fibres, inclusions of cartilage, haemorrhage and proteoglycan
accumulation between fibres of the suspensory ligaments [105,106]. There are significantly
more cells stained for glucocorticoid receptors in suspensory ligament samples of PPID
horses compared to healthy horses. The investigators theorised that tissue disruption of
cortisol metabolism may contribute to the suspensory ligament degeneration seen in horses
with PPID [106].

5.10. Neurological Signs

Larger studies are required to better define and establish an accurate estimate of preva-
lence of neurological abnormalities in horses with PPID. Neurological signs are thought to
occur because of a pituitary macroadenoma that can be diagnosed via
computed tomography [107].

6. Diagnosis

A presumptive diagnosis of PPID can be made based on the presence of hypertrichosis
in aged horses [108-112]. Laboratory testing is recommended in cases where treatment
is financially feasible, where early or severe clinical disease is suspected [54], or to deter-
mine the response to treatment [54]. Currently, testing horses for subclinical PPID is not
recommended [54]. However, the disease can have severe, life threatening consequences
and ability to diagnose subclinical or mild PPID and initiate treatment before end-stage
disease may be beneficial [40,47,113]. A recent prospective case series measured basal and
TRH-stimulated ACTH concentrations in seven horses with subclinical PPID, and found
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that TRH-stimulation testing in late summer or early autumn (February and March in Aus-
tralia) identified most horses that transitioned to clinical PPID over a 3.5 year period [113].
This was a small case series, so further research is required to determine if early diagnosis
is warranted. Currently, there is no ante-mortem diagnostic test that can be completely
relied upon for an accurate diagnosis of PPID [31,32]. Post-mortem evaluation of pituitary
glands via histopathology has been used to confirm laboratory test results [111]. A grading
system was created to determine the severity of pituitary pars intermedia histological
changes [114], and the grade has been shown to correlate with laboratory results and clini-
cal signs [114,115]. However, histopathology remains a subjective test, and concordance
between pathologists is only moderate [116]. Pituitary size and histomorphology are also
affected by season [115] and age [117] making the use of histopathology in diagnosis of
PPID challenging [40]. Results of tests in horses that are affected by early or subclinical
disease, are often equivocal [113]. Untreated PPID cases due to false-negative test results
can lead to morbidity through muscle wastage, opportunistic infections, and difficulty
thermoregulating. False positive test results may lead to unnecessary treatment. This is not
only a financial burden, but the risks associated with long-term treatment with pergolide
have not been established [2,118]. It is imperative that diagnostic tests be interpreted with
care to reduce the incidence of false positive and false negative results [32].

Current recommendations for diagnosis of PPID are to measure the basal ACTH
concentration in horses with obvious clinical signs, utilising seasonally adjusted diagnostic
thresholds and an equivocal zone [54]. For the diagnosis of early disease, measurement
of TRH-stimulated ACTH concentrations is recommended [2,54]. When finances or avail-
ability of laboratory testing of ACTH concentrations are not available, response to therapy
with pergolide mesylate may be used as a more practical approach to diagnosing PPID
in aged horses with generalised hypertrichosis [54]. Other diagnostic techniques include
measurement of endogenous x-MSH and the now superseded overnight dexamethasone
suppression test. Measurement of endogenous «-MSH, it is not commercially available and
did not perform as well as basal ACTH [28,31,119]. Seasonally adjusted DCOV are yet to be
established for the overnight dexamethasone suppression test. Although not discussed in
this review, additional diagnostic testing for hyperinsulinemia is recommended for horses
with regional adiposity and/or a history of laminitis, as management practices are altered
in these horses [120].

6.1. Basal ACTH

Basal ACTH is the most popular and common test used for diagnosis of PPID as it
is easy to perform and requires only a single blood measurement [121]. Interpretation of
results must take into consideration stress, illness, pain, season, age, sex, and body condi-
tion score, as all these factors can increase concentrations of ACTH [30]. Breed differences
in ACTH concentration have been observed with a greater and prolonged peak in ACTH
concentrations in late summer and autumn in Shetland and Welsh ponies compared to
Warmbloods, Thoroughbreds and Cob breeds. These differences were not observed outside
of late summer and autumn. Arabians and donkeys had ACTH concentrations greater
than other breeds for a more prolonged period from May to November [122,123]. These
differences in ACTH concentration do not appear to have led to overrepresentation of these
breeds in diagnosis of PPID [3]. The test can be performed at any time of day [124,125].
Performing paired measurement of ACTH has no benefit to performing a single measure-
ment [125]. If these results are equivocal, a TRH stimulation test should be performed due
to the greater accuracy of this test [2,40].

The blood sample should be collected in an EDTA tube, centrifuged, kept at 4 °C and
analysed as soon as possible after sampling, ideally within 24 h [126,127]. If the sample
cannot be tested immediately, the centrifuged plasma should be frozen as heat results in
degradation of ACTH [128]. Multiple freeze-thaw cycles should be avoided as this will
alter the ACTH concentration [129].
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In all horses, basal ACTH follows a circannual rhythm that demonstrates a peak in
concentration in the autumn months. Basal ACTH was thought to be the most sensitive
and specific diagnostic test in the autumn due to increased magnitude of differences in
ACTH concentrations between affected and unaffected horses [31]. However, more recent
literature has demonstrated the accuracy of basal ACTH is reduced in March (September
in the Northern hemisphere). Basal ACTH concentration still had good accuracy for
diagnosis of PPID in March (accuracy 0.8-0.9), but accuracy was improved to excellent
(accuracy > 0.9) in April and May [2]. Meta-analyses and systematic reviews have been
performed to establish the sensitivity and specificity of basal ACTH. Although not broken
down by season, the median sensitivity and specificity of basal ACTH in one study were
75.5% and 95.2% respectively [36], while another study reported the mean sensitivity
and specificity at 66% and 87% respectively [130]. Based on these results, basal ACTH
is excellent for ruling out PPID, and less accurate for detecting the condition unless the
horse has severe clinical signs. As such, basal ACTH is not recommended for screening
purposes or use in horses with early disease [130]. However, both studies identified
biases, between-study variations and suboptimal study designs and populations. Less
biased studies examining the diagnostic accuracy of basal ACTH are required to accurately
establish sensitivity and specificity.

Monthly reference intervals (RI) and DCOV for the interpretation of ACTH results
were established in a study of 106 mature horses. In this study DCOV were recommended
to improve the detection of early PPID, and RI were recommended to reduce the likelihood
of false positives [2]. This study proposed that determination of basal ACTH concentrations
is accurate for diagnosis of PPID in horses, providing these DCOV and RI are used, and the
results are interpreted within the clinical context. The TRH stimulation test may improve
the accuracy of diagnosis of PPID irrespective of season [2]. Another recent retrospective
study using a population of 75,892 horses used an indirect approach to calculate diagnostic
thresholds. This study similarly proposed that diagnostic thresholds should be used
alongside clinical judgement, and the appropriate threshold should be chosen when there
is a reason to avoid false positive or false negative results [32]. This study established
diagnostic thresholds using intervals as short as one week. Inter-weekly variability was
low for most of the year, with a nadir in June to December (northern hemisphere) [32]. The
Equine Endocrinology Group recommends using seasonal thresholds with equivocal zones
for interpretation of results. Prior to recommending treatment for horses without strong
clinical signs that have basal ACTH results that fall within equivocal zones, re-testing or
use of a TRH stimulation test is recommended [54].

6.2. Thyrotropin-Releasing Hormone (TRH) Stimulation Test

In early PPID or when clinical signs are mild, the TRH stimulation test is useful for in-
creased accuracy of diagnosis [1,2,40,113,121]. Plasma ACTH is measured before and either
10 or 30 min after administration of 1 mg TRH IV (0.5 mg for ponies). Thyrotropin-releasing
hormone increases ACTH and «-MSH concentrations in plasma through stimulation of
TRH R1 receptors on the pituitary pars intermedia and pars distalis [1,21,40,119,131].
Thyrotropin-releasing hormone stimulation in normal horses results in POMC derived
peptide secretion by the pars distalis that is restricted by glucocorticoid negative feed-
back. In horses with PPID, TRH stimulation results in POMC-derived peptide secretion by
the melanotrophs of the pars intermedia, and excessive ACTH secretion by hyperplastic
or neoplastic melanotrophs that is unaffected by a negative feedback loop, resulting in
a dramatic increase in ACTH concentration [1,2,21,26]. As with basal ACTH, the TRH
stimulation test should be interpreted in accordance with seasonally adjusted DCOV to
improve diagnostic accuracy [2,54]. Several investigators recommend not using the TRH
stimulation test in the autumn [40,42,54], and repeatability of the test in autumn appears
to be reduced [132]. However, recent studies have found that while variation in ACTH
concentrations are greater in autumn, it should not impact diagnostic accuracy providing
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DCOV and RI are used [2,133]. The disparity in results could be due to the difference in
ages of the populations investigated, as well as sample sizes.

The TRH stimulation test has been associated with side effects such as yawning, mus-
cle fasciculation, transient coughing, lip-smacking and the flehmen response, but appears
safe. The test is applicable for both hospital and ambulatory practice [40]. Measuring
ACTH concentration 10-min post TRH administration is favoured by ambulatory practi-
tioners for time efficiency, hence its recommendation by the Equine Endocrinology Group
(EEG) [54]. However, as there is a much larger variation in the ACTH concentration 1 min
pre and post the 10 min time point [40,42,131,134], compared to 1 min pre and post the
30 min time point [2,132] (where the ACTH response curve is flatter), some researchers
favour using the 30 min time point due to greater accuracy when repeated samples are
required [134]. Further research is required to determine the variability of ACTH concen-
trations 30 min post TRH administration [134]. Prior to the availability of a compounded
product in the USA, most research papers utilise the chemical grade TRH (Sigma-Aldrich
Pty Ltd. (subsidiary of Merck), North Ryde BC, Australia or synthetic thyrotropin releas-
ing hormone, Sigma-Aldrich Inc, St. Louis, MO, USA) [2,121,124,127,129,132]. Although
TRH is now available as a compounded product in the USA, in Europe and Australia
TRH is not available as a sterile registered product, and use tends to be limited to referral
hospitals [132-134]. In the UK and most of Europe, the use of unlicenced chemicals is
restricted, limiting the use of TRH for the diagnosis of PPID.

6.3. Dexamethasone Suppression Test

The dexamethasone suppression test for detection of PPID requires two consecu-
tive visits making it a less popular option. It is also less valuable in the identification
of early disease, and administration of dexamethasone has been associated with nega-
tive consequences such as laminitis [135,136]. Serum cortisol concentration is measured
before and 18-20 h after administration of 0.04 mg/kg dexamethasone IM [28,137,138].
In normal horses, administration of dexamethasone results in negative feedback on the
corticotropes of the pars distalis, suppressed ACTH secretion and a reduction in plasma
cortisol concentration. However, in horses with PPID, cortisol secretion is maintained as
the melanotropes of the pars intermedia continue to secrete large quantities of ACTH [1].
Results of the dexamethasone suppression test are frequently inconsistent with TRH stim-
ulation test results [40]. There is also some evidence to suggest that season influences
the result of the dexamethasone suppression test, with false positives more likely in the
autumn months [27,139]. The dexamethasone suppression test is no longer recommended
if laboratory measurement of ACTH concentration is available.

6.4. Plasma x-MSH

Unlike ACTH, «-MSH is a direct product of the pars intermedia [21]. In horses with
PPID, the hyperplastic pars intermedia secretes x-MSH in quantities in excess of ACTH
production [21,119,131], indicating that a-MSH may increase earlier in the disease pro-
cess [5,51]. Measuring «-MSH has shown to have improved diagnostic accuracy than basal
ACTH and may be more useful in detecting early disease [21,28,51,119,131]. x-MSH has a
higher specificity and sensitivity than ACTH in the autumn months, and specificity is also
greater than that of basal ACTH in the non-autumn months, but the sensitivity reduces [31].
Measurement of x-MSH has been identified as a test that could be useful in the diagnosis of
PPID, as unlike ACTH, «-MSH is not known to be confounded by variables such as stress,
transportation, exercise and pain [2,21]. Similar to ACTH, a-MSH concentration is influ-
enced by season and is highest in the autumn months [21,28,51,119]. Seasonally adjusted
DCOV for basal x-MSH were established using the Youden index and compared to ACTH
DCOV, and found that a-MSH and ACTH were highly correlated [31]. «-MSH is not as
stable as ACTH in chilled whole blood, remaining stable for 8 h prior to centrifugation,
plasma separation and freezing [51]. Therefore, its use may be restricted in ambulatory
practice. Laboratory measurement of x-MSH is not commercially available. Some research
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has been established investigating o-MSH response to TRH administration, but it is not any
more useful than measuring ACTH after TRH administration [131]. Increases in x-MSH
in response to TRH were substantially greater than ACTH in the autumn months [21,119],
which may complicate the use of the test unless seasonally adjusted DCOVs are established.
However, this may also prove to be a valuable diagnostic test if interpreted correctly [119].

6.5. Imaging

Computed tomography (CT) [107] and more recently, magnetic resonance imaging
(MRI) [140] have been used to evaluate the equine pituitary gland, and both modalities appear
to provide adequate detail [107,140]. Because no laboratory test for PPID can be completely
relied upon, imaging may be useful for earlier detection of the disease [140]. Imaging may
also be useful to assess pituitary size, surrounding structures, and obtain a more accurate
prognosis [141]. The use of imaging modalities is limited at this stage due to expense and
accessibility, but may become a suitable diagnostic technique in the future [107].

7. Treatment and Management

Pituitary pars intermedia dysfunction can be managed effectively with pergolide me-
sylate and husbandry practices [118]. Medical treatment of PPID will is unlikely to resolve
the underlying pituitary pathology but will control most of the clinical signs [107]. Horses
with PPID may benefit from aggressive preventive health care such as parasite control to
minimise worm burdens [96], regular dentistry, and corrective farriery for management of
laminitis [5,7]. Appropriate treatment will improve the horse’s quality of life.

7.1. Pergolide Mesylate

Pergolide is the treatment of choice for PPID and is the only drug registered for use in
horses with PPID [1,142]. Pergolide is a synthetic, ergot-derived D2-dopamine full agonist
that acts with greatest affinity on the inhibitory D2 receptors expressed on the melanotrophs
of the pars intermedia. Pergolide is also a full agonist at D3 receptors and has some activity
at D1 receptors [142]. Activation of the D2 receptor reduces POMC production by the
pars intermedia within hours, resulting in reduced severity of clinical signs and limiting
sequelae that accompany PPID [17,142,143]. Pergolide provides an exogenous supply of
dopamine that would usually be provided by the hypothalamus and restores pituitary
pars intermedia function through the provision of dopaminergic inhibition [121,142,144].
Restoration of dopamine has been observed to reduce ACTH concentrations to within
reference intervals in 28-74% of cases [118].

There is little evidence regarding the long-term efficacy of Pergolide for improving
prognosis [145]. However, pergolide use was associated with increased short-term survival
in a recent retrospective study [47], and also a reduction in clinical signs in 40-100%
of cases in a recent systematic review [118]. Hypertrichosis score is reduced in horses
administered pergolide (Figures 4 and 5) [37,80,146], with the number of hair follicles in
the anagen phase in PPID horses reduced to levels consistent with horses unaffected by
PPID [49,75]. In a systematic review, hypertrichosis improvement ranged from 30-100%,
with improvements in hyperhidrosis by 15-45%, lethargy /poor performance by 20-47%,
abnormal fat distribution by 0-33% and laminitis by 32-75% [118]. Pergolide has no effect
on insulin concentration [75] or immune function [88]. Markers of proteolysis (MrRF1) and
muscle atrophy were also not altered by pergolide treatment [75]. Conversely, in a clinical
trial that used a subjective muscle atrophy score, it was found that by day 180 of treatment,
pergolide reduced muscle atrophy in 46% of horses [147]. However, this trial did not utilise
objective measures of muscle atrophy, and as no control group was used it is difficult
to draw conclusions. Use of the new muscle atrophy scoring system (once validated)
may assist in objective measurement of muscle atrophy and response to treatment [78].
Evaluation of a clinical response is frequently subjective. Further research is required
regarding the efficacy of pergolide with regard to specific clinical signs [118]. Pituitary
hyperplasia/ macro or microadenoma size may not reduce with pergolide treatment [107].
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In one study, 6/6 horses with PPID treated with pergolide saw an improvement in one
or more clinical signs after six months on treatment. However, pituitary gland length
as measured using CT increased. The second pituitary measurements were taken in the
autumn months when there is an increase in ACTH secretion in all horses, which could also
explain the lack of reduction in pituitary size [107]. Neurological signs resulting from the
space occupying lesion may not improve with pergolide treatment if the pituitary size does
not decrease. However, further research is required to determine the impact of pergolide
on pituitary hyperplasia and adenoma size.

ol

Untreated 1 month on Pergolide 6 months on Pergolide

Figure 4. 18-year-old Irish Sport Horse clipped coat untreated; after one month of pergolide, and
after six months of pergolide.

Untreated 1 month on Pergolide 6 months on Pergolide

Figure 5. 25-year-old Australian Stockhorse mare untreated; after one month of pergolide and six
months of pergolide.

It is recommended to commence dosing pergolide at 0.002 mg/kg (1 mg for a 500 kg
horse) once a day orally [148]. From a study investigating the pharmacokinetics and
pharmacodynamics of pergolide, it was established that oral pergolide supresses the activity
of POMC production in the pars intermedia within hours. It was also determined that
both ACTH and pergolide concentrations fluctuate, consistent with a terminal elimination
half-life of less than 12 h [142]. Because of this, twice daily dosing of pergolide could be
beneficial, contrary to current recommendations. Further research would be beneficial
to confirm this finding. Once the initial dose of pergolide has been commenced, it is
recommended that basal ACTH concentration be reassessed and clinical signs re-evaluated
one month after initiation of treatment to establish response to therapy [1]. The dose can
then be titrated to effect at increments of 0.001 mg/kg and reassessed monthly to establish
an appropriate dose [1,7]. The time to effect of pergolide is rapid, and there may be merit
in assessing ACTH concentrations days to weeks after initiation of treatment as opposed to
one month after treatment [142]. Assessing response to treatment sooner after initiation
will allow the appropriate dose to be established earlier, and potentially reduce morbidities
associated with PPID if the dose is shown to be inadequate. Recheck examinations should
be performed every 6-12 months once an appropriate dose has been established, as the
disease can continue to progress, and horses can develop drug tolerance [7]. Treatment
should be continued for the duration of the horse’s life. Monitoring of both endocrine
dysfunction and clinical response to treatment is essential for effective control of PPID.
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Pergolide is a prohibited substance under several equestrian federations and subse-
quently horses are unable to compete unless the drug is withheld several days prior to
competition [143]. Pergolide is commercially available in a tablet form throughout most
of the world (Prascend™ 1 mg Boehringer Ingelheim). It is also available as an approved
liquid formulation in Australia (Ranvet’s Pergolide 1 mg/5 mL Ranvet) and is commonly
compounded in a liquid form. Where possible, the tablet form should be recommended, as
the liquid is unstable in the light, should be refrigerated and has a short shelf-life of only
one month [149].

Side effects from pergolide include inappetence, colic, sweating, diarrhoea and neuro-
logical signs [5,142]. If side effects are present, the dose should be reduced, and gradually
increased over a period of weeks to the appropriate efficacious dose [5,7].

Research investigating the use of pergolide in the treatment of Parkinson’s disease in
humans has established that pergolide also protects dopaminergic neurons under condi-
tions of elevated oxidative stress [7,150]. This may reduce the progression or development
of disease. Early detection and treatment of PPID should therefore be encouraged. Further
research is required to determine the benefits of beginning pergolide therapy early in the
course of disease in terms of reduction in morbidity and long-term prognosis.

Other medical therapies of PPID include the serotonin antagonist
cyproheptadine [80,109,146,151,152], the 3-hydroxysteroid dehydrogenase inhibitor
trilostane [64,153,154], and adrenolytic mitotane [155,156]. However, there is currently lim-
ited evidence to suggest their efficacy in the treatment of disease [6,64,146,152,154,155,157].

7.2. Husbandry Practices

Horses with PPID require excellent management and preventive healthcare [5,7]. A
potential link has been established between PPID and hyperinsulinaemia that can lead to
laminitis [62,65,158]. While ACTH concentrations are not predictive of laminitis risk [159]
and hyperinsulinaemia and PPID may not necessarily be linked [62], if horses with PPID
have a history of laminitis or have been diagnosed with insulin dysregulation, feeds high
in non-structural carbohydrates should be avoided [71,159]. However, because horses
with PPID often experience weight loss and muscle wastage, close attention should be
paid to the horse’s body condition score. If horses begin to lose weight, supplementary
feeding should be implemented to improve body condition and the diet should be tailored
based on insulin dysregulation status. All diets should be tailored to age, body condition
and athletic use [71]. A strong negative association between serum vitamin B12 and
PPID was observed when investigating the relationships of inflamm-ageing with nutrient
levels and PPID in a population of 42 senior horses [160]. Vitamin B12 deficiency has
been associated with Parkinson’s disease [161], Alzheimer’s disease [162] and human
patients with Cushing’s disease [163], and is essential for normal central nervous system
function [164,165]. There may be a correlation between low vitamin B12 and PPID in aged
horses, and supplementation of vitamin B12 may be warranted [71]; however, this requires
further research.

Immune function is altered in horses with PPID and subsequently strict preventive
healthcare measures and biosecurity protocols should be put into place [63]. Regular dental
examinations and faecal egg counts should be performed, due to an increased risk of
age-related dental disease [71] and the increased risk of secondary infections [7,63] and
endoparasitism [96]. Horses with dental disease that cannot tolerate consumption of long
fibre length dry matter should be offered chaff or fibre pellets (beet pulp) to meet dry matter
intake requirements [166]. Horses with difficulty thermoregulating due to anhidrosis
or hypertrichosis should be provided with ample shade, fresh water and body clipping
as required [7].

Recent studies have investigated alternative therapies to reduce hypertrichosis in
horses with PPID. The hormone responsible for the regulation of hair growth in horses is
prolactin, which is supressed by melatonin. Blue light therapy has been shown to suppress
melatonin, and subsequently increase prolactin concentrations in non-PPID horses, leading
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to lighter hair weights in these horses [167]. Interestingly, blue light therapy in the form of
an Equilume Curragh light mask (Equilume Ltd., Kildare, Ireland) used in horses affected by
PPID also resulted in lighter hair weights and reduced severity of hypertrichosis compared
to control PPID horses. However, this had no effect on plasma ACTH concentrations
suggesting that ACTH cannot be regulated via the manipulation of melatonin, and that
blue light therapy cannot be used as a sole treatment for PPID [168]. It must be noted that
in this study, shedding score observations may not be meaningfully evaluated statistically
due to a small population and inability to randomise the control and treatment groups.
Veterinarians were also not blinded to the horse’s group allocation which may have led
to detection bias in results. Large-scale research with randomisation and blinding is
recommended for future studies to better facilitate statistical analysis and reduce bias.

8. Conclusions

Pituitary pars intermedia dysfunction is a common disease of aged horses that results
from loss of dopaminergic inhibition of the pars intermedia. Early clinical signs of PPID are
frequently missed, and the disease is often undiagnosed until the condition is advanced.
The most accurate diagnostic test for identification of early disease is the TRH-stimulation
test, and the most common diagnostic test is basal ACTH concentration. Both tests should
be interpreted in accordance with appropriate DCOV, RI or seasonal thresholds, depending
on the clinical presentation and need to reduce false negative or false positive results.
Diagnosis based on clinical signs alone is possible, though once clinical signs are obvious,
the disease could be severe [113]. To increase quality of life and athletic performance,
treatment with pergolide mesylate is recommended. Improved recognition of early clinical
signs may result in earlier initiation of treatment and improved quality of life.

9. Future Directions

Research investigating the relationship between laminitis and PPID with and without
hyperinsulinemia is warranted, as the relationship is still incompletely understood. A study
investigating research priorities found that owners were concerned about management
strategies (feed and turnout) for horses with PPID, and the response of PPID horses with
laminitis to treatment with pergolide [145]. Investigating diagnostic accuracy of testing
procedures in horses with subtle clinical signs may result in earlier diagnosis and initiation
of treatment which could also improve survival [47]. A largescale randomised placebo
controlled, double blinded study with pergolide and placebo treating horses with early and
obvious PPID would be required to determine the true effects of pergolide on longevity
and quality of life, and if earlier intervention with pergolide is warranted.

Author Contributions: Conceptualization, and writing—original draft preparation, N.C.K,;
writing—review and editing, and supervision A.J.S. and K.J.H. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Vet. Sci. 2022, 9, 556 16 of 22

References

1. Durham, A.; McGowan, C.; Fey, K.; Tamzali, Y.; Van der Kolk, J. Pituitary pars intermedia dysfunction: Diagnosis and treatment.
Equine Vet. Educ. 2014, 26, 216-223. [CrossRef]

2. Horn, R,; Stewart, A.J.; Jackson, K.V.; Dryburgh, E.L.; Medina-Torres, C.E.; Bertin, ER. Clinical implications of using adrenocorti-
cotropic hormone diagnostic cutoffs or reference intervals to diagnose pituitary pars intermedia dysfunction in mature horses.
J. Vet. Intern. Med. 2021, 35, 560-570. [CrossRef] [PubMed]

3. Ireland, J.; McGowan, C. Epidemiology of pituitary pars intermedia dysfunction: A systematic literature review of clinical
presentation, disease prevalence and risk factors. Vet. J. 2018, 235, 22-33. [CrossRef] [PubMed]

4. McGowan, T.W.; Pinchbeck, G.P.; McGowan, C.M. Prevalence, risk factors and clinical signs predictive for equine pituitary pars
intermedia dysfunction in aged horses. Equine Vet. J. 2013, 45, 74-79. [CrossRef] [PubMed]

5.  Spelta, C.W. Equine pituitary pars intermedia dysfunction: Current perspectives on diagnosis and management. Vet. Med. (Auckl.)
2015, 6, 293. [CrossRef]

6.  Schott, H.C. Pituitary pars intermedia dysfunction: Equine Cushing’s disease. Vet. Clin. N. Am. Equine Pract. 2002, 18, 237-270.
[CrossRef]

7. McFarlane, D. Equine Pituitary Pars Intermedia Dysfunction. Vet. Clin. N. Am. Equine Pract. 2011, 27, 93-113. [CrossRef]

8.  Ireland, ].L.; McGowan, C.M. Translating research into practice: Adoption of endocrine diagnostic testing in cases of equine
laminitis. Vet. J. 2021, 272, 105656. [CrossRef]

9.  Bennett, M.; McGowan, C.M. Science-in-brief: Report on the Global Equine Endocrinology Symposium. Equine Vet. ]. 2021, 53,
414-416. [CrossRef]

10. Berne, R; Levy, M.; Koeppew, B.; Stanton, B. The Hypothalamus and Pituitary Gland; Mosby: St. Louis, MO, USA, 1998.

11.  Malven, P. Pituitary gland neuroendocrinology. In Proceedings of the 15th Annual Forum of the American College of Veterinary
Internal Medicine, Orlando, FL, USA, 1997; p. 462.

12.  Kemppainen, R.; Zerbe, C.; Sartin, J. Regulation and secretion of proopiomelanocortin peptides from isolated perifused dog
pituitary pars intermedia cells. Endocrinology 1989, 124, 2208-2217. [CrossRef]

13. Kemppainen, R.; Peterson, M. Regulation of alpha-melanocyte-stimulating hormone secretion from the pars intermedia of
domestic cats. Am. J. Vet. Res. 1999, 60, 245-249. [PubMed]

14. McFarlane, D.; Dybdal, N.; Donaldson, M.; Miller, L.; Cribb, A.E. Nitration and increased x-synuclein expression associated with
dopaminergic neurodegeneration in equine pituitary pars intermedia dysfunction. J. Neuroendocrinol. 2005, 17, 73-80. [CrossRef]
[PubMed]

15.  Carmalt, ].L.; Mortazavi, S.; McOnie, R.C.; Allen, A.L.; Unniappan, S. Profiles of pro-opiomelanocortin and encoded peptides, and
their processing enzymes in equine pituitary pars intermedia dysfunction. PLoS ONE 2018, 13, e0190796. [CrossRef] [PubMed]

16. Heinrichs, M.; Baumgértner, W.; Capen, C. Inmunocytochemical demonstration of proopiomelanocortin-derived peptides in
pituitary adenomas of the pars intermedia in horses. Vet. Pathol. 1990, 27, 419-425. [CrossRef]

17.  Orth, D.N.; Holscher, M.A.; Wilson, M.G.; Nicholson, W.E; Plue, R.E.; Mount, C.D. Equine Cushing’s disease: Plasma immunore-
active proopiolipomelanocortin peptide and cortisol levels basally and in response to diagnostic tests. Endocrinology 1982, 110,
1430-1441. [CrossRef]

18.  Wilson, M.G.; Nicholson, W.E.; Holscher, M.A.; Sherrell, B.J.; Mount, C.D.; Orth, D.N. Proopiolipomelanocortin peptides in
normal pituitary, pituitary tumor, and plasma of normal and Cushing’s horses. Endocrinology 1982, 110, 941-954. [CrossRef]

19.  Yoshikawa, H.; Oishi, H.; Sumi, A.; Ueki, H.; Oyamada, T.; Yoshikawa, T. Spontaneous Pituitary Adenomas of the Pars Intermedia
in 5 Aged Horses: Histopathological, Immunohistochemical and Ultrastructural Studies. ]. Equine Sci. 2001, 12, 119-126.
[CrossRef]

20. Mousa, S.A.; Shakibaei, M.; Sitte, N.; Schéfer, M.; Stein, C. Subcellular Pathways of 3-Endorphin Synthesis, Processing, and
Release from Immunocytes in Inflammatory Pain. Endocrinology 2004, 145, 1331-1341. [CrossRef]

21. McFarlane, D.; Beech, J.; Cribb, A. Alpha-melanocyte stimulating hormone release in response to thyrotropin releasing hormone in
healthy horses, horses with pituitary pars intermedia dysfunction and equine pars intermedia explants. Domest. Anim. Endocrinol.
2006, 30, 276-288. [CrossRef]

22. Ferlazzo, A.; Cravana, C.; Fazio, E.; Medica, P. Is There an Interplay Between the Hypothalamus-Pituitary-Thyroid and the
Hypothalamus-Pituitary-Adrenal Axes During Exercise-Stress Coping in Horses? J. Equine Vet. Sci. 2018, 62, 85-97. [CrossRef]

23. Breuhaus, B.A. Thyroid-Stimulating Hormone in Adult Euthyroid and Hypothyroid Horses. . Vet. Intern. Med. 2002, 16, 109-115.
[CrossRef]

24. Breuhaus, B.A. Thyroid Hormone and Thyrotropin Concentrations and Responses to Thyrotropin-Stimulating Hormone in
Horses with PPID Compared with Age-Matched Normal Horses. J. Equine Vet. Sci. 2019, 75, 35—-40. [CrossRef] [PubMed]

25. Abraham, G.; Allersmeier, M.; Schusser, G.F,; Ungemach, F.R. Serum thyroid hormone, insulin, glucose, triglycerides and protein
concentrations in normal horses: Association with topical dexamethasone usage. Vet. J. 2011, 188, 307-312. [CrossRef] [PubMed]

26. Frank, N. Pituitary Pars Intermedia Dysfunction. In Robinson’s Current Therapy in Equine Medicine, 7th ed.; Robinson, N.E.,
Sprayberry, K.A., Eds.; Elsevier Inc.: Saint Louis, MO, USA, 2015; pp. 574-577.

27.  Donaldson, M.T.; McDonnell, S.M.; Schanbacher, B.].; Lamb, S.V.; McFarlane, D.; Beech, J. Variation in plasma adrenocorticotropic

hormone concentration and dexamethasone suppression test results with season, age, and sex in healthy ponies and horses. J. Vet.
Intern. Med. 2005, 19, 217-222. [CrossRef]


http://doi.org/10.1111/eve.12160
http://doi.org/10.1111/jvim.16017
http://www.ncbi.nlm.nih.gov/pubmed/33368633
http://doi.org/10.1016/j.tvjl.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29704935
http://doi.org/10.1111/j.2042-3306.2012.00578.x
http://www.ncbi.nlm.nih.gov/pubmed/22594955
http://doi.org/10.2147/VMRR.S74191
http://doi.org/10.1016/S0749-0739(02)00018-4
http://doi.org/10.1016/j.cveq.2010.12.007
http://doi.org/10.1016/j.tvjl.2021.105656
http://doi.org/10.1111/evj.13405
http://doi.org/10.1210/endo-124-5-2208
http://www.ncbi.nlm.nih.gov/pubmed/10048560
http://doi.org/10.1111/j.1365-2826.2005.01277.x
http://www.ncbi.nlm.nih.gov/pubmed/15796757
http://doi.org/10.1371/journal.pone.0190796
http://www.ncbi.nlm.nih.gov/pubmed/29309431
http://doi.org/10.1177/030098589902700606
http://doi.org/10.1210/endo-110-4-1430
http://doi.org/10.1210/endo-110-3-941
http://doi.org/10.1294/jes.12.119
http://doi.org/10.1210/en.2003-1287
http://doi.org/10.1016/j.domaniend.2005.07.005
http://doi.org/10.1016/j.jevs.2017.08.018
http://doi.org/10.1111/j.1939-1676.2002.tb01615.x
http://doi.org/10.1016/j.jevs.2019.01.008
http://www.ncbi.nlm.nih.gov/pubmed/31002090
http://doi.org/10.1016/j.tvjl.2010.05.033
http://www.ncbi.nlm.nih.gov/pubmed/20594877
http://doi.org/10.1111/j.1939-1676.2005.tb02685.x

Vet. Sci. 2022, 9, 556 17 of 22

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Schreiber, C.M.; Stewart, A.J.; Kwessi, E.; Behrend, E.N.; Wright, ].C.; Kemppainen, R.J.; Busch, K.A. Seasonal variation in results
of diagnostic tests for pituitary pars intermedia dysfunction in older, clinically normal geldings. . Am. Vet. Med. Assoc. 2012, 241,
241-248. [CrossRef]

Secombe, C.; Bailey, S.; de Laat, M.; Hughes, K,; Stewart, A.; Sonis, J.; Tan, R. Equine pituitary pars intermedia dysfunction:
Current understanding and recommendations from the Australian and New Zealand Equine Endocrine Group. Aust. Vet. J. 2018,
96, 233-242. [CrossRef] [PubMed]

Stewart, A.J.; Hackett, E.; Bertin, ER.; Towns, T.J. Cortisol and adrenocorticotropic hormone concentrations in horses with
systemic inflammatory response syndrome. J. Vet. Intern. Med. 2019, 33, 2257-2266. [CrossRef]

Mc Gowan, T.W.; Pinchbeck, G.P.; Mc Gowan, C.M. Evaluation of basal plasma a-melanocyte-stimulating hormone and
adrenocorticotrophic hormone concentrations for the diagnosis of pituitary pars intermedia dysfunction from a population of
aged horses. Equine Vet. ]. 2013, 45, 66-73. [CrossRef]

Durham, A.E.; Clarke, B.R.; Potier, ] EN.; Hammarstrand, R.; Malone, G.L. Clinically and temporally specific diagnostic thresholds
for plasma ACTH in the horse. Equine Vet. ]. 2021, 53, 250-260. [CrossRef]

McFarlane, D. Advantages and limitations of the equine disease, pituitary pars intermedia dysfunction as a model of spontaneous
dopaminergic neurodegenerative disease. Ageing Res. Rev. 2007, 6, 54-63. [CrossRef]

McFarlane, D.; Cribb, A.E. Systemic and pituitary pars intermedia antioxidant capacity associated with pars intermedia oxidative
stress and dysfunction in horses. Am. J. Vet. Res. 2005, 66, 2065-2072. [CrossRef] [PubMed]

McGowan, C. Hyperadrenocorticism (Pituitary Pars Intermedia Dysfunction) in Horses, 1st ed.; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2013; pp. 100-114.

Tatum, R.C.; McGowan, C.M,; Ireland, J.L. Evaluation of the sensitivity and specificity of basal plasma adrenocorticotrophic hormone
concentration for diagnosing pituitary pars intermedia dysfunction in horses: A systematic review. Vet. |. 2021, 275, 105695. [CrossRef]
[PubMed]

McFarlane, D. Pathophysiology and clinical features of pituitary pars intermedia dysfunction. Equine Vet. Educ. 2014, 26, 592-598.
[CrossRef]

Huang, L.; Palmieri, C.; Bertin, F.-R. Correlation of pituitary histomorphometry with dopamine and dopamine D2 receptor
expression in horses with pituitary pars intermedia dysfunction. Res. Vet. Sci. 2022, 152, 427-433. [CrossRef] [PubMed]

Saland, L.C. The mammalian pituitary intermediate lobe: An update on innervation and regulation. Brain Res. Bull. 2001, 54,
587-593. [CrossRef]

Beech, ].; Boston, R.; Lindborg, S.; Russell, G.E. Adrenocorticotropin concentration following administration of thyrotropin-
releasing hormone in healthy horses and those with pituitary pars intermedia dysfunction and pituitary gland hyperplasia. J. Am.
Vet. Med. Assoc. 2007, 231, 417-426. [CrossRef]

Cordero, M.; Shrauner, B.; McFarlane, D. Bioactivity of plasma ACTH from PPID-affected horses compared to normal horses.
J. Vet. Intern. Med. 2011, 25, 1431-1438.

Beech, ]J.; Boston, R.; Lindborg, S. Comparison of cortisol and ACTH responses after administration of thyrotropin releasing
hormone in normal horses and those with pituitary pars intermedia dysfunction. J. Vet. Intern. Med. 2011, 25, 1431-1438.
[CrossRef]

Morgan, R.A.; Keen, J.A.; Homer, N.; Nixon, M.; McKinnon-Garvin, A.M.; Moses-Williams, J.A.; Davis, S.R.; Hadoke, PW.; Walker,
B.R. Dysregulation of cortisol metabolism in equine pituitary pars intermedia dysfunction. Endocrinology 2018, 159, 3791-3800.
[CrossRef]

Dybdal, N.; Hargreaves, K.; Madigan, J.E.; Gribble, D.; Kennedy, P; Stabenfeldt, G. Diagnostic testing for pituitary pars intermedia
dysfunction in horses. J. Am. Vet. Med. Assoc. 1994, 204, 627-632.

Fortin, J.S.; Hetak, A.A.; Duggan, K.E.; Burglass, C.M.; Penticoff, H.B.; Schott, H.C., 2nd. Equine pituitary pars intermedia
dysfunction: A spontaneous model of synucleinopathy. Sci. Rep. 2021, 11, 16036. [CrossRef] [PubMed]

Gilgun-Sherki, Y.; Melamed, E.; Offen, D. Oxidative stress induced-neurodegenerative diseases: The need for antioxidants that
penetrate the blood brain barrier. Neuropharmacology 2001, 40, 959-975. [CrossRef]

Horn, R.; Bamford, N.; Afonso, T.; Sutherland, M.; Buckerfield, J.; Tan, R.; Secombe, C.; Stewart, A.; Bertin, F. Factors associated
with survival, laminitis and insulin dysregulation in horses diagnosed with equine pituitary pars intermedia dysfunction. Equine
Vet. J. 2019, 51, 440-445. [CrossRef] [PubMed]

Couétil, L.; Paradis, M.R.; Knoll, J. Plasma adrenocorticotropin concentration in healthy horses and in horses with clinical signs of
hyperadrenocorticism. J. Vet. Intern. Med. 1996, 10, 1-6. [CrossRef]

Innera, M.; Petersen, A.D.; Desjardins, D.R.; Steficek, B.A.; Rosser, E.J., Jr.; Schott, H.C. Comparison of hair follicle histology
between horses with pituitary pars intermedia dysfunction and excessive hair growth and normal aged horses. Vet. Dermatol.
2013, 24, 212-e247. [CrossRef]

van der Kolk, J.H.; Kalsbeek, H.C.; van Garderen, E.; Wensing, T.; Breukink, H.J. Equine pituitary neoplasia: A clinical report of
21 cases (1990-1992). Vet. Rec. 1993, 133, 594-597.

McFarlane, D.; Donaldson, M.T.; McDonnell, S.M.; Cribb, A.E. Effects of season and sample handling on measurement of plasma
a-melanocyte-stimulating hormone concentrations in horses and ponies. Am. J. Vet. Res. 2004, 65, 1463-1468. [CrossRef]
Brosnahan, M.M.; Paradis, M.R. Demographic and clinical characteristics of geriatric horses: 467 cases (1989-1999). J. Am. Vet.
Med. Assoc. 2003, 223, 93-98. [CrossRef]


http://doi.org/10.2460/javma.241.2.241
http://doi.org/10.1111/avj.12716
http://www.ncbi.nlm.nih.gov/pubmed/29862508
http://doi.org/10.1111/jvim.15620
http://doi.org/10.1111/j.2042-3306.2012.00575.x
http://doi.org/10.1111/evj.13292
http://doi.org/10.1016/j.arr.2007.02.001
http://doi.org/10.2460/ajvr.2005.66.2065
http://www.ncbi.nlm.nih.gov/pubmed/16379648
http://doi.org/10.1016/j.tvjl.2021.105695
http://www.ncbi.nlm.nih.gov/pubmed/34099343
http://doi.org/10.1111/eve.12237
http://doi.org/10.1016/j.rvsc.2022.08.018
http://www.ncbi.nlm.nih.gov/pubmed/36126509
http://doi.org/10.1016/S0361-9230(01)00471-3
http://doi.org/10.2460/javma.231.3.417
http://doi.org/10.1111/j.1939-1676.2011.00810.x
http://doi.org/10.1210/en.2018-00726
http://doi.org/10.1038/s41598-021-95396-7
http://www.ncbi.nlm.nih.gov/pubmed/34362943
http://doi.org/10.1016/S0028-3908(01)00019-3
http://doi.org/10.1111/evj.13041
http://www.ncbi.nlm.nih.gov/pubmed/30417404
http://doi.org/10.1111/j.1939-1676.1996.tb02016.x
http://doi.org/10.1111/j.1365-3164.2012.01080.x
http://doi.org/10.2460/ajvr.2004.65.1463
http://doi.org/10.2460/javma.2003.223.93

Vet. Sci. 2022, 9, 556 18 of 22

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Mellor, D.; Reid, S.; Love, S.; Walker, R.; Gettinby, G. Sentinel practice-based survey of the management and health of horses in
northern Britain. Vet. Rec. 2001, 149, 417-423. [CrossRef]

Hart, K.; Durham, A.; Frank, N.; McGowan, C.; Schott, H.; Stewart, A.J. EEG Recommendations on Diagnosis and Management
of Pituitary Pars Intermedia Dysfunction (PPID). Available online: https:/ /sites.tufts.edu/equineendogroup/files /2021 /12 /2021
-PPID-Recommendations-V11-wo-insert.pdf (accessed on 11 November 2021).

Sillence, M.; Meier, A.; de Laat, M.; Klee, R.; Reiche, D. Demographic, morphologic, hormonal and metabolic factors associated
with the rate of improvement from equine hyperinsulinaemia-associated laminitis. BMC Vet. Res. 2022, 18, 49. [CrossRef]
Asplin, K.E,; Sillence, M.N.; Pollitt, C.C.; McGowan, C.M. Induction of laminitis by prolonged hyperinsulinaemia in clinically
normal ponies. Vet. J. 2007, 174, 530-535. [CrossRef] [PubMed]

de Laat, M.d.; McGowan, C; Sillence, M.; Pollitt, C. Equine laminitis: Induced by 48 h hyperinsulinaemia in Standardbred horses.
Equine Vet. . 2010, 42, 129-135. [CrossRef] [PubMed]

de Laat, M.A; Pollitt, C.C. Ultrastructural examination of basement membrane pathology in horses with insulin-induced laminitis.
Domest. Anim. Endocrinol. 2019, 69, 30-34. [CrossRef]

Nourian, A.R.; Asplin, K.E.; McGowan, C.M.; Sillence, M.N.; Pollitt, C.C. Equine laminitis: Ultrastructural lesions detected in
ponies following hyperinsulinaemia. Equine Vet. J. 2009, 41, 671-677. [CrossRef] [PubMed]

Stokes, S.M.; Belknap, ].K.; Engiles, ].B.; Stefanovski, D.; Bertin, FR.; Medina-Torres, C.E.; Horn, R.; van Eps, A.W. Continuous
digital hypothermia prevents lamellar failure in the euglycaemic hyperinsulinaemic clamp model of equine laminitis. Equine Vet. |.
2019, 51, 658-664. [CrossRef] [PubMed]

Karikoski, N.P; Patterson-Kane, J.C.; Asplin, K.E.; McGowan, T.W.; McNutt, M.; Singer, E.R.; McGowan, C.M. Morphological and
cellular changes in secondary epidermal laminae of horses with insulin-induced laminitis. Am. J. Vet. Res. 2014, 75, 161-168.
[CrossRef] [PubMed]

Karikoski, N.; Patterson-Kane, J.; Singer, E.; McFarlane, D.; McGowan, C. Lamellar pathology in horses with pituitary pars
intermedia dysfunction. Equine Vet. J. 2016, 48, 472-478. [CrossRef]

Miller, A.B.; Loynachan, A.T.; Barker, V.D.; Adams, A.A. Investigation of innate immune function in adult and geriatric horses.
Vet. Immunol. Immunopathol. 2021, 235, 110207. [CrossRef]

McGowan, C.; Frost, R.; Pfeiffer, D.; Neiger, R. Serum insulin concentrations in horses with equine Cushing’s syndrome: Response
to a cortisol inhibitor and prognostic value. Equine Vet. |. 2004, 36, 295-298. [CrossRef]

Tadros, E.; Fowlie, ].; Refsal, K.; Marteniuk, J.; Schott, H. Association between hyperinsulinaemia and laminitis severity at the
time of pituitary pars intermedia dysfunction diagnosis. Equine Vet. ]. 2019, 51, 52-56. [CrossRef]

Frank, N.; Elliott, S.; Chameroy, K.; Toth, F.; Chumbler, N.; McClamroch, R. Association of season and pasture grazing with blood
hormone and metabolite concentrations in horses with presumed pituitary pars intermedia dysfunction. J. Vet. Intern. Med. 2010,
24,1167-1175. [CrossRef] [PubMed]

Hart, K.; Wochele, D.; Norton, N.; McFarlane, D.; Wooldridge, A.; Frank, N. Effect of age, season, body condition, and endocrine
status on serum free cortisol fraction and insulin concentration in horses. J. Vet. Intern. Med. 2016, 30, 653-663. [CrossRef]
[PubMed]

Jacob, S.; Geor, R.; Weber, P.; Harris, P.; McCue, M. Effect of dietary carbohydrates and time of year on ACTH and cortisol
concentrations in adult and aged horses. Domest. Anim. Endocrinol. 2018, 63, 15-22. [CrossRef] [PubMed]

Mastro, L.; Adams, A.; Urschel, K. Pituitary pars intermedia dysfunction does not necessarily impair insulin sensitivity in old
horses. Domest. Anim. Endocrinol. 2015, 50, 14-25. [CrossRef]

Rapson, ].L.; Schott, H.; Nielsen, B.; McCutcheon, L.; Harris, P.; Geor, R. Effects of age and diet on glucose and insulin dynamics
in the horse. Equine Vet. ]. 2018, 50, 690—-696. [CrossRef]

Galinelli, N.; Bailey, S.; Bamford, N.; Harris, P. Nutritional considerations for the management of equine pituitary pars intermedia
dysfunction. Equine Vet. Educ. 2021. [CrossRef]

Buckley, P.; Dunn, T.; More, S.J. Owners’ perceptions of the health and performance of Pony Club horses in Australia. Prev. Vet.
Med. 2004, 63, 121-133. [CrossRef]

Ireland, J.; Clegg, P.; McGowan, C.; McKane, S.; Chandler, K.; Pinchbeck, G. Disease prevalence in geriatric horses in the United
Kingdom: Veterinary clinical assessment of 200 cases. Equine Vet. ]. 2012, 44, 101-106. [CrossRef]

Aleman, M.; Watson, J.L.; Williams, D.C.; LeCouteur, R.A.; Nieto, J.E.; Shelton, G.D. Myopathy in horses with pituitary pars
intermedia dysfunction (Cushing’s disease). Neuromuscul. Disord. 2006, 16, 737-744. [CrossRef]

Banse, H.E.; Whitehead, A.E.; McFarlane, D.; Chelikani, P.K. Markers of muscle atrophy and impact of treatment with pergolide
in horses with pituitary pars intermedia dysfunction and muscle atrophy. Domest. Anim. Endocrinol. 2021, 76, 106620. [CrossRef]
Aleman, M.; Nieto, ].E. Gene expression of proteolytic systems and growth regulators of skeletal muscle in horses with myopathy
associated with pituitary pars intermedia dysfunction. Am. J. Vet. Res. 2010, 71, 664—670. [CrossRef]

Mastro, L.M.; Adams, A.A.; Urschel, K.L. Whole-body phenylalanine kinetics and skeletal muscle protein signaling in horses
with pituitary pars intermedia dysfunction. Am. J. Vet. Res. 2014, 75, 658-667. [CrossRef]

Herbst, A.C.; Johnson, M.G.; Gammons, H.; Reedy, S.E.; Urschel, K.L.; Harris, P.A.; Adams, A.A. Development and Evaluation of
a Muscle Atrophy Scoring System (MASS) for Horses. |. Equine Vet. Sci. 2022, 110, 103771. [CrossRef] [PubMed]

Hillyer, M.; Taylor, E; Mair, T.; Murphy, D.; Watson, T.; Love, S. Diagnosis of hyperadrenocorticism in the horse. Equine Vet. Educ.
1992, 4, 131-134. [CrossRef]


http://doi.org/10.1136/vr.149.14.417
https://sites.tufts.edu/equineendogroup/files/2021/12/2021-PPID-Recommendations-V11-wo-insert.pdf
https://sites.tufts.edu/equineendogroup/files/2021/12/2021-PPID-Recommendations-V11-wo-insert.pdf
http://doi.org/10.1186/s12917-022-03149-z
http://doi.org/10.1016/j.tvjl.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17719811
http://doi.org/10.2746/042516409X475779
http://www.ncbi.nlm.nih.gov/pubmed/20156248
http://doi.org/10.1016/j.domaniend.2019.04.004
http://doi.org/10.2746/042516409X407648
http://www.ncbi.nlm.nih.gov/pubmed/19927586
http://doi.org/10.1111/evj.13072
http://www.ncbi.nlm.nih.gov/pubmed/30636340
http://doi.org/10.2460/ajvr.75.2.161
http://www.ncbi.nlm.nih.gov/pubmed/24471752
http://doi.org/10.1111/evj.12450
http://doi.org/10.1016/j.vetimm.2021.110207
http://doi.org/10.2746/0425164044877288
http://doi.org/10.1111/evj.12963
http://doi.org/10.1111/j.1939-1676.2010.0547.x
http://www.ncbi.nlm.nih.gov/pubmed/20666984
http://doi.org/10.1111/jvim.13839
http://www.ncbi.nlm.nih.gov/pubmed/26860336
http://doi.org/10.1016/j.domaniend.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29195115
http://doi.org/10.1016/j.domaniend.2014.07.003
http://doi.org/10.1111/evj.12812
http://doi.org/10.1111/eve.13593
http://doi.org/10.1016/j.prevetmed.2004.01.013
http://doi.org/10.1111/j.2042-3306.2010.00361.x
http://doi.org/10.1016/j.nmd.2006.07.019
http://doi.org/10.1016/j.domaniend.2021.106620
http://doi.org/10.2460/ajvr.71.6.664
http://doi.org/10.2460/ajvr.75.7.658
http://doi.org/10.1016/j.jevs.2021.103771
http://www.ncbi.nlm.nih.gov/pubmed/34973594
http://doi.org/10.1111/j.2042-3292.1992.tb01595.x

Vet. Sci. 2022, 9, 556 19 of 22

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.
101.

102.

103.

104.

105.

106.

107.

Perkins, G.; Lamb, S.; Erb, H.; Schanbacher, B.; Nydam, D.; Divers, T. Plasma adrenocorticotropin (ACTH) concentrations and
clinical response in horses treated for equine Cushing’s disease with cyproheptadine or pergolide. Equine Vet. J. 2002, 34, 679-685.
[CrossRef] [PubMed]

Millington, W.R.; Dybdal, N.O.; Dawson, R., Jr.; Manzini, C.; Mueller, G.P. Equine Cushing’s disease: Differential regulation of
beta-endorphin processing in tumors of the intermediate pituitary. Endocrinology 1988, 123, 1598-1604. [CrossRef]

Catania, A.; Rajora, N.; Capsoni, F.; Minonzio, F; Star, R.A.; Lipton, ].M. The neuropeptide alpha-MSH has specific receptors on
neutrophils and reduces chemotaxis in vitro. Peptides 1996, 17, 675-679. [CrossRef]

Capsoni, F; Ongari, A.; Colombo, G.; Turcatti, F; Catania, A. The synthetic melanocortin (CKPV)2 exerts broad anti-inflammatory
effects in human neutrophils. Peptides 2007, 28, 2016-2022. [CrossRef]

Oktar, B.K; Yiiksel, M.; Alican, I. The role of cyclooxygenase inhibition in the effect of alpha-melanocyte-stimulating hormone on
reactive oxygen species production by rat peritoneal neutrophils. Prostaglandins Leukot Essent Fat. Acids 2004, 71, 1-5. [CrossRef]
Manna, S.K.; Sarkar, A.; Sreenivasan, Y. Alpha-melanocyte-stimulating hormone down-regulates CXC receptors through activation
of neutrophil elastase. Eur. J. Immunol. 2006, 36, 754-769. [CrossRef]

Bijuklic, K.; Jennings, P.; Kountchev, J.; Hasslacher, J.; Aydin, S.; Sturn, D.; Pfaller, W.; Patsch, ].R.; Joannidis, M. Migration of
leukocytes across an endothelium-epithelium bilayer as a model of renal interstitial inflammation. Am. J. Physiol. Cell Physiol.
2007, 293, C486—C492. [CrossRef] [PubMed]

McFarlane, D.; Hill, K.; Anton, J. Neutrophil function in healthy aged horses and horses with pituitary dysfunction. Vet. Immunol.
Immunopathol. 2015, 165, 99-106. [CrossRef] [PubMed]

Miller, A.B.; Loynachan, A.T,; Bush, HM.; Hart, K.A ; Barker, V.D.; Campana-Emard, A.G.; Grubbs, S.T.; Adams, A.A. Effects of
pituitary pars intermedia dysfunction and Prascend (pergolide tablets) treatment on endocrine and immune function in horses.
Domest. Anim. Endocrinol. 2021, 74, 106531. [CrossRef]

McFarlane, D.; Holbrook, T. Cytokine dysregulation in aged horses and horses with pituitary pars intermedia dysfunction. J. Vet.
Intern. Med. 2008, 22, 436—442. [CrossRef] [PubMed]

Zak, A.; Siwinska, N.; Elzinga, S.; Barker, V.D.; Stefaniak, T.; Schanbacher, B.J.; Place, N.J.; Niedzwiedz, A.; Adams, A.A. Effects of
advanced age and pituitary pars intermedia dysfunction on components of the acute phase reaction in horses. Domest. Anim.
Endocrinol. 2020, 72, 106476. [CrossRef]

Kempuraj, D.; Thangavel, R.; Natteru, P.A.; Selvakumar, G.P,; Saeed, D.; Zahoor, H.; Zaheer, S.; Iyer, S.S.; Zaheer, A. Neuroinflam-
mation Induces Neurodegeneration. J. Neurol. Neurosurg. Spine 2016, 1, 1003.

Ohya, T.; Nagai, T.; Araki, Y.; Yanagawa, T.; Tanabe, T.; Iyoda, K.; Kurihara, M.; Yamamoto, K.; Masunaga, K ; lizuka, C.; et al.
A pilot study on the changes in immunity after ACTH therapy in patients with West syndrome. Brain Dev. 2009, 31, 739-743.
[CrossRef]

Ottaviani, E.; Franchini, A.; Genedani, S. ACTH and its role in immune-neuroendocrine functions. A comparative study. Curr.
Pharm. Des. 1999, 5, 673-681.

Keresztes, M.; Horvath, T.; Ocsovszki, I.; Foldesi, I.; Serf6z6, G.; Boda, K.; Ungi, I. ACTH- and cortisol-associated neutrophil
modulation in coronary artery disease patients undergoing stent implantation. PLoS ONE 2013, 8, €71902. [CrossRef]

Adams, A.A.; Breathnach, C.C.; Katepalli, M.P; Kohler, K.; Horohov, D.W. Advanced age in horses affects divisional history of T
cells and inflammatory cytokine production. Mech. Ageing Dev. 2008, 129, 656—664. [CrossRef]

McFarlane, D.; Hale, G.M.; Johnson, E.M.; Maxwell, L.K. Fecal egg counts after anthelmintic administration to aged horses and
horses with pituitary pars intermedia dysfunction. J. Am. Vet. Med. Assoc. 2010, 236, 330-334. [CrossRef] [PubMed]

Christen, G.; Gerber, V.; van der Kolk, ].H.; Frey, C.E,; Fouché, N. Fecal strongyle egg counts in horses with suspected pre-clinical
pituitary pars intermedia dysfunction before and after treatment with pergolide. Vet. J. 2018, 235, 60-62. [CrossRef] [PubMed]
Barrell, E.A. Polyuria and Polydipsia in Horses. Vet. Clin. N. Am. Equine Pract. 2022, 38, 95-108. [CrossRef] [PubMed]

Hines, M.T. Clinical approach to commonly encountered problems. Equine Intern. Med. 2018, 232-310. [CrossRef]

Schott, H. Polyuria and polydipsia. In Equine Internal Medicine; WB Saunders: Philadelphia, PA, USA, 1998; pp. 895-901.

Place, N.; McGowan, C.; Lamb, S.; Schanbacher, B.; McGowan, T.; Walsh, D. Seasonal variation in serum concentrations of selected
metabolic hormones in horses. J. Vet. Intern. Med. 2010, 24, 650-654. [CrossRef] [PubMed]

Schott, H.C,; Ollivett, T.L.; Burton, A.J. Polyuria and polydipsia. In Large Animal Internal Medicine, 6th ed.; Elsevier: Saint Louis,
MO, USA, 2020.

Spelta, C.; Axon, ]. Case series of equine pituitary pars intermedia dysfunction in a tropical climate. Aust. Vet. J. 2012, 90, 451-456.
[CrossRef]

Sullivan, S.; Cudmore, L.; Bacci, B.; Tennent-Brown, B. Atypical histopathological findings in a 15-year-old W armblood gelding
diagnosed with anhidrosis in a temperate climate. Equine Vet. Educ. 2015, 27, 188-191. [CrossRef]

Hofberger, S.; Gauff, F,; Licka, T. Suspensory ligament degeneration associated with pituitary pars intermedia dysfunction in
horses. Vet. . 2015, 203, 348-350. [CrossRef]

Hofberger, S.C.; Gauff, E; Thaller, D.; Morgan, R.; Keen, ]J.A.; Licka, T.F. Assessment of tissue-specific cortisol activity with regard
to degeneration of the suspensory ligaments in horses with pituitary pars intermedia dysfunction. Am. J. Vet. Res. 2018, 79,
199-210. [CrossRef]

Pease, A.; Schott, H.; Howey, E.; Patterson, J. Computed tomographic findings in the pituitary gland and brain of horses with
pituitary pars intermedia dysfunction. J. Vet. Intern. Med. 2011, 25, 1144-1151. [CrossRef]


http://doi.org/10.2746/042516402776250333
http://www.ncbi.nlm.nih.gov/pubmed/12455838
http://doi.org/10.1210/endo-123-3-1598
http://doi.org/10.1016/0196-9781(96)00037-X
http://doi.org/10.1016/j.peptides.2007.08.001
http://doi.org/10.1016/j.plefa.2003.11.009
http://doi.org/10.1002/eji.200535209
http://doi.org/10.1152/ajpcell.00419.2006
http://www.ncbi.nlm.nih.gov/pubmed/17428840
http://doi.org/10.1016/j.vetimm.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25962580
http://doi.org/10.1016/j.domaniend.2020.106531
http://doi.org/10.1111/j.1939-1676.2008.0076.x
http://www.ncbi.nlm.nih.gov/pubmed/18371032
http://doi.org/10.1016/j.domaniend.2020.106476
http://doi.org/10.1016/j.braindev.2008.11.007
http://doi.org/10.1371/journal.pone.0071902
http://doi.org/10.1016/j.mad.2008.09.004
http://doi.org/10.2460/javma.236.3.330
http://www.ncbi.nlm.nih.gov/pubmed/20113248
http://doi.org/10.1016/j.tvjl.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29704940
http://doi.org/10.1016/j.cveq.2021.11.007
http://www.ncbi.nlm.nih.gov/pubmed/35282965
http://doi.org/10.1016/B0-72-169777-1/50005-6
http://doi.org/10.1111/j.1939-1676.2010.0500.x
http://www.ncbi.nlm.nih.gov/pubmed/20384949
http://doi.org/10.1111/j.1751-0813.2012.00997.x
http://doi.org/10.1111/eve.12208
http://doi.org/10.1016/j.tvjl.2014.12.037
http://doi.org/10.2460/ajvr.79.2.199
http://doi.org/10.1111/j.1939-1676.2011.00784.x

Vet. Sci. 2022, 9, 556 20 of 22

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

’

Carmalt, ].L.; Waldner, C.L.; Allen, A.L. Equine pituitary pars intermedia dysfunction: An international survey of veterinarians
approach to diagnosis, management, and estimated prevalence. Can. |. Vet. Res. 2017, 81, 261-269. [PubMed]

Rohrbach, B.; Stafford, J.; Clermont, R.; Reed, S.; Schott, H.; Andrews, F. Diagnostic frequency, response to therapy, and long-term
prognosis among horses and ponies with pituitary par intermedia dysfunction, 1993-2004. J. Vet. Intern. Med. 2012, 26, 1027-1034.
[CrossRef]

Toribio, R.E. Diagnosing equine pars intermedia dysfunction: Are we there yet? J. Vet. Intern. Med. 2005, 19, 145-146. [CrossRef]
[PubMed]

Frank, N.; Andrews, FM.; Sommardahl, C.S.; Eiler, H.; Rohrbach, B.W.; Donnell, R.L. Evaluation of the combined dexamethasone
suppression/ thyrotropin-releasing hormone stimulation test for detection of pars intermedia pituitary adenomas in horses.
J. Vet. Intern. Med. 2006, 20, 987-993. [CrossRef] [PubMed]

Van der Kolk, J.; Wensing, T.; Kalsbeek, H.; Breukink, H. Laboratory diagnosis of equine pituitary pars intermedia adenoma.
Domest. Anim. Endocrinol. 1995, 12, 35-39. [CrossRef]

Kirkwood, N.C.; Hughes, K J.; Stewart, A.]J. Prospective assessment of clinical signs and adrenocorticotrophin (ACTH) concentra-
tions in horses transitioning to pituitary pars intermedia dysfunction (PPID). Vet. Sci. 2022, 9, 572. [CrossRef]

Miller, M.A; Pardo, I.D.; Jackson, L.P.; Moore, G.E.; Sojka, ].E. Correlation of pituitary histomorphometry with adrenocorti-
cotrophic hormone response to domperidone administration in the diagnosis of equine pituitary pars intermedia dysfunction.
Vet. Pathol. 2008, 45, 26-38. [CrossRef] [PubMed]

Cordero, M.; McFarlane, D.; Breshears, M.A.; Miller, L.M.; Miller, M.A.; Duckett, WM. The Effect of Season on the Histologic and
Histomorphometric Appearance of the Equine Pituitary Gland. J. Equine Vet. Sci. 2012, 32, 75-79. [CrossRef]

McFarlane, D.; Miller, L.M.; Craig, L.E.; Dybdal, N.O.; Habecker, P.L.; Miller, M.A.; Patterson, J.S.; Cribb, A.E. Agreement in
histologic assessments of the pituitary pars intermedia in aged horses. Am. . Vet. Res. 2005, 66, 2055-2059. [CrossRef] [PubMed]
van der Kolk, J.H.; Heinrichs, M.; van Amerongen, J.D.; Stooker, R.C.; in de Wal, L.J.; van den Ingh, T.S. Evaluation of pituitary
gland anatomy and histopathologic findings in clinically normal horses and horses and ponies with pituitary pars intermedia
adenoma. Am. J. Vet. Res. 2004, 65, 1701-1707. [CrossRef]

Tatum, R.C.; McGowan, C.M,; Ireland, J.L. Efficacy of pergolide for the management of equine pituitary pars intermedia
dysfunction: A systematic review. Vet. J. 2020, 266, 105562. [CrossRef]

Funk, R.; Stewart, A.; Wooldridge, A.; Kwessi, E.; Kemppainen, R.; Behrend, E.; Zhong, Q.; Johnson, A. Seasonal changes in
plasma adrenocorticotropic hormone and x-melanocyte-stimulating hormone in response to thyrotropin-releasing hormone in
normal, aged horses. J. Vet. Intern. Med. 2011, 25, 579-585. [CrossRef] [PubMed]

Frank, N.; Bailey, S.; Bertin, ER.; de Laat, M.; Durham, A.; Kritchevsky, J.; Menzies-Gow, N. EEG Recommendations on Diagnosis and
Management of Equine Metabolic Syndrome (EMS), Including Assessment of Insulin Status. Available online: https:/ /sites.tufts.
edu/equineendogroup/files/2020/09/200592_EMS_Recommendations_Bro-FINAL.pdf (accessed on 11 November 2021).

Horn, R.; Bertin, ER. Evaluation of combined testing to simultaneously diagnose pituitary pars intermedia dysfunction and
insulin dysregulation in horses. |. Vet. Intern. Med. 2019, 33, 2249-2256. [CrossRef] [PubMed]

Bamford, N.; Bertin, F-R.; El-Haige, C.; Stewart, A.; Bailey, S. Comparison of autumnal adrenocorticotropic hormone (ACTH)
concentrations between apparently healthy horses and ponies. In Proceedings of the 4th Global Equine Endocrinology Symposium,
Gaut Ising, Bavaria, Germany, 6-10 January 2020.

Durham, A.E.; Potier, J.; Huber, L. The Effect of Month and Breed on Plasma Acth Concentrations in Equids. Vet. J. 2022, 286,
105857. [CrossRef] [PubMed]

Diez de Castro, E.; Lopez, I.; Cortes, B.; Pineda, C.; Garfia, B.; Aguilera-Tejero, E. Influence of feeding status, time of the day, and
season on baseline adrenocorticotropic hormone and the response to thyrotropin releasing hormone-stimulation test in healthy
horses. Domest. Anim. Endocrinol. 2014, 48, 77-83. [CrossRef]

Rendle, D.; Litchfield, E.; Heller, J.; Hughes, K. Investigation of rhythms of secretion and repeatability of plasma adrenocorti-
cotropic hormone concentrations in healthy horses and horses with pituitary pars intermedia dysfunction. Equine Vet. J. 2014, 46,
113-117. [CrossRef]

Stewart, A.J.; Yuen, K.Y,; Hinrichsen, S.; Horn, R.; Dryburgh, E.; Bertin, ER. Effect of sample handling on adrenocorticotropic
hormone (ACTH) concentrations following thyrotropin-releasing hormone (TRH) stimulation in horses. In Proceedings of the 4th
Global Equine Endocrinology Symposium (GEES), Gut Ising, Bavaria, Germany, 6-10 January 2020.

Hinrichsen, S.L.; Yuen, K.Y.; Dryburgh, E.L.; Bertin, F.-R.; Stewart, A.]. Short-Term Effects of Temperature and Thyrotropin-
Releasing Hormone Stimulation on Adrenocorticotropin Stability in Horses. Animals 2022, 12, 324. [CrossRef]

Durham, A.E.; Copas, V.E.N. Investigation of the in vitro stability of ACTH in horses. Available online: https://sites.tufts.edu/
equineendogroup/files/2012/11/MISC1_Investiageion_of_the_in_vitro_stability.pdf (accessed on 1 November 2021).

Hu, K;; Stewart, A.J.; Yuen, K.Y,; Hinrichsen, S.; Dryburgh, E.L.; Bertin, ER. The effect of freeze-thaw cycles on determination
of immunoreactive plasma adrenocorticotrophic hormone concentrations in horses. J. Vet. Intern. Med. 2020, 34, 1350-1356.
[CrossRef]

Meyer, J.C.; Hunyadi, L.M.; Ordéfiez-Mena, ].M. The accuracy of ACTH as a biomarker for pituitary pars intermedia dysfunction
in horses: A systematic review and meta-analysis. Equine Vet. . 2021. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/29081583
http://doi.org/10.1111/j.1939-1676.2012.00932.x
http://doi.org/10.1111/j.1939-1676.2005.tb02674.x
http://www.ncbi.nlm.nih.gov/pubmed/15822556
http://doi.org/10.1111/j.1939-1676.2006.tb01816.x
http://www.ncbi.nlm.nih.gov/pubmed/16955827
http://doi.org/10.1016/0739-7240(94)00006-M
http://doi.org/10.3390/vetsci9100572
http://doi.org/10.1354/vp.45-1-26
http://www.ncbi.nlm.nih.gov/pubmed/18192571
http://doi.org/10.1016/j.jevs.2011.01.003
http://doi.org/10.2460/ajvr.2005.66.2055
http://www.ncbi.nlm.nih.gov/pubmed/16379646
http://doi.org/10.2460/ajvr.2004.65.1701
http://doi.org/10.1016/j.tvjl.2020.105562
http://doi.org/10.1111/j.1939-1676.2011.0712.x
http://www.ncbi.nlm.nih.gov/pubmed/21457320
https://sites.tufts.edu/equineendogroup/files/2020/09/200592_EMS_Recommendations_Bro-FINAL.pdf
https://sites.tufts.edu/equineendogroup/files/2020/09/200592_EMS_Recommendations_Bro-FINAL.pdf
http://doi.org/10.1111/jvim.15617
http://www.ncbi.nlm.nih.gov/pubmed/31498947
http://doi.org/10.1016/j.tvjl.2022.105857
http://www.ncbi.nlm.nih.gov/pubmed/35798232
http://doi.org/10.1016/j.domaniend.2014.02.004
http://doi.org/10.1111/evj.12114
http://doi.org/10.3390/ani12030324
https://sites.tufts.edu/equineendogroup/files/2012/11/MISC1_Investiageion_of_the_in_vitro_stability.pdf
https://sites.tufts.edu/equineendogroup/files/2012/11/MISC1_Investiageion_of_the_in_vitro_stability.pdf
http://doi.org/10.1111/jvim.15771
http://doi.org/10.1111/evj.13500

Vet. Sci. 2022, 9, 556 21 of 22

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Beech, J.; McFarlane, D.; Lindborg, S.; Sojka, J.E.; Boston, R.C. x-Melanocyte—Stimulating hormone and adrenocorticotropin
concentrations in response to thyrotropin-releasing hormone and comparison with adrenocorticotropin concentration after
domperidone administration in healthy horses and horses with pituitary pars intermedia dysfunction. J. Am. Vet. Med. Assoc.
2011, 238, 1305-1315. [CrossRef]

Kam, Y.N.; McKenzie, K.; Coyle, M.; Bertin, ER. Repeatability of a thyrotropin-releasing hormone stimulation test for diagnosis of
pituitary pars intermedia dysfunction in mature horses. J. Vet. Intern. Med. 2021, 35, 2885-2890. [CrossRef]

Byrne, D.P; Secombe, C.J.; Tan, RH.H.; Perera, D.I; Watts, S.P.; Wearn, ].G. Circannual variability in adrenocorticotropic hormone
responses to administration of thyrotropin-releasing hormone in clinically normal horses in Australia. Vet. J. 2018, 238, 58-62.
[CrossRef] [PubMed]

Thane, K.; Uricchio, C.; Frank, N. Effect of early or late blood sampling on thyrotropin releasing hormone stimulation test results
in horses. J. Vet. Intern. Med. 2022, 36, 770-777. [CrossRef] [PubMed]

Bailey, S.R.; Menzies-Gow, N.J.; Harris, P.A.; Habershon-Butcher, J.L.; Crawford, C.; Berhane, Y.; Boston, R.C.; Elliott, J. Effect of
dietary fructans and dexamethasone administration on the insulin response of ponies predisposed to laminitis. J. Am. Vet. Med.
Assoc. 2007, 231, 1365-1373. [CrossRef]

Potter, K.; Stevens, K.; Menzies-Gow, N. Prevalence of and risk factors for acute laminitis in horses treated with corticosteroids.
Vet. Rec. 2019, 185, 82. [CrossRef]

Borer-Weir, K.; Menzies-Gow, N.; Bailey, S.; Harris, P; Elliott, J. Seasonal and annual influence on insulin and cortisol results from
overnight dexamethasone suppression tests in normal ponies and ponies predisposed to laminitis. Equine Vet. |. 2013, 45, 688—693.
[CrossRef]

Durham, A .E,; Fey, K.; McGowan, C.; Tamzali, Y.; van der Kolk, J. Dealing with Equine Pituitary Pars Intermedia Dysfunction
(equine Cushing’s Disease) in Equine Practice. Consensus Recommendations (Boeringer-Ingelheim). Available online: https:
/ /files8.design-editor.com/93 /9346614 /UploadedFiles /F5F638B2-5C19-5586-913D-A8EA67DA722C.pdf (accessed on 17 April 2022).
Copas, V.E.; Durham, A E. Circannual variation in plasma adrenocorticotropic hormone concentrations in the UK in normal
horses and ponies, and those with pituitary pars intermedia dysfunction. Equine Vet. J. 2012, 44, 440-443. [CrossRef] [PubMed]
Hobbs, K.J.; Porter, E.; Wait, C.; Dark, M.; MacKay, R.J. Magnetic resonance imaging of the normal equine pituitary gland. Vet.
Radiol. Ultrasound. 2022, 63, 450-455. [CrossRef] [PubMed]

Madrigal, R.; Andrews, E.; Rademacher, N.; McConnico, R.; Duplantis, D.; Eades, S. Large pituitary adenoma in an 8-year-old
Arabian stallion. Equine Vet. Educ. 2018, 30, 295-300. [CrossRef]

Rendle, D.; Doran, G.; Ireland, J.; Edwards, S. Pharmacokinetics and pharmacodynamics of pergolide mesylate after oral
administration in horses with pituitary pars intermedia dysfunction. Domest. Anim. Endocrinol. 2019, 68, 135-141. [CrossRef]
McFarlane, D.; Banse, H.; Knych, H.K.; Maxwell, L. Pharmacokinetic and pharmacodynamic properties of pergolide mesylate
following long-term administration to horses with pituitary pars intermedia dysfunction. J. Vet. Pharmacol. Ther. 2017, 40, 158-164.
[CrossRef]

Fortin, ].S.; Benskey, M.].; Lookingland, K.J.; Patterson, ]J.S.; Howey, E.B.; Goudreau, J.L.; Schott, H.C. Restoring pars intermedia
dopamine concentrations and tyrosine hydroxylase expression levels with pergolide: Evidence from horses with pituitary pars
intermedia dysfunction. BMC Vet. Res. 2020, 16, 365. [CrossRef] [PubMed]

Tatum, R.C.; McGowan, C.M.; Dean, R.S.; Ireland, J.L. Equine pituitary pars intermedia dysfunction: Identifying research
priorities for diagnosis, treatment and prognosis through a priority setting partnership. PLoS ONE 2021, 16, €0244784. [CrossRef]
[PubMed]

Donaldson, M.T.; LaMonte, B.H.; Morresey, P.; Smith, G.; Beech, J. Treatment with pergolide or cyproheptadine of pituitary pars
intermedia dysfunction (equine Cushing’s disease). J. Vet. Intern. Med. 2002, 16, 742-746. [CrossRef] [PubMed]

Andrews, EM.; McFarlane, D.; Stokes, A.; Schott, H.C., II; Bimes, R.; Marteniuk, J.; Hunt, J.; Toppin, S.; Kolb, D.; White, G.D.
An Evaluation of the Clinical Efficacy of Pergolide Mesylate Tablets for the Control of Clinical Signs Associated with Pituitary
Pars Intermedia Dysfunction (Equine Cushing’s Disease) in Horses. In Proceedings of the Corrected Freedom of Information
Summary, Boehringer Ingelheim Vetmedica, Inc., Ingelheim, Germany, August 2009.

Prascend Tablets Pergolide Mesylate. In Proceedings of the Corrected Freedom of Information Summary, Boehringer Ingelheim
Vetmedica, Inc., Ingelheim, Germany, 7 September 2011.

Davis, J.L.; Kirk, L.M.; Davidson, G.S.; Papich, M.G. Effects of compounding and storage conditions on stability of pergolide
mesylate. . Am. Vet. Med. Assoc. 2009, 234, 385-389. [CrossRef]

Gille, G.; Rausch, W.-D.; Hung, S.-T.; Moldzio, R.; Janetzky, B.; Hundemer, H.; Kolter, T.; Reichmann, H. Pergolide protects
dopaminergic neurons in primary culture under stress conditions. J. Neural. Transm. (Vienna) 2002, 109, 633-643. [CrossRef]
Love, S. Equine Cushing’s disease. Br. Vet. ]. 1993, 149, 139-153. [CrossRef]

Schott, H.; Coursen, C.L.; Eberhart, S.W.; Nachreiner, R.].; Refsal, K.R.; Ewart, S.L.; Marteniuk, J.V. The Michigan Cushing’s
Project. In Proceedings of the 47th Annual Convention of the American Association of Equine Practitioners, San Diego, CA, USA,
24-28 November 2001; pp. 22-24.

Menzies-Gow, N. Equine endocrinology. CAB Rev. 2015, 10, 2. [CrossRef]

McGowan, C.; Neiger, R. Efficacy of trilostane for the treatment of equine Cushing’s syndrome. Equine Vet. J. 2003, 35, 414-418.
[CrossRef]

Beech, J. Tumors of the Pituitary Gland, 1st ed.; Saunders: Philadelphia, PA, USA, 1983; pp. 164-169.


http://doi.org/10.2460/javma.238.10.1305
http://doi.org/10.1111/jvim.16281
http://doi.org/10.1016/j.tvjl.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30103916
http://doi.org/10.1111/jvim.16362
http://www.ncbi.nlm.nih.gov/pubmed/35049089
http://doi.org/10.2460/javma.231.9.1365
http://doi.org/10.1136/vr.105378
http://doi.org/10.1111/evj.12053
https://files8.design-editor.com/93/9346614/UploadedFiles/F5F638B2-5C19-5586-913D-A8EA67DA722C.pdf
https://files8.design-editor.com/93/9346614/UploadedFiles/F5F638B2-5C19-5586-913D-A8EA67DA722C.pdf
http://doi.org/10.1111/j.2042-3306.2011.00444.x
http://www.ncbi.nlm.nih.gov/pubmed/21848531
http://doi.org/10.1111/vru.13072
http://www.ncbi.nlm.nih.gov/pubmed/35188303
http://doi.org/10.1111/eve.12621
http://doi.org/10.1016/j.domaniend.2019.01.008
http://doi.org/10.1111/jvp.12339
http://doi.org/10.1186/s12917-020-02565-3
http://www.ncbi.nlm.nih.gov/pubmed/32977825
http://doi.org/10.1371/journal.pone.0244784
http://www.ncbi.nlm.nih.gov/pubmed/33395695
http://doi.org/10.1892/0891-6640(2002)0162.3.co;2
http://www.ncbi.nlm.nih.gov/pubmed/12465775
http://doi.org/10.2460/javma.234.3.385
http://doi.org/10.1007/s007020200052
http://doi.org/10.1016/S0007-1935(05)80084-3
http://doi.org/10.1079/PAVSNNR201510002
http://doi.org/10.2746/042516403776014271

Vet. Sci. 2022, 9, 556 22 of 22

156.
157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Bliss, G. Equine Cushing’s Disease: A Clinical Update. Int. . Pharm. Compd. 2007, 11, 384.

Menzies-Gow, N.J. Managing Equine Cushing’s. Available online: https://www.vettimes.co.uk/app/uploads/wp-post-to-pdf-
enhanced-cache/1/managing-equine-cushings.pdf (accessed on 1 November 2021).

Karikoski, N.; Horn, I.; McGowan, T.; McGowan, C. The prevalence of endocrinopathic laminitis among horses presented for
laminitis at a first-opinion/referral equine hospital. Domest. Anim. Endocrinol. 2011, 41, 111-117. [CrossRef]

Meier, A.D.; de Laat, M.A.; Reiche, D.B.; Pollitt, C.C.; Walsh, D.M.; McGree, ].M.; Sillence, M.N. The oral glucose test predicts
laminitis risk in ponies fed a diet high in nonstructural carbohydrates. Domest Anim Endocrinol 2018, 63, 1-9. [CrossRef] [PubMed]
Siard-Altman, M.H.; Harris, P.A.; Moffett-Krotky, A.D.; Ireland, J.L.; Betancourt, A.; Barker, V.D.; McMurry, K.E.; Reedy,
S.E.; Adams, A.A. Relationships of inflamm-aging with circulating nutrient levels, body composition, age, and pituitary pars
intermedia dysfunction in a senior horse population. Vet. Immunol. Immunopathol. 2020, 221, 110013. [CrossRef] [PubMed]
Orozco-Barrios, C.E.; Battaglia-Hsu, S.-F.; Arango-Rodriguez, M.L.; Ayala-Davila, J.; Chery, C.; Alberto, J].-M.; Schroeder, H.;
Daval, ].-L.; Martinez-Fong, D.; Gueant, J.-L. Vitamin B12-impaired metabolism produces apoptosis and Parkinson phenotype in
rats expressing the transcobalamin-oleosin chimera in substantia nigra. PLoS ONE 2009, 4, e8268. [CrossRef] [PubMed]
Provenzano, F.A.; Muraskin, J.; Tosto, G.; Narkhede, A.; Wasserman, B.T.; Griffith, E.Y.; Guzman, V.A.; Meier, .B.; Zimmerman,
M.E.; Brickman, A.M. White matter hyperintensities and cerebral amyloidosis: Necessary and sufficient for clinical expression of
Alzheimer disease? JAMA Neurol. 2013, 70, 455-461. [CrossRef]

Faggiano, A.; Melis, D.; Alfieri, R.; De Martino, M.; Filippella, M.; Milone, F.; Lombardi, G.; Colao, A.; Pivonello, R. Sulfur amino
acids in Cushing’s disease: Insight in homocysteine and taurine levels in patients with active and cured disease. J. Clin. Endocrinol.
Metab. 2005, 90, 6616-6622. [CrossRef]

Kennedy, D.O. B vitamins and the brain: Mechanisms, dose and efficacy—A review. Nutrients 2016, 8, 68. [CrossRef]

Geller, M.; Oliveira, L.; Nigri, R.; Mezitis, S.G.; Ribeiro, M.G.; da Fonseca, A.d.S.; Guimaraes, O.R.; Kaufman, R.; Wajnsztajn, F. B
Vitamins for Neuropathy and Neuropathic Pain. Vitam. Miner. 2017, 6, 2. [CrossRef]

Geor, RJ.; Coenen, M.; Harris, P. Equine Applied and Clinical Nutrition: Health, Welfare and Performance; Elsevier Health Sciences:
Amsterdam, The Netherlands, 2013.

O’Brien, C.; Darcy-Dunne, M.R.; Murphy, B.A. The effects of extended photoperiod and warmth on hair growth in ponies and
horses at different times of year. PLoS ONE 2020, 15, €0227115. [CrossRef]

Miller, A.; Murphy, B.; Adams, A. Impact of blue light therapy on plasma adrenocorticotropic hormone (ACTH) and hypertrichosis
in horses with pituitary pars intermedia dysfunction. Domest. Anim. Endocrinol. 2022, 78, 106651. [CrossRef]


https://www.vettimes.co.uk/app/uploads/wp-post-to-pdf-enhanced-cache/1/managing-equine-cushings.pdf
https://www.vettimes.co.uk/app/uploads/wp-post-to-pdf-enhanced-cache/1/managing-equine-cushings.pdf
http://doi.org/10.1016/j.domaniend.2011.05.004
http://doi.org/10.1016/j.domaniend.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/29172109
http://doi.org/10.1016/j.vetimm.2020.110013
http://www.ncbi.nlm.nih.gov/pubmed/32058159
http://doi.org/10.1371/journal.pone.0008268
http://www.ncbi.nlm.nih.gov/pubmed/20027219
http://doi.org/10.1001/jamaneurol.2013.1321
http://doi.org/10.1210/jc.2005-0656
http://doi.org/10.3390/nu8020068
http://doi.org/10.4172/2376-1318.1000161
http://doi.org/10.1371/journal.pone.0227115
http://doi.org/10.1016/j.domaniend.2021.106651

	Introduction 
	Anatomy and Physiology 
	Pathophysiology of PPID 
	Signalment 
	Clinical Signs 
	Hypertrichosis 
	Laminitis 
	Muscle Wastage 
	Weight Loss 
	Lethargy 
	Immune Dysfunction 
	Polyuria and Polydipsia (PU/PD) 
	Hyperhidrosis and Anhidrosis 
	Suspensory Ligament Degeneration 
	Neurological Signs 

	Diagnosis 
	Basal ACTH 
	Thyrotropin-Releasing Hormone (TRH) Stimulation Test 
	Dexamethasone Suppression Test 
	Plasma -MSH 
	Imaging 

	Treatment and Management 
	Pergolide Mesylate 
	Husbandry Practices 

	Conclusions 
	Future Directions 
	References

