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To crib-biters
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ABSTRACT		

Crib-biting in horses is an oral stereotypy. A crib-biting horse grasps a fixed object with
its incisor teeth, contracts the lower neck muscles to retract the larynx caudally and
draws air into the cranial oesophagus while emitting a characteristic grunt. The
prevalence of crib-biting varies among equine populations from 1.8% to 15%. Free-
ranging horses are not known to crib-bite. The aims of this study were to assess the
differences in plasma concentrations of hormones related to stress or appetite between
crib-biting and control horses, and to investigate the inheritance of crib-biting
behaviour in horses.

In comparing plasma hormone concentrations, the case–control pairs were matched as
closely as possible for breed, sex and age. Plasma concentrations of leptin, ghrelin,
cortisol, β-endorphin and ACTH were determined (8+8 in study I, 14+14 in study II,
cases and controls, respectively). The plasma leptin concentrations were lower in
verified crib-biters than in the non-crib-biting control horses before receiving
concentrates and after feeding. There was a negative correlation between the intensity
of crib-biting and the plasma leptin concentration before concentrates and after feeding.
In general, the plasma ghrelin concentration was higher in crib-biting horses than their
controls, but no differences between groups were detected at any particular time point.
The plasma cortisol concentration was not affected by being a crib-biter; instead, an
ordinary physiological circadian rhythm in the cortisol concentration was seen. No time
or group effect was detected in plasma ACTH and β-endorphin concentrations.

Phenotypic background information on the crib-biting behaviour surveyed through an
owner-completed questionnaire was available from 106 crib-biting horses. According
to the owners, crib-biting often started after feeding and was associated with suspected
stress. Eight genes associated with stereotypic behaviours (Ghrelin, GHS-RIA, Leptin,
DRD1, OPRM1, CDH2, Htr1B and SEMA6) were selected for the candidate gene
assay performed in a cohort of privately owned horses (98 cases and 135 controls)
comprising Finnhorses and half-breds. Validated SNPs were genotyped either by
TaqMan assays or Sanger sequencing. Comparison of the allele and genotype
frequencies between the cases and controls in each breed separately did not indicate an
association with any of the studied genes in either of the breeds. The heritability (h2) of
the trait in the Finnhorse population (111 cases, 285 controls) was estimated using
linear sire model. The estimated heritability of crib-biting in the case–control-based
sample of the Finnhorse population was 0.68.

Our results suggest that leptin and ghrelin may be involved in mediating feeding- and
reward-related signals in crib-biting horses. The expression of crib-biting probably
involves the interaction between genetic predisposition and a particular environmental
stimulus, and horses may consequently inherit a certain behavioural susceptibility that
predisposes them to crib-biting behaviour.
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1 INTRODUCTION		

Crib-biting in horses is classified as an oral stereotypy and was mentioned in the

literature as early as 1578 (Engelhardt, 1990). The act itself was summarized by

Axe (1901) as consisting of “seizing the manger or some other object with their

teeth and emitting a sound which has been likened to belching. While this is

being done the neck is arched by the forcible contraction of its muscles and the

body is moved forward towards the crib.” McGreevy et al. (1995b) specified

this determination by adding that a crib-biting horse contracts the lower neck

muscles to retract the larynx caudally and draws air into the cranial oesophagus,

and Holmes (1839) and Whisher et al., (2011) noticed that horses crib-bite after

licking and mouthing the surface. Wind-sucking includes the same

characteristic posture and grunt as crib-biting, but without grasping a fixed

object (McGreevy et al., 1995b). The exact reasons for and mechanism

underlying the development of crib-biting is not known, but several factors have

been suggested to be involved, such as idleness (Moore, 1912), confinement

(Fraser and Broom, 1990), isolation from other horses (Nicol, 1999; Mills and

Davenport, 2002), diet (Gillham et al., 1994; McGreevy et al., 1995a), the type

of work horses are used for (Normando et al., 2011), the bedding material

(McGreevy et al., 1995a; Tadich et al., 2013) and weaning practice (Nicol et al.,

2005). Intensively managed thoroughbreds and competition horses, in

particular, have a high incidence of stereotypies (McGreevy et al., 1995c;

Waters et al., 2002; Bachmann et al., 2003a).

Crib-biting may represent the perseverance of feeding motivation in the face of

a relatively small or incomplete meal (Cooper and Albentosa, 2005). Ghrelin
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(Kojima et al., 1999) and leptin (Buff et al., 2005) are metabolic hormones

regulating feeding behaviour and food intake. Ghrelin signalling is required for

incentive-motivated behaviour for a sweet food reward (Erdmann et al., 2006;

Disse et al., 2010; Landgren et al., 2011a), and it increase the intake of

rewarding food in mice (Egecioglu et al., 2010). In rodents, leptin suppressed

the physiological and behavioural responses to sweet substances (Kawai et al.,

2000). Better coping in a stressful environment has also been postulated as a

reason for stereotypies in many animals, such as pigs (Cronin et al., 1985) and

bank voles (Cooper and Nicol, 1991). The circulatory concentrations of ACTH,

(Von Borell and Ladewig, 1989), cortisol (Evans et al., 1977) and β-endorphin

(McCarthy et al., 1993) have traditionally been used to indicate physiological

stress responses in animals. In this study, physiological or biological stress

describes a negative or positive condition that can have an impact on the

welfare of the subject; accordingly, disorders defined as distress are also

included.

To our knowledge, no earlier studies exist concerning the role of ghrelin and

leptin and their interaction in crib-biting. The molecular genetic background of

crib-biting also remains completely unknown, although breed predisposition

(Luescher et al., 1998; Albright et al., 2009) such as thoroughbreds, suggests

that heredity may play a role. Our hypothesis was that both physiological and

genetic differences exist between crib-biting horses and their non-crib-biting

controls. Therefore, we investigated the differences in stress-, reward- and

appetite-related hormones between crib-biting horses and controls. In addition,

the heritability of crib-biting behaviour in the Finnhorse population and the
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association of certain known or suspected stereotypic candidate genes in other

species and humans with crib-biting were examined. This study provides

guidelines for further research to understand how inherent factors interact with

experiences and environmental stressors to confer vulnerability in a horse to

developing crib-biting behaviour.
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2 REVIEW	OF	LITTERATURE		

2.1 Equine	stereotypic	behaviour		

Stereotypic behaviour is defined as repetitive behaviour induced by the

frustration of natural behaviour patterns, impaired brain function, and/or

repeated attempts to cope (Mason, 1991; Garner, 2006). Dodman (1998)

included crib-biting in the term obsessive-compulsive behaviour, which covers

a multitude of repetitive behaviours previously referred to as displacement

behaviours or stereotypies. During conflict situations, sustained displacement

activities can develop into stereotypies (Tinbergen, 1952). Crib-biting is

suspected to maintain digestive function (Houpt, 2012a) or it may help to meet

unsatisfied foraging needs (McGreevy et al., 1995a). In some circumstances,

crib-biting also fulfils the definition for addictive behaviour, being rewarding

and resistant to environmental enrichments (Cronin et al., 1985). Boissy et al.

(2007) noted similarity in the underlying mechanisms for rewards provided by

addictive substances and by natural commodities such as food. Brain circuits

that drive addiction can be deranged by such natural rewards (Volkow and Wise,

2005). With age, stereotypies usually increase in frequency and duration, while

becoming increasingly fixed in form and orientation in farm animals and mice

(Ödberg, 1987; Würbel and Stauffacher, 1996). Crib-biters and wind-suckers

are easy to recognize by the owners due to the typically emitted “grunt” sound,

which differs from any other behaviour (Nagy et al., 2009).

Crib-biting intensity estimations range widely, from 316 to 8000 bites per day

(Minero et al., 1999; Clegg et al., 2008; Whisher et al., 2011; Wickens et al.,

2013). The time used in this behaviour also varies, but has been found in most
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studies to be 13-40% of the daily time, so that some of the time spent eating hay

or resting is replaced by crib-biting (Minero et al., 1999; Whisher et al., 2011).

The prevalence of crib-biting has varied among studied equine breeds, from

1.7% in ponies in Canada to 15% in Warmbloods and Thoroughbreds under

intensive management (Redbo et al., 1998; Albright et al., 2009). The higher

prevalence of crib-biting especially in Thoroughbreds has been interpreted as a

sign of genetic susceptibility. During a four-year prospective study by Waters et

al. (2002), crib-biting was initiated by 10% of young Thoroughbred and part-

Thoroughbred horses, and 74% of these had shown wood chewing prior to crib-

biting, whereas wood chewing was initiated by 30% of young Thoroughbred or

part-Thoroughbred horses. Feral horses are known to dig, chew wood and eat

earth, but these behaviours are considered to comprise part of the normal equine

behavioural repertoire when searching, for example, for essential minerals such

as copper or iron (Salter and Pluth 1980; McGreevy et al., 2001b).

Repetitive oral activities are prevalent in captive ungulates, and they are

believed to share a broadly common cause relating to foraging behaviour

(Cronin, 1985) and frustration (Ödberg, 1987). Examples of oral stereotypies

include sham-chewing by sows (Cronin, 1985), and tongue-rolling by cattle and

giraffes (Bashaw et al., 2001). Blanket sucking in dogs is classified as a

compulsive behaviour (Dodman, 1998; Moon-Fanelli et al., 2007). Stereotypic

oral behaviours typically peak around the time of food delivery, especially after

the food has been consumed; Post-feeding crib-biting has been observed in

horses a few minutes (Gillham et al., 1994) or hours after concentrate feeding

(Clegg et al., 2008; Whisher et al., 2011). Post-feeding oral stereotypies are also
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seen in pigs (Robert et al., 1993), giraffes (Veasey et al., 1996), cattle

(Sambraus, 1985) and sheep (Cooper et al., 1994). Locomotor stereotypies of

horses, such as weaving and box-walking, both have a frequency of 2.5–13%

and are mainly observed before feeding (Luescher et al., 1998; Cooper et al.,

2000; Ninomiya et al., 2007; Clegg et al., 2008). A weak temporal relationship

exists between weaving and oral stereotypies when concomitantly present in the

same individual (Mills et al., 2002; Ninomiya et al., 2007).

2.2 Causal	factors	behind	crib-biting	

Equids are gregarious and are seldom solitary by choice (Boyd, 1986). They

form bands comprising one stallion and several mares with their offspring of

recent years. Bachelor males often form small, less-stable assemblages (Feist

and McCullough, 1976). Mares gradually wean their foals around the age of 9–

11 months. Free-ranging horses, such as mustangs and prewalski’s horses,

spend up to 16 hours a day foraging with a slow and steady walk while selecting

plants. They have different areas and times in a day for feeding on different

plants and for activities such as for grooming and resting (Duncan, 1980; Houpt

et al., 1986). Intense selection for speed, endurance or pulling power in the

domestic horse (Equus caballus) has resulted in many adaptive changes in the

phenotype of the modern horse, including changes in behaviour. Characters

such as being less fearful of humans have been an important criterion during the

domestication process (Lankin, 1997). Certain indicators of domestication, such

as tameness in the silver fox (Belyaev, 1979) and docility in cattle (Le Neindre

et al., 1995), have been shown to be genetically controlled. Orlando et al.

(2013) identified 29 genomic regions among horse breeds that show less genetic
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variation compared to the Przewalski’s horse (Equus przewalskii), and proposed

the correspondence of these regions to loci selected early during domestication.

Free-ranging horses are not known to crib-bite, but a study on over 99 zoos

revealed that 4–6% of Przewalski’s horses performed this behaviour and that

stereotypies were much more common in some families (Boyd, 1986, Marsden,

1995). The crib-biting frequency in a group of formerly feral horses (mustangs),

transitioned from the wild to domestic conditions, was in turn 1.2% (Dodman et

al., 2005). In general, aspects of natural foraging are suggested to make

abnormal behaviours of captive ungulates so distinctive (Mason and Rushen,

2008). In mice, the protective effect of a complex growing up environment as

well as greater behavioural flexibility were suggested as causal factors for the

minor incidence of stereotypic behaviour in wild-born animals (Jones et al.,

2011).

2.2.1 	Management-related	factors	

Intensive management typically includes isolation from other horses, the

limitation or lack of free exercise, and the provision of concentrated feeds and

little roughage (Johnson et al., 1998; Nicol et al., 2002; Parker et al., 2008). In

Finland, feeding is typically based on hay and cereal grains are the most

commonly used energy source in the diet of athletic horses (Särkijärvi and

Saastamoinen, 2006). Although stabled horses are generally provided with a

nutritionally adequate balanced diet, they may still be motivated to express

foraging and feed selection behaviour (Cooper and Albentosa, 2005). The

feeding of horses with a pelleted diet or hay replacers, such as fermented,
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energy dense forages, instead of high-fibre hay has been associated with a

higher incidence of stereotypic activities (Gillham et al., 1994; McGreevy et al.,

1995a; Johnson et al., 1998; Redbo et al., 1998; Nicol et al., 2002; Waters et al.,

2002; Nicol and Badnell-Waters, 2004, Cooper et al., 2005).  McCall et al.

(2012) found that ad libitum feeding of concentrates to crib-biting horses

reduces their crib-biting, but it was not clear whether the changes in crib-biting

behaviour were related to increased nutrient consumption or other behavioural

or physiological factors associated with feed consumption. A lower faecal pH

(Elia et al., 2010), more time spent chewing wood, being coprophagous and

scrabbling for food (Willard et al., 1977; Waters et al., 2002; Elia et al., 2010)

have also been associated with intensive management. The eating of bedding

and wood chewing are thought to represent the redirection of grazing behaviour

in stabled horses without access to high-fibre forage (Mills et al., 2002).

In a stabled horse, a time budget of standing alert 9–11% of the day, eating 12–

14%, occupation with bedding material, for example, 25%, dozing 30–35% and

lying 11–13% is typical (Werhahn et al., 2012). Up to 32% of the horse’s day is

reported to be allocated to searching behaviour when fed only complete pelleted

feed (pellets) instead of orchard grass hay  (Elia et al., 2010). Many domestic

horses are maintained on de facto restricted diets in which they receive limited

amounts of concentrate feed and forage twice daily (McCall et al., 2012). In this

type of management, horses may spend just 1–2 hours feeding (Kiley-

Worthington, 1983; Whisher 2011). Under these conditions, horses have little

control over their environment, and a number of activities may arise that are

indicative of specific environmental deficiencies, particularly stereotypic
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behaviour (Cooper and Albentosa, 2005). The behavioural need to express

feeding or foraging behaviour may lead to the development of oral movements

such as crib-biting (Hughes and Duncan, 1988). Distension of the oesophagus

may have an additional or alternative regulatory function in meeting unsatisfied

foraging needs (Toates, 1981; McGreevy et al., 1995b).

Feeding on concentrated diets shortens the time used for feeding (Rowe et al.,

1994) and periods of fasting are known to increase gastric acidity in horses to

harmful levels that may result in rapid ulceration (Murray and Eichorn, 1996).

Gastric ulcers are present in up to 90% of racehorses under stable management

(Murray and Eichorn, 1996; Johnson et al., 2001) and suggest that the defence

mechanisms of the body have broken down (Dawkins, 1998). Crib-biters are

reported to consume their feed rations more slowly than controls and to have

repeated breaks from eating (Clegg et al., 2008). Abdominal discomfort and the

motivation to feed have been speculated as causal factors for crib-biting, since

the overflow of undigested carbohydrates into the colon may cause intestinal

discomfort, and this has been linked with abnormal oral behaviours in horses

(Clegg et al., 2008). In line with this, neutralizing the acidity of the colon by

antacid diet also lowered the incidence of stereotypic behaviour (Johnson et al.,

1998; Nicol et al., 2002). Wickens et al. (2013) did not detect any differences in

the number or severity of ulcers between crib-biting (n = 9) and non-crib-biting

adult horses (n = 9), but on the other hand, the sample size was small and the

relationship may only be present during the initiation of crib-biting, as reported

by Nicol et al. (2002). Equine saliva has a buffering capacity and a pH as high

as 8.9 (Moeller et al., 2008). Since horses salivate mainly when they chew,
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Moeller et al. (2008) proposed that crib-biting horses produce less saliva than

normal horses and that crib-biting may be an attempt to produce more saliva to

buffer the gastrointestinal tract. Furthermore, the muscular contraction that

accompanies crib-biting is proposed to stimulate the release of a small amount

of saliva, which may enhance crib-biting, since stereotypical behaviour tends to

develop when a repeated behaviour is not fully successful in achieving its

function (Nicol et al., 2002). However, in a case report, Houpt (2012a) detected

that a crib-biting horse did not salivate less or more than a control horse.

Free access to pasture and the possibility to suckle are highly significant in

avoiding ulceration of the stomach (Murray and Eichorn, 1999), and help to

prevent the development of crib-biting in foals (Waters et al., 2002; Parker et

al., 2008). Waters et al. (2002) found in their four-year prospective study that

crib-biting was initiated at a median age of 4.6 months, and foals whose

postweaning diet included concentrate feed (no detailed information) were more

likely to develop crib-biting than foals fed only hay. Early weaning at four

months of age followed by social isolation may exceed the foal’s capacity to

adapt to environmental change (Cooper and Albentosa, 2005). In mice, chronic

stress early in the animal’s development is associated with the predisposition to

stereotypy (Cabib and Bonaventura, 1997; Weaver et al., 2004), and this

sensitivity is suggested to be genotype dependent (Cabib et al., 1985; McBride

and Hemmings, 2005) or due to epigenetic programming (Weaver et al., 2004)

or both. Epigenetic reprogramming is sensitive to environmental influences

such as maternal behaviour and diet and may induce long-term changes in gene

expression (McGowan et al., 2008). Stress-induced changes in dopamine
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neurophysiology are suspected as the causal mechanism behind genetic

susceptibility (Puglisi-Allegra et al., 1990; Cabib and Bonaventura, 1997).

Consequently, significant inter-individual differences exist between foals in

reactivity to the weaning situation (Rogers et al., 2004; Waran et al., 2008).

Moreover, foals of dominant mares have a higher risk of initiating crib-biting

than those of low rank mares, and the mare–foal bond as well as genetic factors

determining behaviour were suspected (Waters et al., 2002).

According to surveys, approximately half of owners consider that crib-biting is

a learned behaviour (McBride and Long, 2001; Albright et al., 2009), but

observational learning as an option to initiate crib-biting has earlier been

doubted, since no significant evidence for this has been published (Murphy and

Arkins, 2006). However, in a study by Krueger and Heinze (2008), horses

learned the “following behaviour” towards an experimenter after watching a

dominant horse following him, but did not follow after observing a subordinate

horse or a horse from another social group doing so, suggesting that crib-biting

may also be learned in some circumstances. Nagy et al. (2008) also

recommended a study on the rank of observers and demonstrators before

observation of the learning of crib-biting can be ruled out.

2.2.2 Feeding-	and	reward-related	hormones	

Ghrelin (Kojima et al., 1999) and leptin (Ahima et al., 1996; Buff et al., 2005)

are metabolic hormones regulating feeding and feed intake in opposite ways.

Ghrelin is a growth hormone-releasing peptide that stimulates appetite and

gastric acid secretion from the stomach (Kojima et al., 1999; Masuda et al.,
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2000). The acetylated form of ghrelin is considered to be the biologically active

form (Kojima et al., 1999), and fasting induces its secretion from the

hypothalamus and stomach in rats (Sato et al., 2005) and humans (Cummings et

al., 2001). In horses, a peak in the ghrelin plasma concentration was detected

after concentrate feeding when they had free-choice access to hay (Gordon and

McKeever, 2005), while a peak in the plasma ghrelin concentration before

feeding was demonstrated in sheep (Sugino et al., 2002) and humans

(Cummings et al., 2001). In rats exposed to restraint stress, ghrelin exhibited

dose-dependent gastroprotection (Brzozowski et al., 2004).

Leptin is a protein hormone produced by adipose tissue. It influences the

hypothalamic mechanisms regulating appetite and energy metabolism (Buff et

al., 2005), and taste cells are a peripheral site of leptin action (Reed et al.,

2006). In horses, the plasma concentration of leptin was found to decrease

overnight when horses received free-choice hay and a very small amount of

grain supplementation (Buff et al., 2005; Gordon and McKeever, 2005). In

addition, the plasma leptin concentration tended to increase with the age of the

horses (Buff et al., 2002; Čebulj-Kadunc and Cestnik, 2005). In horses, the

plasma ghrelin concentration correlated negatively with the body composition

score (Gordon et al., 2007), while a positive correlation has been established

between the plasma leptin concentration and body composition and fat mass

(Kearns et al., 2006; Pratt-Phillips et al., 2010).

Ghrelin (Sibilia et al., 2008) and leptin (Levasseur et al., 1998) receptors have

been detected in the gastric mucosae and in the VTA in rodents (Hommel et al.,

2006; Zigman et al., 2006; King et al., 2011). Leptin receptors also occur in the
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major salivary glands of horses, indicating that the salivary glands are one of

the targets of leptin action in the digestive tract (Dall’aglio et al., 2012).

Activated ghrelin receptors stimulate appetite in rats by directly acting on the

VTA (Naleid et al., 2005; Abizaid et al., 2006), while leptin is suggested to have

an inhibitory effect of a peripheral metabolic signal on VTA dopamine neurons

(Figlewicz, 2003; Hommel et al., 2006). Consequently, ghrelin enhances the

consumption of and preference for sweet-tasting feed in rodents (Disse et al.,

2010), whereas increased leptin suppresses the physiological and behavioural

responses to sweet substances in rodents (Reed et al., 2006) and in humans

during stress (Tomiyama et al., 2012). In leptin receptor-deficient mice, the

suppression can be seen as enhanced sensitivity, as well as a strong demand for

highly palatable feed (Kawai et al., 2000). Leptin decreases the reward value of

brain self-stimulation, as seen in experiments on lateral hypothalamic

stimulation (Fulton et al., 2000, 2006), and modulates the reward mechanism by

altering the behavioural response to rewarding brain stimulation (Hommel et al.,

2006; Figlewicz and Sipols, 2010). In humans, leptin plays a role in the

pathophysiology of alcohol craving (Hillemacher et al., 2007) and relapse

(Kiefer et al., 2005).

2.2.3 Stress	as	a	causative	factor			

According to the coping hypothesis, individuals who display stereotypic

behaviours are expected to have lower physiological stress levels than non-

stereotypic animals in the same sub-optimal environment (Cronin et al., 1985).
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The amount of stress has commonly been assessed by measuring plasma

cortisol (Pell and McGreevy, 1999), ACTH (Von Borell and Ladewig, 1989) and

β-endorphin concentrations (Zolovick et al., 1966). In horses, a circadian

rhythm in plasma cortisol concentrations, with a peak at 06:00–10:00 h and a

nadir at 18:00–21:00 h, has been reported in environments where horses were

accustomed to a management routine (Zolovick et al., 1966; Evans et al., 1977;

Irvine and Alexander, 1994). The inhibition and desensitization of the HPA

system by endogenous opioids is evident in horses (Visser et al., 2008) and pigs

(Janssens et al., 1995; Von Borell and Ladewig, 1989) subjected to chronic

stress, and irregular diurnal cortisol rhythms have been identified in pigs during

chronic stress (de Jong et al., 2000). McGreevy and Nicol (1998b) demonstrated

that the baseline plasma cortisol concentration was higher in the stereotypic

horses (142 nmol) than controls (96.3 nmol/l), and the response of plasma

cortisol to the short-term prevention of crib-biting and eating hay was

significantly higher in the stereotypic horses (190 nmol) than controls (112.3

nmol). However, Clegg et al. (2008) and Fureix et al. (2013) detected no

differences in plasma cortisol concentrations between crib-biters and controls,

and thus their results did not corroborate the ability of stereotypic horses to cope

better.

When animals face difficult conditions, endogenous opioids are often released,

which may help in coping (Zanella et al., 1996). For example, in foals, β-

endorphin concentrations were higher 3 days after weaning compared to 1 day

measures (Fazio et al., 2009). Self-stimulation from crib-biting may also

facilitate endorphin release, thus reinforcing the stereotypy (Kelsey et al., 1984;
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Dodman et al., 1987). Consequently, crib-biting can be prevented completely

for a term by continuous infusion of opioid antagonists such as naloxone or

nalmefene (Dodman et al., 1987; McBride and Cuddeford, 2001). An

association between eating highly palatable feed, such as sweetfeed, and β-

endorphin release has also been identified in horses (Dodman et al., 1987).

Usually, the sugar is added to sweetfeed in the form of molasses, for example as

a combination of corn, oats, soybean mixture and molasses (Houpt, 2012b)

Variations have been detected in the plasma concentrations of endogenous

opioids of crib-biters, but the results are contradictory. Gillham et al. (1994)

detected that baseline β-endorphin plasma concentrations in crib-biting horses

were half of those in non-cribbing controls, and they remained significantly

lower, regardless of feeding with grain or sweetened grain rations versus alfalfa

pelleted hay. Lebelt et al. (1998) found that long-term crib-biters of various

breeds showed approximately three times higher basal β-endorphin plasma

concentrations as compared to controls when blood sampling took place in the

morning, and no stereotypic behaviour was seen for at least 30 minutes. Plasma

β-endorphin concentrations in horses fluctuate with a diurnal rhythm that peaks

at 09:00 in the morning (Hamra et al., 1993). Pell and McGreevy (1999), in

turn, detected no difference in the plasma β-endorphin concentration between

stereotyping and control horses. Furthermore, McGreevy and Nicol (1998b)

demonstrated that although the baseline plasma β-endorphin concentration did

not differ significantly between cases and controls, the mean response

concentrations were higher in established crib-biting horses than in controls

when crib-biting was prevented, suggesting that crib-biters may react to the
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treatments more stressfully than controls. One difficulty in interpreting

conflicting β-endorphin results is that horses that develop stereotypies may be

more reactive than other horses from the start, and thus measurements during

the development of crib-biting are needed to compare hormonal changes at the

individual level (McGreevy and Nicol, 1998b). It has also been suggested that

peripheral plasma β-endorphin concentrations may not reflect the actual

concentrations in the central nervous system that would be responsible for

producing behavioural changes (Gillham et al., 1994; Lebelt et al., 1998).

2.2.4 Genetic	basis	of	crib-biting	

Holmes already speculated in 1838: “Why does one horse take cribbing, while

another, placed in precisely similar circumstances, remains free from it? I

answer, because all horses are not of the same disposition.” Since then, genetic

susceptibility (Vecchiotti and Galanti, 1986; Albright et al. 2009) has been

assumed as an explanation for why some horses start crib-biting behaviour.

While crib-biting behaviour occurs in almost all studied domestic horse breeds,

certain breeds, such as Thoroughbreds, have a higher prevalence (Waters et al.,

2002; Albright et al., 2009), supporting the hypothesis that these often-reactive

breeds have higher predispositions to developing stereotypic behaviours

(Bachmann et al., 2003a). Following pedigree studies on Thoroughbreds,

Vecchiotti and Galanti (1986) proposed the involvement of inheritance in three

abnormal behaviours, including crib-biting, but due to incomplete information

on families, heritability could not been determined for these three behaviours.

Hosoda (1950) proposed that a recessive gene might be responsible, and Steele

(1960) suggested an interaction of genotypic and environmental factors. In
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addition, a paternal effect is assumed to predispose foals to crib-biting (Houpt

and Kusunose, 2001). Differences in temperament traits between crib-biting and

control horses (Nagy et al., 2010) as well candidate genes for temperament

(Momozawa et al., 2007, 2010) have been studied in horses, but the genetic

basis of stereotypies has mainly been investigated in other species than equines

(Jones et al., 2008). In bank voles, stereotypies were approximately seven times

more frequent in the offspring of stereotyping parents than in the offspring of

permanent non-stereotypers (Schoenecker and Heller, 2000).

Phenotypes shared between domesticated populations very often turn out to

have a shared genetic basis, meaning that the same underlying haplotype is

responsible for the shared phenotypic trait (Megens and Groenen, 2012).

However, the pattern of inherence of stereotypy may be species-specific, as

shown in bank voles (Schoenecker and Heller, 2000), striped mice (Schwaibold

and Pillay, 2001) and farmed minks (Jeppesen, 2004). In horses (Vecchiotti and

Galanti, 1986; Bachmann et al., 2003b), laboratory mice (Würbel and

Stauffacher, 1996) and the bank voles (Cooper and Nicol, 1996), differences in

the incidence of stereotypy performance appeared to be related to increased

general activity. A paternal effect was demonstrated in bank voles (Schoenecker

and Heller, 2000), whereas in striped mice, the development of stereotypies was

strongly related to their occurrence in the biological mothers (Schwaibold and

Pillay, 2001).

In inbred strains of mice, stress-induced changes in dopamine neurophysiology

were associated with the development of stereotypic behaviour, and this

sensitization was found to be strain-dependent (Puglisi-Allegra et al., 1990;
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Cabib and Bonaventura, 1997). Opioid receptor supersensitivity has been

demonstrated to be associated with stereotypy in rats (Broderick et al., 1983),

and has been suggested to also exist in dogs (Hawley and Wetmore, 2010). Pell

and McGreevy (1999) proposed that stereotypic horses have inherited opioid

receptors with a greater sensitivity than those of normal horses. In humans, a

single nucleotide polymorphism in the MOR gene encodes a variant that binds

the endogenous opioid peptide β-endorphin with three-fold greater affinity than

prototype receptors (Bond et al., 1998).

2.3 Underlying	mechanisms	of	stereotypy	

The opportunity to display behaviour may itself act as reinforcement, but self-

rewarding behaviours may be disturbed when dopaminergic systems are

sensitized by stress (Cabib and Puglisi-Allegra, 1996), since mesolimbic

dopamine is closely linked with rewarding stimulation and action (Burgdorf and

Panksepp, 2006). Dodman et al. (1987) considered that to be self-rewarding, a

specific behaviour should activate the mesolimbic system, for instance by the

release of endorphins, which then exert a positive feedback on this behaviour.

Stress may cause the release of β-endorphin in the brain, stimulating dopamine

release and activating these basal ganglia motor programs (Dodman et al.,

1987). In fact, knock-out mice for the hyperdopaminergic, genetically modified

dopamine transporter gene (DAT) display a type of behaviour known as

superstereotypy: excessively strong and rigid manifestations of complex and

fixed action patterns (Berridge et al., 2005). Supporting the idea that the

rewarding properties of endogenous opioids might be involved in the early

development of stereotypies, the opioid antagonist naloxone reduced stereotypic
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jumping in young bank voles, but it had no effect on the performance of

established stereotypies in adult animals (Kennes et al., 1988). Middle-aged

mice with established stereotypic behaviour also showed reduced motivation for

enrichment (Tilly et al., 2010).

An alternative hypothesis is that stereotypies function within their originating

motivational system (Kiley-Worthington, 1987), which is supported by the

rebound effect seen after the prevention of crib-biting (Kennedy, 1985;

McGreevy and Nicol, 1998a). The performance of stereotypic behaviours

suggests the thwarting of highly motivated behaviours (Latham and Mason,

2010) and the disruption of pathways of the forebrain and basal ganglia that

subserve the control of normal, flexible behaviour (Garner, 2006; Lewis et al.,

2006). For example, foraging is one of the most time-consuming behaviours in

horses, and when grazing ingestive behaviour must be balanced with other

priorities, such as predator avoidance, feed availability and copulation (Keen-

Rhinehart et al., 2013). In stables, horses are in a safe environment, and due to

the restricted and concentrate-based provision of feed, feeding typically takes

only a few hours. However, motivation to forage in a barren but safe

environment may be very high.

2.4 Inheritance	of	behavioural	traits	

 A common problem in genetic studies on multifactorial traits is a low statistical

power, caused by the combination of limited sample sizes and the rather small

effect of each locus (Kerje et al., 2003). The comparison of affected probands

with unaffected, unrelated controls can provide the power necessary to identify
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the role of a gene with small effects, and in these case–control studies, a few

hundred probands and a few hundred controls are usually capable of providing

the power to identify genes contributing less than 5% of the variance of a trait

(Comings, 1998). Genetic selection has a large potential for increasing the

genetic gain in situations where the collection of phenotype data is difficult,

when the value of individual breeding animals is high and structures exist that

allow access to reliable phenotype information (Stock and Reents, 2013). A

small effective population size (Ne) means that alleles in the current population

coalesce in a common ancestor in a small number of generations, and Ne can

decrease over time, for instance, due to domestication. A reduced Ne causes

some linkage disequilibrium to exist at long distances, which means that a

marker (SNP) may be in linkage disequilibrium with a QTL some distance

away, and hence show an association with the trait affected by the QTL (Sved,

1971). Ne is 346 for Arabian horses and 143 for Thoroughbreds in the UK

(Petersen et al., 2013a). Equine linkage disequilibrium is intermediate in length

between the dog and human, and there is long-range haplotype sharing among

breeds (Wade et al., 2009). For reasons mentioned above, a dense panel of SNPs

is not a necessity for genome-wide association studies in many domestic

animals, such as horses (Goddard and Hayes, 2009).

2.4.1 Stereotypy-related	genes	

The availability of new genomic resources for the equine genome (Meira et al.,

2013; Petersen et al., 2013a,b) and the strong conserved synteny in the

chromosomal structure between horses and humans (Wade et al., 2009) have

sped up the identification of equine behavioural genes and genetic pathways
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related to behaviour performance. For example, dopamine receptor gene

polymorphisms are highly associated with novelty seeking, reward dependence

and persistence in horses (Momozawa et al., 2005) and in humans (Kulikova et

al., 2007). Overall, the polymorphism rate of the equine genome has been

estimated at 1/1000 base pairs (Wade et al., 2009; Schröder et al., 2011).

In the candidate gene approach, association analysis is performed on SNPs near

or inside genes that have already been found to be associated with some

behavioural disturbances in another species. Polymorphism in ghrelin and the

GHS-R1A gene has been associated with addictive behaviour, such as

alcoholism in humans (Monteleone et al., 2007) and rats (Landgren et al.,

2011b). Semaphorin genes have been implicated in psychiatric disorders in

humans (Mann et al., 2007), and Sema6A-deficient mice revealed a hyperactive

phenotype (Rünker et al., 2010). The DRD4 gene is associated with behavioural

responses in some motivational states, such as frustration, in horses (Ninomiya

et al., 2013), and dopamine D1 receptors have a role in stereotypic behaviour in

mice (Pollock and Kornetsky, 1989). Substance abuse disorder was found to be

associated with polymorphism of the human 5-HT1B receptor gene G861C

(Huang et al., 2003). Association with the CDH2 region has been detected in a

canine compulsive disorder (Dodman et al., 2010).

2.4.2 Population	structure	of	Finnhorses	and	half-breds	

Heritability is a descriptive statistic that estimates the extent to which observed

variability is due to genetic variability. Some horse breeds defined by stud

books represent a diverse collection of options for assembling and managing a
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gene pool (Bowling and Ruvinsky, 2000), but the heritability of crib-biting has

not been determined for any horse population or breed. The Finnhorse was

developed by interbreeding local small working horse populations with

Friesians, Arabians, Norfolk horses and Orlov-trotters, but since 1907,

Finnhorses have been bred as a pure breed. Nowadays, Finnhorses form a very

uniform and isolated population (Saastamoinen and Mäenpää, 2005). The stud

book is closed, so there are no options to increase diversity in the gene pool.

Pedigree data on every Finnhorse are available through the Finnish trotting and

breeding association, Suomen Hippos, over as many as 10 generations.

According to the breed standard, the Finnhorse is a 150–160-cm-high, versatile

all-round horse including four breeding sections: trotter, riding horse, working

horse and small pony-sized horses. There are about 20 000 Finnhorses and they

are related to each other with an average relationship coefficient of 0.052

(Petersen et al., 2013a). According to Suomen Hippos, the number of

Finnhorses exceeded 400 000 in the 1950s, but declined below 100 000 in the

late 1960s and was at its lowest in 1987, being only 14 100. The number of

registered Finnhorses in 2012 was 19 700, with approximately 1 400 foals born

early.

Registered riding horses in Finland mainly include warm-blooded horses from

the European studbook, such as Hanoverians, Holsteiners, Wielkopolski horses,

Thoroughbreds, Arabians, English Thoroughbreds and Finnish warmbloods.

Nowadays, these 18 800 warmblood riding horses comprise about 26% of the

horse population in Finland. According to Suomen Hippos, the breeding goal is

to produce balanced, solid and sound sports horses with good performance in all



31

horse activities. Approximately 200–400 half-bred foals are born annually in

Finland, and a considerable number of riding horses are thus imported.

2.5 Stereotypic	behaviour	and	welfare	

In general, situations inducing or exacerbating stereotypic behaviours may

reduce welfare (Mason and Latham, 2004), as stereotypic behaviours typically

appear in sub-optimal living conditions (Fureix et al., 2013). An ideal state of

animal welfare includes physical and mental health and the animal should be in

harmony with its environment (Wood-Gush and Beilhartz, 1983). However,

crib-biting has been associated with some painful disorders, such as gastric

ulcers (Nicol et al., 2002), entrapment of the small intestine in the epiploic

foramen (Archer et al., 2004) and colic (Malamed et al., 2010). Furthermore,

horses with a history of crib-biting or coprophagia were at higher risk of

developing equine motor neuron disease (de la Rúa-Domènech, 1997; Grenager

et al., 2010). However, the causal connections are not known, and crib-biting

probably does not directly cause these diseases (de la Rúa-Domènech, 1997;

Archer et al., 2004). Up to 8 hours a day have been found to be spent in crib-

biting behaviour (Whisher et al., 2011), an amount that can interfere with a

horse’s daily routines by reducing the time available for eating and resting

(Hausberger et al., 2007).

Welfare is not simply the absence of negative emotions such as fear, pain and

frustration (Dawkins, 1998), but also the presence of positive affective states.

Boissy et al. (2007) suggested that as an indication of pleasure, an animal will

work to gain something or continue with it. For example, feeding is known to
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facilitate itself by positive feedback (Wiepkema, 1971). Houpt (2012b)

demonstrated that crib-biting horses worked as hard for a possibility to crib-bite

as to receive grain, showing high motivation for this habit. The resourcefulness

of horses in satisfying their motivation to perform this behaviour often frustrates

owners’ efforts to prevent the behaviour (McGreevy and Nicol, 1998a).

Methods used to prevent crib-biting such as applying crib-biting collars or

muzzles and removing or electrifying horizontal surfaces can be painful,

ineffective and stressful to horses (McGreevy and Nicol, 1998a,b; McBride and

Cuddeford, 2001; Nagy et al., 2009). Furthermore, when crib-biting was

prevented, it was performed at higher incidence once collars were removed,

suggesting a rebound effect consistent with motivational effects (McGreevy and

Nicol, 1998a).
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3 AIMS	OF	THE	STUDY	

Our hypothesis was that physiological and genetic differences exist between

crib-biting horses and their controls, and due to this followed aims were

developed:

1. To compare the plasma concentrations of reward- or appetite-related

hormones between crib-biting horses and their controls;

2. To quantify the circadian variation of cortisol, ACTH and β-endorphin in

crib-biting horses and their controls;

3. To describe the phenotypic performance of crib-biting behaviour in

Finnhorses and half-breds involved in the genetic studies;

4. To detect whether the selected eight known or suspected stereotypic

candidate genes are responsible for a major gene effect on crib-biting;

5. To estimate the heritability of crib-biting behaviour in the Finnhorse

population.
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4 MATERIAL	AND	METHODS	

4.1 Horses		

A total of 162 privately owned crib-biters with a history of crib-biting and their

non-crib-biting controls (n = 330) were included in the study. Crib-biting horses

were confirmed by their owners or stall keepers to crib-bite. Control horses

were older than 10 years of age without a known history of crib-biting.

Horses were recruited through advertisements on the University of Helsinki

website, at private equine clinics and in domestic horse magazines during the

years 2008–2013. Crib-biting was described with care in advertisement to avoid

false cases. In these studies, both crib-biting and wind-sucking were included in

the determination of crib-biting. All the horses lived in their home stables in

loose boxes and were housed, fed and exercised following their daily routines.

Cases and controls were collected from the same stables, if possible. The age,

pedigree, breed and sex of the horses were verified according to their

registration number in Suomen Hippos, which serves as a registry for horses

and maintains breeding and racing information and records.

Hormone determination studies

A total of 17 privately owned crib-biters with a history of crib-biting and their

matched controls (n = 20) were included in studies I and II (Table 1). Four case

horses and one control horse attended both studies I and II. The case–control

pairs were matched for breed, sex and age as closely as possible. The inclusion

criteria for cases were that the horses had been crib-biting for more than 12

months.
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All the horses lived in their home stables in loose boxes, were fed roughage

(hay or silage) and concentrated feed (oats or commercial feed mixture) three or

four times daily (at approximately 07:00, 13:00 and 20:00 hours) and the horses

had free access to water. It required 15 min to 1 hour per meal for horses to

consume roughage, so limited roughage was provided between meals, and there

was at least a 9-hour fast between 21:00 and 06:00 for all horses. Exercise

mostly occurred between 09:00 and 16:00 for 1–3 hours each day. At the

beginning of the study, the horses had no specific haematology findings. A

collar was used by 4 crib-biting horses.

Table 1: The sex, year of birth and BCS of horses included in studies I and II. All
horses were warm-blooded, except those indicated.

Case Year of birth Control Year of birth Stable
STYDY I
Mare 1995 Mare 1996 Riding school 1.*
Mare* 1992 Mare 1997 Riding school 1.*
Gelding*Est 1990 Gelding*Est 1988 Riding school 1.*
Gelding* 1992 Gelding 1992 Riding school 2.*
Gelding* 2002 Gelding* 2002 Private stable 1.
Gelding 1992 Gelding 1990 Private stable 2.
Gelding 1997 GeldingXX 1997 Private stable 3.
Mare 2000 Mare 2000 Private stable 3.
STYDY II
Case /BCS Year of birth Control /BCS Year of birth Stable
Mare,* 3.0 1992 Mare, 3.5 1992 Riding school 1.*
Gelding,*Est5.5 1990 Gelding*Est5 1998 Riding school 1.*
Gelding,* 4.5 1992 Gelding, 4 1995 Riding school 2.*
Mare, 4 1997 Mare, 3 1999 Riding school 2.*
Mare, 4.5 1998 Mare, 5 1997 Riding school 3.
Gelding, 5.5 2005 Gelding, 3.5 2004 Riding school 3.
Mare, 3.5 2001 Mare, 4.5 1995 Riding school 4.
Mare, 3.5 2000 Mare, 4 2001 Riding school 4.
Gelding, 3.5 2006 Mare, 3 2006 Riding school 4.
Gelding,* 5.5 2002 Gelding, 4.5 2000 Private stable 4.
Mare, 4 2005 Mare, 4.5 1999 Private stable 4.
Gelding,FH 4.4 2001 Gelding, 5.5 2000 Private stable 5.
Gelding, 3.5 2003 Gelding, 4.5 2002 Riding school 5.

FH = Finnhorse, XX = Thoroughbred, Est = Estonian horse, * Horse or stable included in
both studies I and II. BCS = Body condition score (Henneke et al. 1983)
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Genetic study (III)

A cohort of privately owned horses comprised 98 crib-biting and 135 non-crib-

biting control horses (Table 2) from 2 breeds, including Finnhorses (53 cases,

85 controls) and warm-blooded riding horses (45 cases, 50 controls). Two 7-

year-old half-breds used as controls were videotaped for 48 h in the 24-hour

study to verify their behavioural status. For all horses in study III we had owner

confirmation of the crib-biting status in the consent form. A collar was known to

be used by 18 Finnhorses and by 19 half-breds.

Heritability study (IV)

In study IV, heritability was estimated for Finnhorses. A description of the cases

and controls is provided in Table 2. The data comprised 111 crib-biting horses

and 285 non-crib-biting control horses. A collar was known to be used by 23

Finnhorses. The criteria for controls were that they were at least 10 years of age

and without a history of crib-biting, but approximately 10% of control horses

selected during data collection were aged 6–8 years to balance the study

populations (cases and controls). The non-crib-biting status for most of these

horses was verified by e-mail in 2013 before analysis.



37

Table 2. The breed, age and gender of the horses in genetic studies III and IV.

Candidate gene assay (study III)
Gender

Breed Case/control Number
of
hors es

Averag e ag e of
hors es (minimum–
maximum)

Mares , n, % Males 1

Finnhorse Crib-biters 53 12 (2–22) 21 (40%) 32 (60%)

Controls 85 16 (7–28) 50 (59%) 35 (41%)
Half-bred Crib-biters 45 12 (5–26) 13 (29%) 32 (71%)

Controls 50 16 (7–26) 11 (22%) 39 (78%)
All Crib-biters 98 12 (2–26) 34 (35%) 64 (65%)

Controls 135 16 (7–26) 61 (45%) 74 (55%)
Heritability assay (study IV)
Finnhorses Crib-biters 111 11 (1–26) 46 (41%) 65 (59%)

Controls

285

12 (4–27) 169 (59%) 116 (41%)

All 396 11 215 (54%) 181 (46%)

1 Stallions and geldings. All Finnhorses in candidate gene analysis were included in the
heritability estimation.

4.2 Methods	of	sample	and	data	collection		

Plasma samples were collected from crib-biting and non-crib-biting horses. A

crib-biting bout was determined as horse latching onto a solid object with its

incisors, arching its neck and pulling backwards or making a grunting sound if

windsucking. To confirm the crib-biting behaviour of each horse that was

included as a crib-biter, detailed phenotypic information on crib-biting

behaviour was surveyed through an owner-completed questionnaire. This

information described situations when a horse performed crib-biting behaviour.

In addition, details were asked such as how long crib-biting had continued, the

age of onset of crib-biting and whether the horses were prevented from crib-

biting with the use of collars. In cases where the owner did not complete the

survey form, we had the owners’ confirmation of crib-biting in the consent

form, in which a definition of crib-biting was provided. Crib-biters were
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identified by their owners due to the typically emitted grunting noise, which is

not easily confused with any other behaviour.

4.2.1 24-Hour	study		

Blood (10 mL) was collected via a catheter placed into the jugular vein the

previous evening, using an aseptic technique and local anaesthesia (Lidocain 20

mg/mL, Orion). Blood was collected from cases and controls at the same stable

and during the same day into prechilled evacuated EDTA tubes from 08:00

hours and continued every 2 h for 24 h (Figure 1), followed by centrifugation at

RT. The plasma was divided into five 1-mL tubes, frozen within 90 min of

collection and stored at -80 °C until analysed.

4.2.2 Feeding-time	study		

Horses in study II were examined between 4 April and 22 May 2011, when the

horses had not yet been pastured (Table 1). In the morning, the horses first

received hay and 20–30 minutes later they received concentrates. Body

condition score (BCS) was determined by a veterinarian using the rating system

of Henneke et al. (1983), ranging from 1 to 9, in which 1 was extremely

emaciated and 9 was extremely obese. Three blood samples were collected by

venipuncture from the jugular vein into prechilled, 10-mL evacuated tubes

containing EDTA anticoagulant. The first sample was taken 3–6 minutes before

the horse’s scheduled morning hay, the second 30 min later, 3–6 minutes before

receiving concentrates, and the third 30 min after distribution of the

concentrates. The samples were immediately centrifuged and the plasma was
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divided into two tubes. The plasma was refrigerated until frozen within 120 min

of collection and stored at -80 °C until analysed.

The crib-biting intensity was determined by calculating each crib-biting bout

during 5 minutes sessions, between feeding with roughage and concentrates,

after the concentrates and after the last sampling (Fig. 1).

Figure 1: Schedules of blood samples in the 24-hour (I) and feeding-time (II)

studies.

4.2.3 Sample	collection	for	genotyping	

A cohort of crib-biting (case) and non-crib-biting (control) privately owned

Finnhorses and half-breds were formed during 2008–2012. Blood samples for

study III were collected from these horses by veterinarians.
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4.2.4 Data	collection	for	heritability	analysis	

The data were collected for a case–control study, and because no recorded data

on crib-biting were available, the frequency of crib-biting behaviour in the

population was not reliably known. About half of the observations were single

observations from individual stables, and the effect of the stable or owner could

not therefore be taken into account in the model. Hence, the environmental

effect of the stable, including the management practices, could not be accounted

for in the analysis, although they might have affected the development of the

behaviour. From among the mares and stallions, 36% of crib-biting horses and

32% of the control horses were included in the studbook.

4.3 Analysis	of	samples	and	data	

4.3.1 Determination	of	plasma	samples	

Plasma samples were analysed as follows:

Ghrelin

The plasma-active ghrelin concentration was measured in duplicate using a

commercial ghrelin RIA kit (Millipore, Ghrelin (active) Car.GHRA-88HK).

Horse plasma was used to partially validate the linearity of the kit used in

studies I and II. Purified equine active ghrelin was not available for comparison

and the results are thus expressed as human equivalents (HEs) of

immunoreactive (ir) ghrelin. The intra- and interassay variations were <9.5%

and <16.2%, respectively. The analytical sensitivity was 7.8 pg/mL. Details of

the methods are provided in articles I and II.
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Leptin

The plasma leptin concentrations were measured in duplicate by a commercial

RIA kit according to the instructions of the manufacturer (Multi-Species Leptin

RIA Kit Cat.# XL-85K, Millipore). The kit was validated for use in the horse

(Čebulj-Kadunc and Cestnik, 2005). The standards used were between 0.78

ng/mL human equivalent (HE) and 25 ng/mL HE, due to the low values in the

plasma of horses (details in article II).

Cortisol

The plasma cortisol concentration was analysed by RIA from blood samples

(Spectria cortisol RIA kit, Orion Diagnostica). The analytical sensitivity of the

assay was 20–2000 nmol/L and the intra- and interassay variations <4.5% and

<5.5%, respectively. All samples were run as duplicates, with case samples and

control samples run in the same assay. Details of the methods are provided in

article I.

ACTH

One millilitre of EDTA plasma was extracted with cartridges (Sep-Pak C 18,

Waters). The ACTH was then eluted from the cartridges using 80% acetonitrile

in 0.1% TFA. The eluates were evaporated (Speed Vac Concentrator) and

reconstituted with the RIA buffer. The recovery (mean ± SD) of synthetic

ACTH 1-39 from the cartridges was 61% ± 8%. The ACTH RIA was performed

according to the method of Nicholson et al. (1984). The sensitivity of the ACTH

RIA was 2 pmol/L. The intra- and interassay variations of the RIA used were

<10%. Details are provided in article I.
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β-Endorphin

The peptides were extracted from the plasma samples with 1% TFA HPLC

grade and eluted with 60% acetonitrile (HPLC grade) in 1% TFA, using Sep

columns. The eluates were evaporated (Speed Vac Concentrator) and

reconstituted with the enzyme immunoassay (EIA) buffer. The plasma β-

endorphin concentration was then measured in duplicate, using a β-endorphin

EIA kit (Bachem). The hormone assay utilized had a range for the amount of β-

endorphin of 0–10 ng/mL and had a sensitivity of 0.29 ng/mL. Plasma β-

endorphin concentrations were measured from samples collected between 08:00

and 22:00. For technical reasons, the rest of the β-endorphin samples could not

be analysed.

4.3.2 SNP	selection	and	genotyping			

Genomic DNA was isolated from whole blood leucocytes. Eight functional

candidate genes were selected for the study: Ghrelin, GHS-RIA, Lep, DRD1,

OPRM1, CDH2, Htr1B and SEMA6. Genomic locations and sequences of the

genes were retrieved from the Ensembl equine databases

(http://www.broadinstitute.org/mammals/horse). Candidate SNPs around the

genes were selected from the equine dbSNP database

(http://www.ncbi.nlm.nih.gov/projects/SNP). Tagging SNPs were selected

within kilobases from the candidate genes (article III). Before genotyping the

entire study cohorts, the informativeness (MAF) of the selected SNPs was

verified in a cohort of 29 horses of one breed. Validated SNPs were genotyped

either by TaqMan assays or Sanger sequencing in the study cohort. Due to the

neighbouring SNP being too close, Taqman genotyping was not successful for
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four SNPs. In these situations, traditional PCR completed by Sanger sequencing

was used. Fifteen samples were genotyped as replicates for SNPs GHS-RIA,

CDH2, SEMA6 and OPRM1. Detailed information on the SNPs and primers is

provided in article III.

4.3.3 Heritability	analysis	of	Finnhorses		

The data comprised 111 crib-biting horses and 285 non-crib-biting control

horses, and a pedigree file of 80 389 animals, of which animals born in 1940 or

later were kept for the later analysis. This subsample included 71 373 animals,

of which 5522 had unknown parents. For the animal models, the pedigrees were

pruned with RelaX2 version 1.54 (Stranden and Vuori, 2006) so that only those

with links to animals for which observations were available were left. Hence,

the animal model data included 5489 animals, of which 396 had observations.

In the sire model, 190 sires were included. Sires had from 1 to 16 offspring, the

average being two offspring per sire.

In the current data set, the horses with observations had an average inbreeding

coefficient of 3.38, ranging from 1.02 to 8.54, when calculated from the full

pedigree file. In the whole Finnhorse population, the inbreeding coefficient only

increased by about 0.7% units per decade during 1960–2010 (www.hippos.fi),

which indicates that the selection intensity has been low. The effective

population size of approximately 158 animals was estimated by the method of

Gutierrez et al. (2009) from pedigree data from 1940 onwards using RelaX2.
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4.4 Statistical	methods	

4.4.1 24-Hour	study		

The effects of crib-biting on the ghrelin, cortisol, ACTH and β-endorphin

concentrations were analysed with linear mixed models, taking repeated

samplings into account. The fixed effects included group (crib-biting or control)

and time of day, and interaction between the group and time of day. The random

part contained the pair (two horses in the same stable: crib-biter and control)

nested within the stable. The age of the horse was used as a covariate. The effect

of crib-biting on the ghrelin concentrations was examined with a model similar

to that above, including the time since the last feeding as an additional

covariate.

Logarithmic transformation was performed for the plasma β-endorphin

concentrations before the statistical analyses to obtain approximately normal

distributions of residuals. Back-transformed values were used for results. The

normality and homogeneity assumptions of the models were checked with a

normal probability plot of residuals and scatter plot residuals against fitted

values. All statistical analyses were conducted with PASW statistics 18.0.2

(IBM 2010).

4.4.2 Feeding-time	study		

Statistical comparison between the groups was carried out twice, using different

criteria for grouping the horses.

1. Horses known to be crib-biters by their owners (crib-biting history, n =

15) vs. non-crib-biting control horses (n = 15)
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2. Horses that performed crib-biting during this study (verifiable crib-

biters, n = 8) vs. non-crib-biting control horses (n = 15).

The Shapiro-Wilk test was used to evaluate whether the data were normally

distributed. Logarithmic transformation was performed on the plasma ghrelin

and leptin concentrations before statistical analysis to obtain normally

distributed data. Back-transformed values are presented as the results. Pearson

correlations were calculated between the normally distributed parameters, and a

t-test (for single measures) and repeated ANOVA with the Bonferroni post hoc

test (for repeated measures) were used for comparisons between the groups. The

results are expressed as means ± 95% CI. For nonparametric data (crib-biting

intensity), Spearman's correlation was used. The Wilcoxon signed-rank test was

used to determine the difference in crib-biting intensity between the 5 min

follow-up phases.

Significance was set at P < 0.05 for studies I and II.

4.4.3 Association	analysis		

Sanger sequences were analysed using Sequencher software (version 5.1, Gene

Codes Corporation, Ann Arbor, MI USA). To compare the allele frequencies, a

case–control association test was performed using PLINK 1.07 software

(http://pngu.mgh.harvard.edu/~purcell/plink/). Fisher’s exact test was used to

examine the significance of the association of the SNP between cases and

controls. A significance level of <0.05 was applied. Chi-squared values and

odds ratios were determined using PLINK software. The odds ratios were

calculated with 95% confidence intervals.
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4.4.4 Heritability	analysis			

The observations were coded as 1 for crib-biters (cases) and 0 for non-crib-

biters (controls). The effect of sex, year of birth and their interaction was tested

with univariate ANOVA using SPSS (PASW Statistics 18 Software). Only the

effect of sex was found to be statistically significant (P = 0.019), and hence

included as a fixed effect in the model for genetic parameters. The model

included a random animal or sire effect and random residual.

The expectations and variances of the random effects were:

E(aj) = 0 and var(ai) = A σ2
a, for the additive genetic animal effect,

E(sj) = 0 and var(si) = Iσ2
s for the sire effect

E(eijk) = 0, and var(eijk) = Iσe
2 for the residual effect in the linear model.

A is the numerator relationship matrix and I is the identity matrix. eijk is the

random residual effect.

For the animal model, both linear and threshold (logistic regression) models

were tested. For the sire model, a linear model was used. Genetic parameters

were estimated using DMU 6 (Madsen and Jensen, 2008).

In  the  linear  animal  model,  h2 was calculated as the relationship between the

additive genetic variance and phenotypic variance, σa
2/σp

2, and in the logistic

regression model as σa
2/(σa

2 +  π2/3) (Gilmour et al., 2009), where π2/3 is the

variance of a standard logistic distribution (Fahrmeir and Tutz, 1994). In the

sire model the heritability was estimated as 4 σs
2/σp

2.

σa
2 is the additive genetic variance.
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5 RESULTS		

5.1 Ghrelin	and	Leptin		

In the 24-hour study (I), the crib-biting horses had a higher mean plasma ghrelin

concentration than the control horses (Figure 2a). There was no effect of time of

day on plasma ghrelin concentrations, nor any interaction between the time of

day and group. When all the horses included in feeding-time study (II) were

analysed as one group (n = 30), the plasma ghrelin concentration was higher

before the concentrated feed than before the hay or after feeding (Figure 2b).

Figure 2a: Plasma ghrelin concentrations of crib-biters (n = 8) and their matched
controls during 24 hours (I).

Figure 2b: Plasma ghrelin concentrations of verified crib-biters (n = 8) and
controls (n = 15) in the morning before and after feeding (II).
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There was a significant negative correlation between BCS and the plasma

ghrelin concentration (r = - 0.53, P = 0.01) in study II.

The plasma leptin concentrations were lower in verified crib-biters than in the

non-crib-biting control horses before providing concentrates (P = 0.03) and after

feeding (P = 0.03). There was a negative correlation between the total number

of crib-biting bouts and plasma leptin concentration before concentrates (r = -

0.53, P = 0.002) and after feeding (r = -0.50, P = 0.003). The plasma leptin

concentrations did not differ significantly between horses with a crib-biting

history and their matched non-crib-biting controls. A figure presenting the mean

concentrations is provided in article II. Due to the wide variation in plasma

leptin concentrations, individual values are presented in Figure 3 for the verified

crib-biters and their matched controls.

Figure 3. Plasma leptin concentrations of verified crib-biters and their controls in
the morning before and after feeding. In each pair, the crib-biter is presented first. *
Collar used. The age of the horse is marked after the sex. # 2nd sample missing.
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No significant correlation was found between BCS, breed, age or sex and the

plasma leptin concentration at any time point. The plasma leptin concentration

in the sample taken before feeding with hay correlated negatively with the

second ghrelin sample taken before the concentrates (r = - 0. 47, P = 0.012).

5.2 Cortisol,	ACTH	and	β-endorphin		

The plasma cortisol concentration did not differ significantly between crib-

biters and controls. The plasma cortisol concentration was lowest around 22:00–

24:00 and the highest at 08:00–14:00, and significant (P < 0.01) circadian

variation was seen. There was no significant effect of the time of day or group

on ACTH or β-endorphin, and no interactions were detected.

Table 3: Plasma concentrations of cortisol, β-endorphin and ACTH in crib-biting
and control horses

Crib-biter Control

Hormone n Mean Range n Mean Range

Cortisol
(nmol/L)

8 86.4 ±
6.1

30.4 to 160.8 8	 87.5 ± 6.1	 24.3 to

238.4	

β-endorphin
(pmol/L) 22-
08

8 43.4 ±
16.4

6.6 to 296 8	 41.9 ±

16.4	

5.8 to 378	

ACTH pmol/L 8 6.4 ±
0.7

1 to 29.1	 8	 6.5 ± 0.7	 1 to 12.9	
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5.3 Phenotypic	descriptions	of	crib-biting	horses	

Detailed background information on crib-biting behaviour was available from

72 Finnhorses and 40 half-breds. The age of onset of crib-biting was known by

55 owners of Finnhorses and by 18 owners of half-breds. Over half of the

owners did not know the exact age of onset, although an early age was

suspected because the horse had often already performed the behaviour when

purchased. There were more mares and stallions among the controls than among

crib-biters. Collars were known to be used by 23 Finnhorses and 19 half-breds.

Results from the questionnaires were descriptive in nature and no statistical

analysis was performed. According to the owners’ responses, horses often

expressed crib-biting quite soon after feeding with concentrate or titbits and it

was associated with stress. Strenuous training sessions, preparation for training,

adaptation to a new environment and isolation from other horses were reported

as potential sources of such stress. Boredom was also listed, and it was

described as an extended period of time without company, feed or activity (Fig.

4). A quarter of crib-biting horses were reported to crib-bite “a lot” or “almost

all the time”. Anecdotally, crib-biting was also initiated when an attempt was

made to lower the weight of a horse by minimizing its hay, after an accident and

the associated chronic pain, and following non-optimal management practices

(poor feed, dark loose box, no daily free movement in the paddock or pasture),

or being a rescue case. Twenty owners (18 Finnhorse owners, 2 half-bred

owners) mentioned that a relative, such as a sire, dam or sibling of their crib-

biting horse was also a crib-biter. Most of the owners did not know if any of the

relatives was a crib-biter.
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Figure 4: Summary of crib-biting behaviour in cases. The percentage of owners
who considered that this alternative best describes the daily crib-biting behaviour
of their horse. The total number of detailed answers received was 72 for Finnhorses
and 40 for half-breds.

When the crib-biting horses were observed during feeding in study II, the crib-

biting intensity was significantly higher after feeding with concentrates (second

follow-up phase) than before the concentrates (first follow-up phase) or 30 min

after feeding (third follow-up phase, P = 0.027) (means presented in article II).
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Figure 5. Crib-biting bouts during the follow-up phases. The age of the horse is
marked after the sex. * Collar used.

5.4 Candidate	genes	

 Comparison of the allele and genotype frequencies between the cases and

controls for each breed separately did not indicate an association with any of the

studied genes in either of the breeds (Table 4). The cut-off for statistical

significance was a P-value of 0.05, but neither the allele or genotype

frequencies of the studied SNPs reached the significance level. The P-values of

the allele frequencies varied between 0.1–1.0 and the genotype frequencies

between 0.29–0.83. The odds ratios were >1 for OPRM1 in half-bred horses and

for SEMA6D, LEP and DRD1 in Finnhorses, but as the P-values did not reach

the significance level of 0.05, the odds ratios were nonsignificant (details in

article IV).
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Table 4. Allele frequencies of minor alleles.

GENE A1 F_A
cases

F_U
controls

F_Ut

total
A2 CHISQ P ORo

Half-bred
SEMA6D A 0.287 0.289 G 0.000 0.984 0.994
CDH2 G 0.5 0.5 A 0 1 1
GHS-RIA A 0.469 0.481 0.479 G 0.029 0.865 0.953
OPRM1 T 0.064 0.039 0.049 C 0.612 0.434 1.67
Finnhorses
SEMA6D A 0.451 0.440 G 0.028 0.869 1.043
CDH2 G 0.5 0.5 A 0 1 1
GHS-RIA G 0.333 0.345 0.337 A 0.040 0.841 0.948
OPRM1 T 0.128 0.153 0.142 C 0.337 0.561 0.809
LEP* C 0.18 0.1 0.13 T 2.302 0.129 1.976
HTR1B* T 0.2 0.256 0.232 C 0.606 0.436 0.725
DRD1* T 0.239 0.221 0.23 C 0.089 0.756 1.111
GHRL* A 0.238 0.244 G 0.009 0.926 0.967

A1= minor allele, A2 major allele, F_A cases = Frequency of minor allele in cases,
F_U u controls = Frequency of minor allele in controls, F_U total = Frequency of
minor alleles in controls + cases, * Finnhorses, 47 crib-biters and 47 controls.
Estimated odds ratio, 95% CI = 95% confidence interval

5.5 Heritability	

Linear and threshold animal models were tested to estimate the heritability, but

the estimates converged on the upper limit, i.e. on one. Consequently, the linear

sire model was used in the final analysis. The between-sire intra-class

correlation was 0.17 with an SE of 0.07. Hence, the estimated heritability of

crib-biting was 0.68.
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6 DISCUSSION		

In studies I and II, we for the first time demonstrated an association between the

metabolic hormones ghrelin and leptin and crib-biting behaviour. The verified

crib-biting horses had a lower plasma leptin concentration compared to their

controls. In addition, the plasma leptin concentration correlated negatively with

crib-biting frequency during feeding. These observations suggest a

physiological interplay between this behaviour and leptin regulation. The

diurnal plasma ghrelin concentration was higher in crib-biting horses than the

controls. The manifestation of crib-biting was in line with many earlier studies,

in which an association of this behaviour with intensive management has been

indicated, particularly including feeding and frustration (McGreevy et al.,

1995a; Nicol et al., 2002). The high estimation of heritability found in study IV,

and reported for the first time in any horse population, strengthens the concept

of genetic factors playing a role in the development of crib-biting, although

study III did not reveal evidence for an association of any tested loci.

6.1 Feeding-	and	reward-related	factors		

The lower plasma leptin concentrations detected during feeding in verified crib-

biters than in controls (study II) implied that the plasma leptin concentration is

associated with actual crib-biting in horses. However, it is difficult to explain

the rapid interplay seen here between crib-biting intensity and the plasma leptin

concentration during feeding. According to Tomiyama et al. (2012), acute

changes in the plasma leptin concentration may be one of the factors

modulating the consumption of comfort feed following stress. A study on rats

supported a critical role for VTA leptin receptors in regulating feeding
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behaviour and provided functional evidence for the direct action of a peripheral

metabolic signal on VTA dopamine neurons (Hommel et al., 2006). Leptin

receptor signalling is known to be mediated through the amplification of within-

meal gastrointestinal-derived satiation signals, but also involves the suppression

of appetitive and motivational aspects of feeding (Kanoski et al., 2014). Since

sweet taste preferences result from the interaction between environmental and

genetic factors (Reed et al., 2006), and leptin receptor-deficient mice showed an

enhanced preference for eating sweet feeds (Kawai et al., 2000), the feeding-

related decrease in the leptin concentration in crib-biting horses might also be

linked to genetic differences in sweet preference. Sweet tastes induce the release

of endogenous opioids, at least in humans (Shide and Blass, 1991), and the

release of endogenous opioids has also in turn been associated with crib-biting

in horses (Dodman et al., 1987; Lebelt et al. 1998).

Leptin signalling in mesolimbic dopamine neurons is crucial for behavioural

sensitization, as demonstrated in leptin-deficient mice (Fulton et al., 2006).

Dantzer (1991) argued that when normal satiety mechanisms via negative

feedback fail, the positive sensory feedback may lead to an increased

probability of this behaviour being performed on subsequent occasions. Leptin

inhibits dopamine release from hypothalamic neurons in vitro (Brunetti et al.,

1999). Due to the involvement of the nigro-striatal dopamine system in habit

formation behaviour (Ikemoto and Panksepp, 1999), and since increased

activity within the mesoaccumbens dopamine pathway has been found in crib-

biting horses (McBride and Hemmings, 2005), we speculate that the inhibitory

effect of leptin on dopamine neurons may not function correctly in crib-biting
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horses, and they might consequently have a failure or change in behavioural

sensitization.

A negative correlation was found between the plasma leptin concentrations

before feeding with hay and the plasma ghrelin concentration before receiving

concentrates. This negative correlation and its timing suggest that leptin may

play a role in the down-regulation of ghrelin secretion, as hypothesised by

Tschop et al. (2001). Ghrelin signalling is required for incentive-motivated

behaviour for a sweet food reward in humans (Erdmann et al., 2006; Perelló and

Zigman, 2012) and rats (King et al., 2011; Landgren et al., 2011a), and

hyperghrelinemia may play a role in the disease process that leads to addiction

(Landgren et al., 2011a). An interaction of metabolic hormones, such as leptin

and ghrelin, with the reward system and sweet susceptibility might be involved

in crib-biting behaviour. Thus, high plasma ghrelin concentrations might

increase the incentive value of signals associated with highly motivated

behaviours, such as crib-biting. However, further research is needed on the

interaction between ghrelin and crib-biting. No feeding-related difference

between groups was detected in study II, and plasma ghrelin concentrations

were not found to differ significantly at any specific time point during the 24-

hour follow-up period in study I between crib-biters and their controls, although

a significant overall difference was detected between groups. The feeding-

induced increase in the plasma ghrelin concentration detected in study II before

concentrates may have been missed in study I due to its 2-hour sampling

interval, as the biological half-time of acyl ghrelin in plasma is only 30 minutes

(Rauh et al., 2007; Hillman et al., 2011).
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The peak detected in the plasma ghrelin concentration before providing

concentrates in the feeding-time study (II) might have been due to meal

anticipation, as suggested by Cummings et al. (2001) in humans and Sugino et

al. (2002) in sheep, since in study II there was a long fast between the evening

and morning feed delivery. There is no information on whether a type of diet-

related adaptation might have taken place during the domestication of horses,

which might have increased their tolerance of restrictive or concentrate feeding.

An example of this is seen in dogs, as the early domestication of dogs involved

novel adaptations that allowed the early ancestors of modern dogs to thrive on a

diet rich in starch (Axelsson et al., 2013). Many horses in study II were

categorised as moderately thin. In humans, chronic food restriction and the

maintenance of a low body weight have been identified as variables that

increase the rate of acquisition of learned responses (Carr, 2002), and the role of

ghrelin in reward-based eating has been intensively studied (Pérello et al.,

2012). Crib-biting as a learned response to palatable feed in more sweet-

sensitive individuals is possible. However, this hypothesis needs to be studied in

more detail, e.g. by consumer demand techniques (Houston, 1997) in horses in

which the crib-biting habit is in its initial stages.

In regularly trained “fit” standardbreds, the plasma ghrelin concentration was

higher and that of leptin was lower than in untrained “unfit” standardbreds

(Gordon et al., 2007). A similar trend was seen in studies I and II, when crib-

biting horses were compared with their controls. Whether this similarity

between crib-biting and fit horses has any association with the performance

traits is unclear. A longitudinal survey of cohorts of horses that have recently
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started crib-biting would be useful in establishing whether an increase in plasma

ghrelin or a decrease in leptin concentrations occurs prior to or soon after the

emergence of stereotypic behaviour. Cota et al. (2006), in their review article,

called for further investigation to clarify the role of leptin in motivated

behaviours other than feeding. It is difficult to explain the cause and effect of

the association between the number of crib-biting bouts and plasma leptin

concentration, but crib-biting as a motivated behaviour (Houpt, 2012b) is a

potential candidate for further studies to clarify whether a decreased leptin

concentration is a predisposing factor for crib-biting, whether crib-biting bouts

reduce the leptin concentration, or whether a third, unknown factor affects crib-

biting.

Horses are known to crib-bite most intensely shortly after consuming grain or

palatable feed (Gillham et al.,1994; Clegg et al., 2008; Whisher et al., 2011),

which is consistent with our finding that the crib-biting intensity was

significantly higher a few minutes after consuming concentrates than before the

concentrated feed or 30 minutes later. Visceral discomfort and pain may have an

important role in the alteration of basal ganglia activity, which may then

manifest itself behaviourally as oral stereotypy (Hemmings et al., 2007).

Therefore, the interspersion of eating with bouts of crib-biting, as seen with

some horses in studies I and II, may reflect abdominal discomfort (Clegg et al.,

2008). However, when concentrate meal frequency was increased from two to

four or ad libitum concentrate feed, an overall decline in oral stereotypies as

well as an increase in time spent feeding was seen (Cooper et al., 2005; McCall

et al., 2012). In addition, crib-biting in a few studies occurred frequently at
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night, when neither grain nor fresh hay was available (Clegg et al., 2008;

Whisher et al., 2011). Since ghrelin inhibits experimental gastric mucosal

injuries, at least in rats (Brzozowski et al., 2004; Sibilia et al., 2008; Adami et

al., 2010), and antiacid supplements reduced crib-biting (Nicol et al., 2002), the

increased expression of ghrelin in crib-biters in study I might have been related

to its gastroprotective effect. Furthermore, if crib-biting is a response to visceral

discomfort or pain, it may also be a learned response to anticipated pain in

established crib-biters (Nicol, 1999).

6.2 Stress-related	factors		

Housing and management factors associated with chronic stress or with

increased anticipation behaviour have a strong influence on the prevalence of

stereotypies in horses (McGreevy et al., 1995a; Bachmann et al., 2003a; Parker

et al., 2008) and in tethered gilts (Appleby and Lawrence, 1987). In our study,

restricted feed delivery was also typical in riding schools and private stables,

and may be considered to be a stressful environmental factor for horses. On the

other hand, all the horses in the 24-hour study had performed crib-biting

behaviour for over a year and had been accustomed to the environment in which

the study was conducted, as they were in their home stables. The crib-biting

horses in study I may have become habituated to the management, as they

showed no significant differences in the plasma concentrations of stress-related

hormones from controls. Furthermore, this finding is in line with the argument

that if stereotypies significantly contributed to reducing chronic stress, the basal
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plasma concentrations of the stress-related hormones would show similar values

in established crib-biters and control horses (Bachmann et al., 2003b).

Supporting this, in study I, circadian rhythms of cortisol were detected in both

crib-biters and controls. No support for the hypothesis that crib-biting as a result

of coping will reduce the amplitude of the circadian variation in cortisol and

ACTH was detected. Although each case–control pair was matched as well as

possible, varying daily rhythms of exercise may have affected the circadian

plasma concentrations. However, the crib-biters in our study may not have

previously experienced chronic stress, since hormone concentrations did not

differentiate between crib-biters and controls.

In study I, no significant difference in the plasma β-endorphin concentration

was recorded between crib-biting horses and controls, consistently with the

findings of Pell and McGreevy (1999). Physiological stress markers, such as

changes in plasma hormone concentrations, might only appear shortly after the

onset of crib-biting behaviour. Consequently, β-endorphin may play a more

active role during the development of crib-biting than during the maintenance of

the established behaviour (Nestler, 2001). However, Gillham et al. (1994) found

a lower baseline plasma β-endorphin level in established crib-biters (n = 5) than

in controls (n = 6), whereas Lebelt et al. (1998) detected three times higher

plasma β-endorphin concentrations in crib-biters (n = 8) than in controls (n =

11). It is difficult to interpret these contradictory results, but the differences are

probably related to the timing of sample collection, considerable inter-

individual variation in plasma concentrations and quite small sample sizes. On

the other hand, we did not observe the effects of crib-biting bouts on the plasma
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β-endorphin concentration. In addition, the plasma β-endorphin concentration is

also affected by many factors other than stress.

Most of the owners in studies III and IV knew or assumed the onset of crib-

biting behaviour to have already occurred as a juvenile. This is consistent with

the finding of Waters et al. (2002) that the stereotypic and redirected behaviour

were initiated within a month after weaning. Chronic stress early in an animal’s

development may be critical to the predisposition to stereotypy. Moreover,

susceptibility to central nervous system stress at an early stage is common to a

range of species (Fenoglio et al., 2006) and may be genotype dependent

(McBride and Hemmings, 2005). Approximately half of the horses known by

their owners or stall keepers to be crib-biters were not observed to perform any

crib-biting during the feeding time in study II. Moreover, Kennedy et al. (1993)

reported that even 3 hours of videotaping was insufficient to detect all horses

with stereotypies. Stimulation other than feeding-related situations, such as

periods of frustration, seems to be essential for the onset of crib-biting in these

horses. In fact, almost a quarter of owners speculated that boredom was a reason

for crib-biting. Boredom was described by owners as an extended period of time

without company, feed or activity. These results are in line with Moore’s (1912)

early speculations of idleness as causal factor, and with surveys by Litva et al.

(2010) and McBride and Long (2001a) on the perceptions of professional and

amateur horse owners, in which boredom and stress were the main themes

emerging as causes of crib-biting and windsucking. Previous studies have found

adequate concordance between self-reported and independently observed data

when observing crib-biting (McGreevy et al., 1995a), suggesting that owners
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descriptions have acceptable reliability. However, Wemelsfelder (1993) used the

term ‘boredom’ to describe the state that accompanies an animal’s declining

responsiveness to the environment, and Cooper and Nicol (1991) considered

that intense stimulation rather than understimulation plays a major role.

6.3 Genetic	susceptibility 	

A unique sample cohort of 160 crib-biting horses was successfully formed

during four years, but even this number was insufficient to definitely conclude

an inheritance pattern for this habit. The negative result we obtained in study III

when testing the eight candidate genes associated with stereotypic or addictive

behaviour in other animal species and humans indicated that the studied genes

were not major genetic risk factors in crib-biting in our sample cohort.

However, leptin-related genes in particular would be worth further investigation

in a larger sample population, since the plasma leptin concentration correlated

negatively with crib-biting intensity in study II, and even with our limited

population size, Lep allele frequencies had a slight tendency to differ (P = 0.19)

between crib-biting and control horses in study III. In addition, the odds ratios

for OPRM1 in half-breds and for SEMA6D, Lep and DRD1 in Finnhorses

indicated some variability in allele frequencies between cases and controls, but

as the P-values did not reach significance, no broad conclusions can be made.

If crib-biting is linked to inherent stress sensitivity, no major gene effects are

likely. Instead, there may be some modifications in genes regulating stress

mechanisms, and each gene may have only a minor effect. The genes mentioned

above may be involved, although no major gene effects were detected in the

sample population in study III. For instance, stereotypic horses might have
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inherited opioid receptors with a greater sensitivity than those of control horses

(Pell and McGreevy, 1999), as already shown in humans (Bond et al., 1998).

Dopamine receptor gene polymorphisms, in turn, are associated with traits such

as curiosity, reward dependence, persistence and frustration in horses

(Momozawa et al., 2005; Ninomiya et al., 2013). These characteristics, as well a

hyperactive phenotype revealed by Sema6A-deficient mice (Rünker et al.,

2010), are associated with stereotypic individuals (Vecchiotti and Galanti, 1986;

Hausberger et al., 2004; Hemmings et al., 2007). Horse reference sequences

mainly come from Thoroughbred and Arabian horses, and it is difficult to

determine whether the alleles of interest have changed during domestication. A

study on wild horses would shed light on this, but on the other hand, crib-biting

has also been seen in Przewalski’s horses in zoos (Boyd, 1986). However, truly

wild horses no longer exist, but only recently feral ones. Although the sample

size used in study III would have been enough to identify a major gene effect, as

shown by studies on dogs (Dodman et al., 2010; Wan et al., 2013), a larger

sample population should be used if studying minor gene effects, as well as

association analysis together with pedigree studies.

The steady occurrence and divergence in the frequency of crib-biting observed

in different breeds throughout the decades (Moore, 1912; Waters et al., 2002;

Bachmann et al., 2003a; Albright et al., 2009; Hothersall and Nicol, 2009), as

well as the negative results from the candidate gene assay, suggest that several

genes affect this behaviour (Plomin, 1990), and hence our hypothesis was to

model crib-biting as a quantitative trait. While the behaviour as observed may

present itself in an all-or-none manner, the underlying genetic predisposition to
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the behaviour might be assumed to be normally distributed (McGuirk, 1989).

Hence, the additive genetic variance is probably included in the genetic pattern

of crib-biting. The presumption of a genetic component in crib-biting was

supported by preliminary inspection of the pedigrees, according to which more

crib-biting horses appeared among the progeny of certain breeding stallions. In

addition, a couple of Finnhorse owners mentioned that some relatives of their

crib-biting horse were also crib-biters. If environmental factors alone caused

this habit, its frequency in intensive management would be assumed to be much

higher than the 3–8% found in most of the studied horse breeds (Luescher et al.,

1998; Albright et al., 2009) due to the widespread occurrence of intensive

management in different countries (Redbo et al., 1998; Bachmann et al., 2003a).

In practice, it is impossible to arrange over 100 crib-biting Finnhorses and 280

control Finnhorses under the same stable conditions to control for

environmental factors, such as feeding factors. According to Luescher et al.

(1998), associations between stable-level factors and the prevalence of

compulsive behaviours do not allow the inference of causation, since most

horses would have been sold and resold, or at least moved, after having

established compulsive behaviours.

Although our results are partly consistent with the findings of Luescher et al.

(1998), with fewer crib-biting mares than geldings and stallions, more research

as well quite large sample sizes are actually needed for unbiased determination

of the sex effect due to the low prevalence of crib-biting in horses (Lenth, 2001;

Mills et al., 2002).
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Crib-biting is perceived by owners as unsoundness (Cooper and Mason, 1998;

Luescher et al., 1998; McBride and Long, 2001), and it is a negation that may

prevent inclusion in the studbook of Finnhorses if detected. However, of the

crib-biters in this study, a large percentage were studbook horses. Some horses

may not yet have started crib-biting when registered as juveniles in the

studbook, while on the other hand, since crib-biting may not take place during

those events where horses are validated for entry in the studbook, most cases

may not therefore remain undetected. In an established crib-biter, the lower

neck muscles may be thicker and incisors worn-out (Holmes, 1839), but these

changes may not be obvious in young horses. If a horse is not accepted in the

studbook, its value as a breeding animal decreases significantly, which may

have reduced the motivation of some breeders to enrol their crib-biting horses in

our study. Unwillingness to take part in the crib-biting study was also obvious

in the epidemiological study of Luescher at al. (1998) on crib-biting frequency,

in which only about 20% of initially contacted stables co-operated. Better

knowledge of the inheritance pattern of crib-biting is needed to confirm whether

the present practice for entry in the studbook is necessary and sufficient.

The heritability of crib-biting had not previously been determined for any horse

population, probably due to its low frequency among most breeds (Moore,

1912; Waters et al., 2002; Bachmann et al., 2003a). The h2 of crib-biting

determined in this study implies that genetic factors do play a role in the onset

of crib-biting in horses, and gives reason to suppose that the susceptible genes

need to be present in an individual’s genome before an environmental stimulus

can cause the onset of crib-biting. However, due to our data set being quite
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small, and because the sample was collected for a case-control study, the

estimate of h2 is an indicative rather than a true value, similar to a study on

aggression-related traits in Golden Retrievers (Liinamo et al., 2007) and Cocker

Spaniels (Pérez-Guisado et al., 2006). Sometimes, when an animal model fails

to converge on values in allowed parameter space, the convergence criteria can

be achieved with a sire model (Boettcher et al., 1999). The animal model was

shown to be sensitive to the data structure in this study, and to achieve

convergence on realistic estimates, the sire model was used in the final analysis.

Estimates from the sire model are usually lower than those from the animal

model; hence, the estimate of heritability here can be considered conservative.

However, as no records are available on crib-biting, the frequency of the

behaviour trait in Finnhorses is not precisely known. The prevalence of crib-

biting has been reported as between 2–6% in most half-bred and native breeds

in the USA (Albright et al., 2009) and the UK (Luescher et al., 1998; Nicol,

1999), and based on this there might be 400–1200 crib-biting horses at present

in the Finnhorse population of 19 800 horses. However, despite active sample

collection for four years, only 111 crib-biting Finnhorses were recorded. This

relatively small number may be due to the low frequency of crib-biting in the

Finnhorse population, or there may have been some limitations in the data

collection method, since Finland is a geographically large area and the horses

were dispersed throughout the country. In addition, owners were probably not

motivated to allow their crib-biting horses to participate in the research for the

many reasons mentioned earlier. The estimation of heritability derived in this

studied population cannot be expanded to other breeds, since each horse

population has a unique genetic history, and general management varies
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between countries. Selection yields differences in allele frequencies between

individuals and breeds, as appeared to exist for SEMA6D and OPRM1 in the

association study (III) between half-breds and Finnhorses.

Vecchiotti and Galanti (1986) suggested that under certain circumstances the

genes involved in crib-biting might not manifest the behaviour in its typical

form, but might only make the horse exceptionally nervous. On the other hand,

the genes involved in susceptibility to stereotypy might be linked to desired

characters in sport horses, and crib-biting might exist together with high

performance or reactivity. Many characteristics associated with racing and

performance talent in horses are genetic (Hill et al., 2010; Suontama et al.,

2012). High-quality information on performance traits is available for

Finnhorses from the Finnish breeding association, and studies based on this

information (Saastamoinen and Nylander, 1996), together with the heritability

found in this study imply the potential for genetic selection. Many owners

connected the onset of crib-biting behaviour to painful or stressful situations,

and the QTLs associated with crib-biting may be found in areas linked to

reward and stress susceptibility, such as areas regulating opioid receptor

sensitivity. Opioids are known to be secreted in painful situations, and opioid

receptor supersensitivity has been demonstrated to be associated with stereotypy

in mice (Broderick et al., 1983), as well as in horses (Pell and McGreevy, 1999).

Even small changes in central endorphin release may be responsible for the

increase in crib-biting behaviour (Gillham et al., 1994). If the QTLs responsible

for crib-biting were found, it might be possible to separate crib-biting and

performance traits in the final phenotype by marker-assisted selection in a large
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sample population. Taken together, our results corroborate the suggestion that in

addition to environmental stimuli, horses needs to inherit behavioural

susceptibility that predisposes them to crib-biting behaviour. This may be, for

example, stress susceptibility, sweet susceptibility or opioid receptor sensitivity,

or all these together, but this cannot be determined in detail on the basis of the

present study.

6.4 Welfare	aspects	

Few owners had witnessed the onset of crib-biting and were able to describe the

situations that preceded it. However, the main reasons mentioned, such as sub-

optimal management practices, including inappropriate feeding, as well as a

lack of paddock time, social contact and activities, are of serious concern, in

addition to the observations that crib-biting sometimes started after a period of

pain. Thus, a sudden onset or an increase in the frequency of crib-biting may be

an indication of pain, stress or a serious clinical problem requiring veterinary

attention or concrete management changes. Supporting this, social isolation and

poor rearing conditions are known to increase anticipatory activity for sucrose

as a reward, since stress sensitizes the reward system (Bassareo and Di Chiara,

1999; Dallman, 2010), and the consumption of highly palatable feeds in pigs

(Rushen et al., 1990) and rats (Kanarek et al., 1991) has been shown to cause an

increase in stereotypy and analgesia. However, emergent crib-biters are

important as sentinels of sub-optimal management, and remedial changes

should be afforded to all horses undergoing this management. On the other

hand, because crib-biting may be representative of previous sub-optimal

conditions, and once a stereotypic behaviour is established it will become a
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habit that is difficult to stop or rectify (Mason and Latham, 2004; Cooper and

Albentosa, 2005), it should not only be considered as an indicator of current

poor welfare (Mason and Latham, 2004). The detection of risk genes and factors

in horse management and behaviour may enable earlier interventions and the

treatment or prevention of crib-biting behaviour in at-risk horses. For example,

wood-chewing preceded the development of crib-biting in most of the

individuals in a longitudinal survey performed by Waters et al. (2002).

The reasonable high estimation of heritability in study IV provides no reason to

underestimate the impact of environmental factors on the onset of crib-biting.

Since crib-biting is a highly motivated behaviour (Houpt, 2012b),

environmental arrangements, such as social contacts with other horses, the

opportunity for free exercise and enough time for foraging, are important in

directing motivation to other activities. These environmental changes may also

be the only realistic method to reduce the incidence of crib-biting if it is

considered as an addiction with a capacity for underlying long-term plasticity

(Nestler, 2001). At least one-third of horses in our study were wearing anti-crib-

biting collars, but while about half of owners considered that the collar inhibited

the crib-biting, the other half stated that the effect was minor. There is little

justification for curbing crib-biting by collars, because the potential benefits to

the horse do not outweigh the potential costs of frustrating an established

behaviour that a horse may have developed in adaptation to an unfavourable

environment (Cooper and Mason, 1998; Nagy et al., 2009). Future comparative

studies might reveal that being moderately flexible, without being excessively

intelligent or innovative, is optimal for captive welfare in monotonous
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enclosures, a possibility already suggested by Mettke’s (1995) work on parrots.

This study provides guidelines on what types of research are needed to

understand the mechanisms by which inherent factors interact with experiences

and environmental stressors to confer vulnerability in a horse to developing

crib-biting behaviour.

6.5 Future	prospects	

Crib-biting appears to be the result of a complex interaction between a horse’s

inherent response patterns and the actual situation faced by the horse. As the

plasma leptin concentration was lower during feeding in crib-biters than in

controls, it would be of interest to investigate whether the plasma leptin

concentration is also altered due to crib-biting bouts during situations other than

feeding, and to determine whether a feedback mechanism is involved through a

reward mechanism between crib-biting bouts and the leptin concentration. A

further study on the association between leptin and sweet-related stereotypic

behaviour is recommended.

The actual crib-biting frequency in the Finnhorse population remains to be

determined. If heritability were to be estimated in another horse population,

comparisons between horse breeds would help in assessing the role of

inheritance in crib-biting. In addition, a question remains over whether there is

any genetic association between high performance or competition traits of

horses and crib-biting. Finally, from the epigenetic point of view, it would be

worth investigating whether environmental and genetic factors in fact work

together at the level of DNA during the development of crib-biting behaviour.
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7 CONCLUSIONS	

1. Plasma concentrations of the orexogenic hormones ghrelin and leptin were

associated with crib-biting behaviour. Plasma ghrelin concentrations were

higher in crib-biting horses than their controls. Plasma leptin concentrations

were lower in verified crib-biters than in the controls.

2. Plasma concentrations of cortisol, β-endorphin and ACTH were not affected

by being a crib-biter, and a diurnal rhythm of cortisol was apparent in both crib-

biters and controls.

3. According to the owners, crib-biting was often performed after feeding and

appeared to be associated with suspected stress and pain.

4. No major gene effect for crib-biting was detected when studying eight

candidate genes associated with behavioural disturbances in other animals.

6. The high heritability (0.68) found in the Finnhorse population suggests

genetic susceptibility to crib-biting and a model of polygenic inheritance with

an additive effect.
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