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Thesis abstract 

This project investigated the effect of stress and exercise on domestic horses’ (Equus 

caballus) learning and memory of industry-type negatively reinforced training tasks, 

applying a ‘broad brush’ translational neuroscience lens to the findings.  Horses are 

routinely exposed to stressors as well as physically demanding activities.  Many owners 

report unwanted behaviours, some of which may be dangerous and a welfare risk for 

horses.  Based on the literature in other species it is likely these may be the result of stress-

induced effects on the neural processes serving learning, memory and cognition.  In 

addition, very little is known of the effects of exercise on equine cognition, including 

whether it confers benefits as has been observed elsewhere. 

To explore these issues, two experiments were undertaken to evaluate the effects of stress 

and exercise on equine cognitive outputs of direct relevance to industry, using stressors that 

were analogues of those that domestic horses are likely to encounter.  In addition, proxies 

for neurotransmitters of known relevance to learning and memory were assessed: heart 

rate (proxy for noradrenaline), salivary cortisol (proxy for brain cortisol), as well as serum 

Brain derived neurotropic factor (BDNF) (proxy for brain BDNF).   

Horses were exposed to either acute exercise, psychosocial stress or inactive treatment 

prior to learning (Chapters Three and Four) or chronic heterotypic psychosocial stressors or 

control treatment after completing the first of two learning tasks and then given a second 

learning task requiring cognitive flexibility after the treatment (Chapters Five) and their 

acquisition and memories of the learning tasks were evaluated.  The acquisition of 

avoidance responses and behaviours indicative of affective state were also assessed in 

relation to learning acquisition and cognitive flexibility (Chapter Six).  

Due to the current lack of precision for assessing the neural correlates of equine cognition, 

the analysis is necessarily inferential; however it mirrors the methodologies used in many 

human cognitive neuroscience studies.  Acute exercise that caused moderate increases in 

salivary cortisol and heart rate during learning enhanced the acquisition of learning 

compared to horses exposed to stress or inactivity (Chapter Three).  The effect of pre-

learning stress or exercise on memory consolidation is less clear, though it appear some 

form of physiological arousal may be beneficial (Chapter Four).  The chronic stress exposure 
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(Chapter Five) significantly increased salivary cortisol but not serum BDNF concentrations, 

but contrary to expectations did not impair cognitive flexibility.  However, in a subset of the 

stress exposed horses, the combination of an ethologically challenging learning task and the 

chronic stress exposure impaired their consolidation and/or retrieval of the cognitive 

flexibility task, leading to a higher number of perseverative errors.  Lastly, despite learning 

to avoid the aversive stimuli used in the learning tasks, behaviours indicative of a negative 

affective state did not universally decline as expected, suggesting that aversive training 

methods, even when applied as recommended can carry welfare risks (Chapter Six).  

These studies are the first to report in horses that moderate exercise can enhance learning 

and memory and that in some situations, exposure to chronic stress can impair cognitive 

flexibility memory retrieval.  They also provide evidence that high cortisol concentrations 

may impair the acquisition of learning, possibly due to cortisol’s effects on brain regions 

relevant for learning.  In addition, the translational neuroscience approach taken here has 

revealed novel interpretations of equine learning behaviour that could assist trainers to 

improve their practice and safeguard their horse’s welfare. For example, trainers could 

purposefully include a short exercise bout as a cognitive enhancer prior to a training session. 

Alternatively,  when planning sessions that will require cognitive flexibility of the horse, 

trainers should be aware that stressors arising from training and environmental factors may 

impair the horse’s ability to learn, and adjust their training goals accordingly.   
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Chapter One - Neurological underpinnings of stress related behaviour and 

learning in domestic horses 

1.1 Abstract   

Stress exerts profound effects on learning and memory in a range of species.  There is 

considerable experimental as well as anecdotal evidence that horses are exposed to a range 

of psychosocial stressors as a result of their interactions with humans.  Preliminary research 

suggests that these can affect their learning and memory which is likely to have implications 

for human safety and horse welfare.  Horses are also routinely required to undertake 

physical exercise (a physiological stressor), during training or competition.  As with stress 

exposure, exercise can also influence learning and memory.  Learning and memory 

processes that underpin behaviour are the result of changes to brain activity at the cellular, 

neuronal and network level.  These changes are mediated by complex patterns of release 

and activity of neurotransmitters and their receptors.  Both stress and exercise alter the 

timing, amplitude and activity of these, and consequently their effects on learning and 

memory.  For example, stress induced increases in glucocorticoids, noradrenaline, dopamine 

and serotonin may impair the functioning of higher order cognitive systems that facilitate 

flexible, goal-directed learning and cognitive flexibility whilst simultaneously enhancing 

activity in networks that serve rigid, habitual type behaviour or defensive behavioural such 

as flight or freezing.  In the context of the ridden or handled horses, the relative excitation 

or inhibition of these networks could have profound implications for the types of 

behavioural outputs horses perform when exposed to stress, as well as what they learn and 

remember from those encounters.  The majority of what is known about stress effects on 

equine cognition comes from studies using appetitive learning tasks for which the neural 

networks and their activation differ from the types of aversive learning tasks such as 

negative reinforcement and avoidance learning that are common in horse training.  Horses 

in industry settings frequently display behavioural signs of stress and training failures are 

widespread based on the plethora of advice available to owners to remediate or manage 

unwanted behaviour in horses.  It is highly likely that these behavioural outcomes arise from 

stress induced alterations to the relevant brain regions or networks responsible for learning 

and memory.  In addition, despite how ubiquitous exercise is in the horse-human 
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interaction, there is scant data on the effect of exercise on equine cognition which has been 

shown to be beneficial in other species.  Due to the complexity of the topic which involves 

learning processes, physiology and neurochemistry, this introductory chapter describes the 

essential concepts covered in the literature review (Chapter Two) and later chapters and 

serves to set the scene for later chapters and clarify my use of key terms and concepts. 

Abbreviation 
ACTH Adrenocorticotropic hormone 

BLA Basolateral amygdala 

BDNF Brain derived neurotropic factor 

CeA Central nucleus of the amygdala 

CRF Corticotrophin releasing factor 

DLS Dorsolateral striatum 

DMS Dorsomedial striatum 

GABA Gamma-y-aminobutyric acid 

GR Glucocorticoid receptor 

HPA Hypothalamic pituitary adrenal (axis) 

LC Locus coeruleus 

LC-NA Locus coeruleus-noradrenaline system 

MR Mineralocorticoid receptor 

NaC Nucleus acumbens 

PAG Periaqueductal grey 

PFC Prefrontal cortex 

SNS Sympathetic nervous system 

SSDR Species specific defence reaction 

SR Stimulus response 

VTA Ventral tegmental area 

1.2  Introduction 

Domesticated horses are used for a wide range of leisure and working activities.  These 

activities involve modification of horse behaviour to allow control by the rider or handler.  

The formation and retrieval of memories on which horse training outcomes rely are the 

result of alterations to a range of neural processes, which in other species has been shown 

to be modulated by stress as well as exercise (Joëls et al., 2006; Roig et al., 2016; McBride et 

al., 2017).  The majority of activities that horses are used for involve physical activity of 

varying intensities and during the course of their interactions with human carers, riders and 

handlers, horses are also exposed to a range of acute and chronic psychosocial stressors 

which have been reported to affect their behaviour as well as physiology (Budzynska, 2014; 

De Santis et al., 2017; König von Borstel et al., 2017).  While the neurobiological 

underpinnings of the learning and behavioural outputs of horses with stereotypies and of 

some horse temperament traits have been explored (Parker et al., 2009b; Roberts et al., 
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2015; Roberts et al., 2016; Roberts et al., 2017a; Hemmings et al., 2018), there is currently 

little translation of the findings of neuroscience to training and management advice given to 

owners, particularly in relation to the cognitive and behavioural outputs required of horses 

engaged in industry tasks such as negative reinforcement learning.  Common industry 

aversive training techniques reliably shape horse behaviour in predictable ways and in the 

past thirty years, evidence based training advice has filtered through to educate owners 

about effective and humane horse training methods (for example works by Lethbridge 

(2009) and McLean (2003).  However, the fact that there is still a market for equipment such 

as types of bits that rely on the application of highly aversive, even painful pressures to gain 

control of the horse, and trainers who recommend increasing the aversiveness of cues to 

‘solve’ behaviour problems continue to gain large audiences at public demonstrations and 

are widely followed and shared on social media, demonstrates the need for further research 

into the cognitive sources of unwanted behaviour during aversive instrumental learning.  It 

is entirely likely that a wider understanding of the putative neural processes that underpin 

equine behaviour during training could assist owners and trainers to improve their practice, 

and in the process, enhance their horse’s learning performance as well as simultaneously 

improving their horse’s welfare.   

The high degree of conservation of neural networks and function across species, particularly 

mammals (Panksepp, 2011; Panksepp et al., 2011; Montardy et al., 2021) and other orders 

such as fish (Jesuthasan, 2012) has facilitated the use of animal models to reveal substantial 

information that has translated to knowledge of neural processes in humans and treatments 

for some psychiatric and neurological disorders (Arnsten et al., 2015).  In particular, the 

neural networks serving stress and fear responses are particularly well conserved (Pape and 

Pare, 2010). There are significant differences in the behavioural repertoires and ethology of 

horses compared to the commonly studied rodent models; however, it is likely that the 

findings from research rodent neural models are relevant to understanding the putative 

neurophysiology underpinning equine learning and behaviour.  Indeed, the roles and effects 

of neurotransmitters such as glucocorticoids and dopamine on equine cognitive outputs has 

already been explored in existing research.  As reviewed by McBride et al., (2017), this 

research has explored the interactions between observed behaviour and its inferred 

neurophysical underpinnings.  The majority of neurophysiological research cited in this work 
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was conducted in rodents (house mouse, Mus musculus  and Norwegian rat Rattus 

norwegicus); however, relevant studies in other species are cited and where appropriate, 

the species on which the research was conducted is identified.   This is a complex topic and 

consequently, this chapter is introductory in nature to provide a basic grounding in the 

concepts on which the project is based.  

1.3 Learning and cognition 

1.3.1 What is learning? 

Learning has been characterised as experience-dependent changes to individual neurons 

leading to durable changes in behaviour (Lamprecht and LeDoux, 2004; Rudy, 2014).  It is 

dependent on a complex symphony of neurochemical, neurophysical and genomic activities 

that alter the size, shape and functioning of individual synapses, neural ensembles and even 

brain regions.  Learning related activity at the level of the synapse is termed synaptic 

plasticity reflecting the dynamic characteristics of neurons during learning (Anggono and 

Huganir, 2012; Maiti et al., 2015).  Learning related experiences that induce repeated firing 

between the two neurons in the synapse leads to hypertrophy of the spines and 

consequently an increase in the strength of the connection and enhanced 

neurotransmission between the neurons (Bailey et al., 2015).  In order for learning related 

synaptic plasticity to persist, further neurochemical and neuroarchitectural processes must 

occur to consolidate the memory for storage (Dudai et al., 2015).  Memories must be 

retrieved from storage to inform behavioural responses to current situations and then 

undergo reconsolidation, processes which rely on distinct neurophysiological activities 

(Tonegawa et al., 2015).  Extinction of memories is another form of memory modulation 

that involves both the acquisition of learning to inhibit a response and the learning of a new 

response (Maren, 2011; Delamater and Westbrook, 2014).  There is an extensive body of 

literature demonstrating stress and exercise can impair or enhance these processes via their 

effects on neurotransmitter release and receptor activity (Conrad, 2010; Roozendaal and 

McGaugh, 2011; Godoy et al., 2018; Tanner et al., 2018; Wanner et al., 2020) 

A range of theoretical models describing the neural networks and memory systems believed 

to support different forms of learning have been proposed (Gruber and McDonald, 2012; 

Packard and Goodman, 2013; O'Doherty et al., 2017; LeDoux and Daw, 2018; Balleine and 
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Dezfouli, 2019).  These continue to be updated as new research further elucidates brain 

activity during learning (Hollon et al., 2015).  Neural networks comprise interconnected and 

reciprocally innervated brain regions that may span diverse locations within the brain 

(Hermans et al., 2014).  In the ridden or handled horse, the neural networks of the most 

relevance for gaining rider induced stimulus control of the horse are likely to be those that 

mediate instrumental learning and its components of goal-directed (Yin et al., 2005; Corbit 

et al., 2013) and Pavlovian based stimulus-response learning (Ashby et al., 2010; Gasbarri et 

al., 2014; Amaya and Smith, 2018).  Cognitive flexibility, the ability to adapt behaviour as 

environmental or learning contingencies change, (Audet and Lefebvre, 2017), is also critical 

for many human-horse instrumental interactions.  These forms of learning are highly 

dependent on plasticity in various basal ganglia regions and reciprocal innervations with 

regions such as the prefrontal cortex and amygdala (Balleine et al., 2009; Gruber and 

McDonald, 2012; Averbeck and Costa, 2017).  While other forms of learning such as 

hippocampal dependent visual/object recognition (such as of owners) (Proops et al., 2018) 

and spatial/place learning (Vann and Albasser, 2011) are all likely to underpin a wide range 

of horse behaviours during handling, they are not directly relevant to the focus of this 

project and consequently, their neurocircuitry and the effects of stress or exercise on their 

functioning are not be discussed in detail except where specifically relevant.   

1.3.2 What is cognition? 

For the purposes of this discussion, cognition is defined according to Shettleworth (2001) as 

encompassing: 

“perception, learning, memory and decision making, in short, all [the] ways in which 

animals take in information about the world through the senses, process, retain and 

decide to act on it.”, p278.   

The cognitive abilities of animals such as horses are therefore assessed in terms of what 

they can learn, the conditions under which they can learn and the factors that may enhance 

or interfere with the success of their learning in relation to specific learning tasks or 

contexts.  The cognitive capabilities of horses have been widely explored and reviewed 

(Nicol, 2002; Hanggi, 2005; Murphy and Arkins, 2007; Brubaker and Udell, 2016).  These 

studies falls into two broad categories: ‘cognitive’ and ‘training outcome’ with some overlap 
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where specific behaviour modification interventions are applied to test cognitive capacities 

(e.g. Mengoli et al. ,2014).  The findings of these studies that have particular relevance to 

the aims of this project will be reviewed in Chapter Two.   

1.3.3 What is cognitive flexibility? 

Cognitive flexibility describes the cognitive processes that facilitate adaptation to changing 

environmental or learning contingencies, such as when an expected reward no longer 

follows a learned behaviour or a behaviour that was previously punished is rewarded (Audet 

and Lefebvre, 2017; Braem and Egner, 2018).  It has been widely studied in a range of 

species, particularly rodents and a variety of learning tasks designed to test the ability of 

subjects to adapt their behavioural responses to changed environmental conditions and 

instrumental contingencies have been developed (Audet and Lefebvre, 2017).  Typical 

cognitive flexibility experimental designs induce habit-like responding to an original 

contingency (stimuls-response-outcome), before reversing or changing the contingency so 

the previously rewarded or beneficial outcome arising from the old contingency is no longer 

delivered, motivating the animal to adapt its behaviour to learn the new contingency 

(Izquierdo et al., 2017).  Such designs are indented to mimic the cognitive and behavioural 

flexibility required of complex organisms as they navigate dynamic and at times 

unpredictable environments (Brady and Floresco, 2015).  The neural networks that mediate 

the initial acquisition of a task, its development into a habit and the cognitive flexibility 

necessary to respond to the changed contingency vary depending on the stage of learning 

and cognitive flexibility expression (Gruber and McDonald, 2012) and will be discussed in 

more detail in Chapter Two.  

In their interactions with humans, horses may frequently be required to demonstrate 

cognitive flexibility, such as when they must adapt to a new owner’s way of riding or during 

retraining when they are expected to learn new responses to cues.  Experimental examples 

of cognitive flexibility include reversal learning, set shifting, self-control, innovation and 

problem solving [reviewed in Brady and Floresco,(2015)  Hurtubise and Howland, (2017) and 

Izquierdo et al.,(2017)]; however the vast majority of these studies used appetitive learning 

tasks.  While there is overlap in neural systems controlling reward and aversive avoidance 

outcomes, current research suggests that the composition of and activity in appetitive 

neural networks differs in key respects from those that register aversive outcomes 
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(Barberini et al., 2012; Gentry et al., 2019).  There are few studies of cognitive flexibility 

using aversive learning tasks (Baum, 1968; Omalley and Bruning, 1969; Gillan et al., 2015) 

and none which examine the specific forms of cognitive flexibility required of horses 

exposed to industry standard training techniques.  The forms of aversively motivated 

cognitive flexibility required of horses presents a rather unique experimental challenge and 

training practices that rely on stimuli with aversive characteristics to elicit cognitive 

flexibility in horses can carry significant welfare risks.  Consequently, aversively motivated 

cognitive flexibility learning is an important area for further equine cognition research given 

how frequently horses are exposed to retraining procedures during their lives.   

1.3.4 Where learning or training appears to fail during human-horse interactions 

In a complex world, learning how to avoid negative consequences as well as obtain rewards 

that confer fitness requires a range of memory systems or neural networks.  For domestic 

horses, whose lives are constrained by the actions of their humans and who are frequently 

required to learn responses for which there are no analogues in their innate 

ethology,(McGreevy et al., 2009) there is likely to be additional complexity.  On the basis of 

considerable anecdotal and increasingly research evidence across equestrian disciplines 

(Carroll et al., 2020; Condon et al., 2022), it appears that many horses struggle to learn, 

consolidate or retrieve learning memories relating to their interactions with their humans.  

For example, a not uncommon scenario reported anecdotally, is where the quality of the 

horse’s performance decreases at a competition compared to how it performs in the home 

environment (Williams and Warren-Smith, 2010; Górecka-Bruzda et al., 2015).  In particular, 

horses may appear to become what industry practitioners commonly label as ‘disobedient’, 

seemingly unwilling to comply with cues they are familiar with and persisting with 

unwanted responses despite increasingly aversive interventions from their riders.  What is 

the source of these problems?  Possible options include: a failure to learn the associations 

between training stimuli and the correct response due to the inconsistent or unpredictable 

application of aversive stimuli in negative reinforcement (McLean and McLean, 2008); a lack 

of consolidation or retrieval of training memories; a failure to adequately develop stable 

habitual responding in the home environment; or the effect of noradrenergic upregulation 

of activity in neural networks (Tovote et al., 2016) that facilitate “species specific defence 

reactions” (SSDR) (Bolles, 1970), genetically “hard wired” (Campese et al., 2016) survival 
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focussed behaviours such as bucking, bolting or shying that then predominate over 

responses to rider cues. 

Within the equestrian industry, horses exhibit a vast range of unwanted behaviours, 

unwanted habits and failures to perform trained responses that cause difficulties for owners 

(Williams and Warren-Smith, 2010; Carroll et al., 2020; Condon et al., 2022).  These 

unwanted behaviours have been identified as a key source of wastage in otherwise healthy 

adult horses (McGreevy and McLean, 2010), confirming the need for ongoing research into 

the aetiology, management and remediation of training failures. 

1.4 Stress and exercise 

1.4.1 Effects of stress 

Stress has been defined as an experience, context or stimuli perceived to threaten or disturb 

the homeostasis of an organism (Charmandari et al., 2005).  Stressors may be physiological, 

such as exercise, disease states/ injury, or psychosocial. The physiological and 

neurobiological responses to stressors may vary depending on the type of stress.  For the 

purposes of this work, the term stress will refer to psychosocial stressors, with exercise-

stress related effects examined separately (defined in Sec. 1.4.2).  Stress encompasses a 

state of heightened emotional and physiological arousal or depression, a perception of 

aversiveness and a lack of control (Kim and Diamond, 2002; Koolhaas et al., 2011; Gold, 

2014b).  At the cognitive level, stress may induce a state of uncertainty about the most 

appropriate action to take to safeguard physical, social, emotional or mental well-being 

(Peters et al., 2017; Trapp et al., 2018).  Stress exposure can be adaptive, causing beneficial 

modification to brain regions, as well as the learning of behavioural responses to facilitate 

coping in the future (Cabib et al., 2012; Franklin et al., 2012; McEwen et al., 2015; Goldfarb, 

2019).  Where the negative effects of the stress cannot be adequately controlled, escaped 

or habituated to, maladaptive brain modifications and behaviour can develop including 

psychopathologies or impaired learning (McEwen, 2004; Eggers, 2007; Gold, 2014b; Peters 

et al., 2017). 

Responses to stress involve three interconnected systems: neurobiological, physiological 

and behavioural (Steimer, 2002; de Kloet et al., 2005; Joëls and Baram, 2009).  The brain’s 

response to psychological stressors shares some features with the response to physiological 
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stressors as well as distinct attributes (Ulrich-Lai and Herman, 2009).  Psychological stressors 

may be instinctive or learned via association with an aversive outcome (LeDoux, 2012; 

Campese et al., 2016). When a stressor is perceived, stress mediating molecules are 

released and bind to receptor targets within brain regions, generating signalling cascades 

that exert effects on organs, peripheral nervous and autonomic system function and 

reciprocally innervated brain regions (Sapolsky, 2002).  The neurobiological stress response 

affects emotion, attention, perception, cognition, learning and memory (Joëls et al., 2006).  

During stress exposure, vigilance and salience networks focus attention on the stressor 

(McEwen et al., 2012).  Depending on its intensity, circuits for defensive reactions drive 

behavioural responses to facilitate escape from the stressor or strategies to minimise the 

risk of harm (Hermans et al., 2014; Lefler et al., 2020).  After the stress has passed, signalling 

cascades facilitate storage of stress-related memories, including salient details that could 

predict future occurrence of the stressor as well as memories of the successful response 

that enabled evasion, escape or minimisation of its negative impacts (de Kloet et al., 2008).  

These processes lead to changes at the cellular, neuronal and neural network levels to affect 

cognition, learning and behaviour (Roozendaal et al., 2009; Hermans et al., 2014; Kim et al., 

2015; Douma and de Kloet, 2020).  Exercise likewise initiates signalling cascades that affect 

neural processes from the cellular to network level to affect cognition and behaviour, 

though the mechanisms by which exercise exerts its effects are less well understood 

(Heijnen et al., 2016; McMorris, 2016; Borror, 2017; Chen et al., 2017a). 

During acute stress, some patterns of neurotransmitter release are generalised irrespective 

of the stressor, such as corticotrophin releasing factor (CRF) (Dedic et al., 2018), 

adrenocorticotrophin hormone (ACTH), (Deussing and Chen, 2018), glucocorticoids 

(glucocorticoids) (Joëls, 2006), glutamate (Yuen et al., 2012), Gamma-γ-aminobutyric acid 

(GABA) (Espejo et al., 2017) and the catecholamines adrenaline and 

noradrenaline(noradrenaline) (Tsigos and Chrousos, 2002b). In comparison, the release of 

serotonin (Amat et al., 2005; Bauer, 2015), endocannabinoids (Hill and McEwen, 2010), 

endogenous opioids (Valentino and Van Bockstaele, 2015) and dopamine (DA) (Rasheed et 

al., 2010) are modulated by the intensity, duration and ethological salience of  the stressor.  

The stress type, intensity, controllability, predictability and frequency also influence which 

brain regions are activated in response to the stressor (Jankord and Herman James, 2008; 
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Gross and Canteras, 2012; Kim et al., 2015).  Psychogenic stressors elicit distinct responses 

from limbic and cortical regions such as the amygdala (Roozendaal et al., 2009), 

hippocampus (Kim et al., 2015), prefrontal cortex (PFC) (Arnsten, 2009), periaqueductal grey 

(PAG) (Horovitz et al., 2017), basal ganglia and elsewhere (Steimer, 2002; Koolhaas et al., 

2011; Giustino et al., 2020) to facilitate learning and behavioural responses to the stressor 

(Joëls and Baram, 2009).  Physiological stress responses are modulated by brainstem regions 

to regulate physiological responses such as increased cardiac output and attenuated 

digestive and immune function (Sapolsky, 2002; Ulrich-Lai and Herman, 2009).  Stressors 

involving noxious stimuli that combine physical sensations with psychogenic properties, 

such as may be used during horse training activities, will engage somatosensory and limbic 

networks (Kobayashi, 2012).  

Stressors vary in their characteristics such as intensity, duration, proximity, controllability 

and predictability, and these influence the downstream effects on brain activity and 

function and consequently behavioural outputs in relation to the stress exposure (Hollon et 

al., 2015).  The perception of stressor intensity and controllability is a function of the 

nociceptive and ethological characteristics of the stressor as well as individual factors such 

as past experience, age, sex and genotype (McCarty, 2016; Novais et al., 2017; Peters et al., 

2017).  Stressors can include noxious nociceptive and visceral properties such as pain, 

illness, discomfort or nausea as well as psychogenic properties such as exposure to 

predators, aggressive conspecifics, novel objects or aversive auditory and visual stimuli 

(Packard, 2009). In horses these can include unfamiliar novel objects, objects that move 

unpredictability and places or tasks that engage vigilance or avoidance behaviours on 

account of their phyolgenic salience, such as poorly lit horse transport vehicles (Cross et al., 

2008) or unfamiliar water crossings (McGreevy, 2004). 

Stressors can be acute, that is of short duration or chronic, repeated over days, weeks or 

months (Cazakoff et al., 2010; Musazzi et al., 2017).  Behavioural responses to psychogenic 

and noxious stressors can include appraisal and attention and if the stressor is intense or 

immanent, SSDRs (Bolles, 1970, Fanselow and Lester, 1988). These SSDRs are genetically 

hardwired and comprise relatively inflexible, rigid behavioural sequences such as flight, 

aggression or freezing (Campese et al., 2016).  Alternatively, in situations of lower threat 

intensity or immanence, instrumental responses involving trial and error of strategies to 
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escape the stressor may be employed and if successful, be repeated in the future (Diehl et 

al., 2019; Fernández-Teruel and Tobeña, 2020).  Stressors vary in their controllability, that is, 

whether the animal can control its exposure to the deleterious consequences of the stressor 

by performing a behaviour that enables escape or avoidance of the stressor (Maier and 

Seligman, 2016).  Stressors may also vary in their predictability, that is, whether the animal 

can use exteroceptive cues to predict the onset of the stressor as well as its characteristics, 

even if they are unable to escape or avoid it (Arthur, 1986), resulting in different 

behavioural and possibly neurobiological responses to the stressor (Abbott et al., 1984; 

Adell et al., 1988).  

1.4.2 Effects of exercise 

Exercise is a physical activity that leads to an increase in oxygen consumption, metabolic 

demand and as a consequence, an increase in cardiac output as well as range of other 

physiological processes to support the increased demands on the body (Hodgson et al., 

2014).  The majority of human-horse interactions involve some form of locomotory activity, 

from low intensity trail riding or equine assisted therapy sessions to high intensity activities 

involving peak physical fitness such as racing or eventing.  Horses are prized for their athletic 

abilities and some of their unique physical features (such as their splenic reservoir of red 

blood cells that can be quickly utilised to increase oxygen transport), make them particularly 

well adapted to cope with high intensities and long durations of physical activity (Hinchcliff 

et al., 2008). 

Exercise is a physiological stressor and in order to meet the physiological demands of 

exercise, a range of neuroactive endocrine, catecholamine and other substances are 

released that exert wide systemic effects on physiological and cognitive responses during 

and after exercise (Kurosawa et al., 1998; McKeever, 2002; Hyyppa, 2005).  The suite of 

neurotransmitters released during exercise are similar to those released during stress; 

however, the pattern of release, interactions and effects on downstream targets may differ 

from the effects of stress, depending on the brain region or neurotransmitter.  For example, 

exercise induced glucocorticoid increases are associated with enhanced firing of ventral 

tegmental dopamine neurons which is suggested as potential cause of the positive affect 

associated with physical exercise, as well the beneficial effects of exercise on cognition 

(Greenwood, 2019).  The mechanisms by which exercise exerts its effects on cognition and 
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learning are less well understood compared to the effects of stress which will be discussed 

further below. 

1.5 Stress in the human-horse interaction 

There is a growing literature demonstrating that a wide range of common housing, 

husbandry, training and competition activities horses are exposed to induce stress-system 

activation along with behavioural indicators of negative valence emotional states 

(Budzynska, 2014; Bartolome and Cockram, 2016; König von Borstel et al., 2017; Padalino et 

al., 2018).  Stress exposure can lead to adaptation and resilience or maladaptation and 

pathologies (de Kloet et al., 2005; Karatsoreos and McEwen, 2011; Goldfarb, 2019). 

Relatively little is known about the potential adaptive benefits of stress exposure in 

domestic animals such as horses (Romero et al., 2015).  There is a small but growing 

literature specifically examining the effects of stress on equine cognition (Valenchon et al., 

2013a; Valenchon et al., 2013c; Valenchon et al., 2017; Fortin et al., 2018); however 

relatively little is known about the effects of stress on equine learning outputs in industry 

standard learning tasks.  There is also a substantial body of industry as well as research 

based recommendations for owners on the best methods to minimise unwanted behaviour 

in horses, much of it likely to constitute a stress response, such as shying, bolting, rearing, 

failing to load onto transport vehicles, or rushing during jumping (Hogg, 2003; Wilson, 2004; 

Miller and Lamb, 2005; Jahiel, 2007; McLean and McLean, 2008; Anderson and Kaitcer, 

2010).  The combined evidence of these scientific and industry bodies of literature suggest 

that the initiation of stress neurobiology is likely to underpin training failures, poor 

competition performance and a range of other unwanted behavioural responses.  These are 

likely to be the sequalae of stress-induced signalling cascades that influence activity in brain 

regions responsible for the learning and maintenance of behaviours during training and 

competition.   

1.5.1 Types of stressor relevant to horse-human interactions    

1.5.1.1  Acute and chronic stressors   

The duration of a stress exposure will influence the range and persistence of its effects on 

learning and memory.  Acute stressors generally exert their effects by neurotransmitter  

modulation of network activity and synaptic plasticity processes (Hermans et al., 2014), 
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whereas chronic stressors may also cause long term alterations to neuronal structure and 

complexity across brain regions in mammals and fish (Dias-Ferreira et al., 2009; Conrad et 

al., 2017).  Acute and chronic stress induced changes to brain activity are generally 

reversable after stress termination (Conrad, 2010), though some affects can persist for 

weeks after the stress has concluded (Vyas et al., 2004).  In contrast, stress during critical 

periods of development can exert effects that persist into adulthood (Barbosa Neto et al., 

2012).  One of the common behavioural consequences of some forms of acute as well as 

chronic stress is the predominance of rigid, inflexible, habit like behaviour at the expense of 

the behavioural flexibility necessary to adapt to the challenges of the situation (Hermans et 

al., 2014).  This can occur as a result of changes to the functioning of the neural networks 

controlling flexible versus habitual responses to environmental challenges (Braun and 

Hauber, 2013; Hurtubise and Howland, 2017).  Acute stressors are those that occur within a 

discrete timeframe and may occur as a single event, or multiple events over a period of days 

(Cazakoff et al., 2010).  Chronic stress involves continuous exposure to a stressor, or 

repeated exposure over days, weeks or even months (Musazzi et al., 2017).   

In the majority of equine studies of stress responses and fear behaviour, acute stress 

protocols are used and the duration of the stress exposure ranges from multiple short-term 

stress exposures of less than 2 minutes, up to a maximum of 30 minutes (Valenchon et al., 

2017).  Horses have been subjected to a single session of stressful stimuli exposure such as 

to a scary novel object (Lansade et al., 2008a), social isolation (Reid et al., 2017) or 

alternating aversive visual, auditory and tactile stimuli (Valenchon et al., 2017).  Some 

studies use a form of chronic stress exposure, such as daily exposure to the novel object or 

social isolation or during daily training regimes (Christensen et al., 2011b).  Unlike the 

rodent studies that may use high intensity stressors including strongly noxious nociceptive 

and physiological characteristics (pain from shock, injury from aggressive conspecifics, 

fatigue and hypothermia) and intense psychogenic stressors such as direct exposure to 

predators or complete immobilisation, the stressors applied in equine studies are arguably 

of lower intensity and largely comprise auditory, visual and mildly aversive nociceptive 

stimuli such as air puffs and water sprays (Valenchon et al., 2013a; Valenchon et al., 2013c; 

Valenchon et al., 2017).   
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There is evidence that animals can habituate to mild and severe chronic stress such as 

immobilisation stress (Daviu et al., 2014; McCarty, 2016).  Habituation of the hypothalamic 

pituitary axis (HPA) activity (attenuation of glucocorticoid release during stress) and 

behavioural responses (reduction in struggling behaviour during restraint) has been 

observed (Grissom and Bhatnagar, 2009; McCarty, 2016).  Habituation of HPA activity was 

reported by Pawluski et al. (2017) who reported depressed plasma and faecal cortisol levels 

in riding school horses showing abnormal behaviour and anaemia.  

1.5.1.2  Controllable and uncontrollable stress 

The ability to control exposure to a stressor can substantially reduce the negative 

neurological processes arising from the stress exposure (Maier, 2015).  Exposure to acute or 

intense uncontrollable stress has been shown to impair learning (Overmier and Seligman, 

1967; Lucas et al., 2014), induce state anxiety (Amat et al., 2006) and induce pathologies in 

rats (Maier and Watkins, 2005).  The state of passivity induced by uncontrollable stress 

exposure is believed to arise from an inability to learn how to control the exposure to the 

stress, leading to excitation in a neural network that mediates passive responses to stressors 

(Maier and Seligman, 2016).  Prior exposure to uncontrollable stress transiently impairs new 

learning, particularly where the learning occurs in the same context as the uncontrollable 

stress (Maier and Watkins, 2005).  In comparison, controllable or escapable stress exposure 

(where the animal can perform a response to escape or avoid the stressor) immunises the 

animal from the neurobiological and behavioural effects of future uncontrollable stress  

(Amat et al., 2005; Amat et al., 2006; Amat et al., 2010; Amat et al., 2014). The benefits of 

prior controllable stress immunisation are long lasting (Amat et al., 2006).   

The behavioural immunisation phenomena observed in rats after controllable stress 

exposure is of profound significance for human-horse interactions.  It may underpin coping 

and resilience in horses who after receiving an appropriate foundation training in which 

they learned to escape and avoid aversive training stimuli, cope with uncontrollable 

stressors they may encounter when being ridden or handled by less competent people.  

Conversely, poorly implemented foundation training that includes inadvertent 

uncontrollable stress may underpin anecdotal reports of newly started horses failing to 

adapt when ridden at home or in novel environments.  
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Many unwanted, stress related behaviours during handling and riding, such as random 

speeding changes, obstacle avoidance or rearing and shying during trailer loading may be an 

attempt by the horse to control its exposure to stress-inducing aversive pressures.  The 

perceived lack of control is likely to enhance serotonin release mediating the behavioural 

signs of both increased anxiety and impaired learning in such situations (Maier and Watkins, 

2005). In such a context, if the horse gains control over its exposure to the stressor by 

successfully escaping the stress context it may do so by performing behaviour that is 

antithetical to human safety (Hawson et al., 2010).  

1.5.1.3  Biologically salient or conditioned stressors 

All species are genetically ‘hard wired’ to react to salient stimuli that predict or constitute a 

threat to their safety (Campese et al., 2016).  Animals can also learn to fear innocuous 

stimuli paired with biologically threatening stimuli and in addition, noxious events such as 

pain can elicit defensive behaviours that mimic innate responses to stressors (LeDoux, 

2012).  Stimuli that can elicit instinctive fear responses in the rodent literature include 

predators, cues predicting predator presence such as predator odours, aggressive 

conspecifics or contexts associated with danger (Gross and Canteras, 2012; Deng et al., 

2016; Silva et al., 2016), many of which have analogues in the human-horse interaction, 

such as aggressive conspecifics or places with inherently aversive characteristics (discussed 

below), (Waring, 2003; McLean and McLean, 2008).   

Defensive learning is highly adaptive in natural situations, however in the context of the 

human-horse interaction, learned fear reactions to innocuous stimuli or places can cause 

risks to human safety and prove resistant to extinction.  Responses to learned and innate 

stressors engage the defensive brain network and are characterised by highly responsive 

synaptic plasticity and rapid learning (Fanselow, 2018).  Many common stimuli in the 

human-horse interaction can elicit conditioned fear, including owners themselves (Henshall 

and McGreevy, 2014) and in addition, many activities horses are used for involve 

approaching or interacting with stimuli that elicit innate fear behaviour and defensive neural 

activation.  These can include transport vehicles (Padalino et al., 2018), unpredictable novel 

objects (McLean and Christensen, 2017) and proximity to aggressive conspecifics (Fureix et 

al., 2012a).  Extinction training techniques, such as counter-conditioning, habituation and 

systematic desensitisation can, to varying extents, attenuate behavioural and physiological 
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responses to previously fear conditioned stimuli in horses (McLean and Christensen, 2017);  

however it is likely that innate fear circuitry will remain operational (Baratta et al., 2007, 

Maran, 2011).  Defensive behaviours can include shying, bucking, spinning, bolting or 

freezing (Waring, 2003; Baratta et al., 2007; McLean and McLean, 2008).   

1.6 Individual differences in responses to stress and stress resilience 

There is considerable variability between horses’ responses to specific stressors and how 

resilient they are (Lansade et al., 2008a).  This is likely due to both genetic (Hausberger et 

al., 2004; Willis-Owen and Flint, 2006; Momozawa et al., 2007; Brunberg et al., 2013; 

Rothmann et al., 2014) and epigenetic factors (McEwen, 2007; Stankiewicz et al., 2013).  

Cortisol reactivity in humans (Smeets et al., 2019) as well as polymorphism in BDNF (Notaras 

and van den Buuse, 2020) and serotonin 5-HT transporter  (Klein Gunnewiek et al., 2018) 

genes have been shown to affect stress responsiveness.  Stress responsive phenotypes and 

genotypes have been identified for rodents (King et al., 2017), rainbow trout (Overli et al., 

2005), Japanese quail (Cockrem et al., 2010) and other species [reviewed in Ellis et al., 

(2006) and Cockrem (2007)].  In horses there is preliminary evidence that some breeds or 

colour phenotypes are more likely to show stronger stress reactions than others 

(Hausberger et al., 2004; Brunberg et al., 2013).  Valenchon and co-workers (Valenchon et 

al., 2013a; Valenchon et al., 2013c; Valenchon et al., 2017) reported that temperamental 

phenotype interacted with stress to affect learning performance (discussed below).  Based 

on research in other species (McEwen et al., 2015), it is highly likely that there exists stress 

vulnerable and stress resilient genotypes in the domestic horse population and future 

genetic investigations will identify the underlying genetic aetiology of the observed 

behavioural differences 

There is also increasing evidence that sex hormones differentially affect behavioural, 

physiological and neurological responses to a range of stressors (Conrad et al., 2004; Harris 

et al., 2008; McEwen and Morrison, 2013).  In particular, oestradiol receptors in the 

hippocampus may confer protection against aspects of elevated glucocorticoid-induced 

memory impairments in this region for some tasks (Palanza and Parmigiani, 2017).  There 

are currently little data available to determine if sex-related factors do influence stress 
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responses in horses other than anecdotal and self-reported survey results such as those 

reported by Fenner et al., (2019).  

1.7 Stress effects on learning  

Stress exerts differential effects on learning and memory (Conrad, 2010; Finsterwald and 

Alberini, 2014; Goldfarb, 2019).  Mild stress such as exposure to novelty and some forms of 

readily controllable stress in which instrumental or Pavlovian responses enable escape or 

avoidance of stressors are generally beneficial for learning (Okuda et al., 2004; Parihar et al., 

2011; Hurtubise and Howland, 2017).  Acute stress can either impair or enhance learning as 

well as the retention of memories that are formed around the time of exposure to the 

stressor.  These effects are dependent on the intensity, perception of control and the 

relevance of the learning to the response that led to the successful escape or avoidance of 

the stressor (Joëls et al., 2006; Sandi and Pinelo-Nava, 2007; Cadle and Zoladz, 2015; 

Goldfarb, 2019).   

Chronic, uncontrollable or unpredictable stressors can cause significant impairments of 

learning and memory (Sandi and Pinelo-Nava, 2007; Conrad, 2010; Schwabe et al., 2012).  In 

particular, stress that involves strongly noxious stimuli or prolonged exposure to aversive 

experiences such as complete immobilisation, has been shown to impair memory systems 

responsible for flexible, goal directed learning and enhance the functioning of ensembles 

that mediate more rigid, habitual responses (Joëls et al., 2006; Braun and Hauber, 2013).  

Intense stress generally facilitates the functioning of defensive and habitual responses to 

stimuli (detailed in Sec. 2.4.2.3), mediated by the periaqueductal grey (Lefler et al., 2020) 

and the dorsolateral striatum, (Dias-Ferreira et al., 2009; Schwabe and Wolf, 2011) at the 

expense of networks responsible for flexible adaptive learning (Braun and Hauber, 2013).  

The timing of the stressor relative to memory acquisition or formation will have different 

effects on the specific phases of memory formation.  Stress exposure that occurs within the 

memory consolidation window is generally beneficial because of the synaptic plasticity 

benefits of enhanced glucocorticoid activity (Quaedflieg and Schwabe, 2018).  Exposure to 

stress at the time of memory acquisition and during early consolidation enhances memory 

for emotional events but not necessarily neutral ones, whereas stress prior to memory 

retrieval generally but not always impairs it (Smeets et al., 2008; Joëls et al., 2011; 
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Roozendaal and McGaugh, 2011; Guenzel et al., 2013; Wolf, 2017; Goldfarb, 2019).  

Furthermore, learning unrelated to the stressor during the stress exposure is generally 

impaired (Nikolakopoulou et al., 2006; Tabassum and Haider, 2018).  

1.8 Exercise effects on learning 

Exercise has been shown to enhance cognitive processes, learning and memory 

consolidation in human and rodent studies (Cassilhas et al., 2016).  Exercise induces 

increases in a similar suite of neurotransmitters as acute stress and these are believed to 

underpin the cognitive enhancing effects of exercise, including beneficial activities of 

glucocorticoids, noradrenaline as well as the neurotrophin brain derived neurotropic factor 

endocannabinoids and dopamine (McMorris, 2016; Borror, 2017; Chen et al., 2017a; 

Greenwood, 2019).  The precise mechanism by which exercise facilitates these benefits 

across varying forms of memory and in specific regions such as the hippocampus, prefrontal 

cortex or dorsal striatum are continuing to be elucidated (Chen et al., 2017a).  It is known 

that exercise results in activity dependent increases in BDNF which support the synaptic 

plasticity activity and persistence of learning related spines (Loprinzi and Frith, 2019).  In 

addition, increased activity of noradrenaline and glucocorticoids along with dopamine are 

also theorised to have beneficial effects (McMorris, 2016; Chen et al., 2017a; Vargas et al., 

2020).  Exercise induced increases of these transmitters relative to the timing of the 

learning, such as during the late consolidation window may enhance memory consolidation, 

though the effect varies in humans depending on the type of learning task (Roig et al., 

2016).  In humans, exercise induced fatigue is reported to impair performance in some but 

not all cognitive tasks (Moore et al., 2012; Coco et al., 2016), and anecdotally, many riders 

nominate fatigue as a cause of impaired learning in their horses but there is currently no 

experimental data to confirm this.  

In comparison to the stress literature which reports varying effects, the vast majority of 

studies in animal and human subjects report that acute, chronic and high intensity exercise 

have beneficial effects on cognition, including enhancing the acquisition of learning as well 

as the consolidation of learning related memories (Hötting and Röder, 2013; Roig et al., 

2016).  The size of the effect (Chang et al., 2012) can depend on whether the exercise is 

voluntary or involuntary (in rodents), (Leasure and Jones, 2008; Alomari et al., 2013), the 
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timing of the exercise relative to the learning or memory tests, its intensity (Mello et al., 

2008; McMorris and Hale, 2012), its duration (Hopkins et al., 2012), and the type of learning 

or memory test employed.  In humans, a wide range of cognitive tests are used that are 

believed to engage quite distinct neural networks (Lambourne and Tomporowski, 2010; 

Voss et al., 2011).   

Exercise has also been shown to be protective against stress induced deficits on cognition by 

preventing or reversing stress associated impacts of the structure and function of brain 

regions or neural ensembles (Adlard and Cotman, 2004; Greenwood et al., 2012; Clark et al., 

2015).  Despite the use of horses for athletic activities, very little is known about the effects 

of exercise on equine cognition.  Horses are routinely given low intensity exercise warm-up 

activities prior to competition (Stachurska et al., 2018; Chatel and Williams, 2021) and the 

use of lunging prior to riding is often recommended to reduce unwanted exuberance in 

ridden horses.  These activities are anecdotally believed to mentally and physically prepare 

the horse for training or competition (Chatel and Williams, 2021), but the neurobiological 

mechanisms by which exercise could benefit equine cognition have not been explored.   

1.9  A note on the use of arousal in this work and the Yerkes-Dodson law 

In the behavioural psychology of stress literature, including equine studies, the concept of 

arousal is frequently identified as an explanatory factor for interpreting results (for example 

Fenner et al.,(2017).  Arousal may be ‘emotional’- stemming from emotional responses to 

arousing stimuli, such a fear, anxiety, anticipation, excitement, or physiological (as indicated 

by increases in sympathetic nervous system (SNS) activity and HPA axis activity).  

Physiological and emotional arousal are inextricably linked and underpinned by an interplay 

of activity in central (brain regions) and peripheral systems.   

Behavioural indicators of arousal in horses are variously identified as increased alertness, 

attention, vigilance and changes of posture or activity of the head and neck, tail and ears 

(McGreevy, 2004).  Physiological indicators such as increases in heart rate (HR) (Bachmann 

et al., 2003), peripheral cortisol and others (Randle et al., 2019) are used to estimate 

physiological arousal.  Emotional and physiological arousal is believed to be mediated by the 

locus coeruleus-noradrenaline system which is critical for noradrenaline release and activity 

via a wide range of projection targets and signal transduction cascades within the brain 
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(Samuels and Szabadi, 2008; Zitnik, 2016) (discussed in detail in Sec. 2.5). The observable 

behavioural effects are believed to result from patterns of activity in this system (McBurney-

Lin et al., 2019), including both impairment and enhancement of learning performance (Sara 

and Bouret, 2012).  For the purposes of the proceeding chapters, the where the concept of 

arousal is used, it will be explicitly defined as either emotional arousal or physiological 

arousal based on physiological indicators including HR and salivary cortisol concentrations.  

The relationship between arousal (whether emotional or physiological) and performance 

has been conceptualised as having an inverted U-shaped dose-response association, 

whereby very low, or high levels of arousal impair performance, and moderate levels 

enhance it.  This relationship was firstly proposed by Yerkes and Dodson (1908) for tasks of 

moderate but not low or high difficulty.  It has since been confirmed for some 

neurotransmitter concentrations and learning, such as cortisol and noradrenaline, a 

phenomenon known as hormesis (Calabrese, 2008).  While the Yerkes-Dodson law is 

frequently utilised as an explanation for performance in animals, including horses (Olczak et 

al., 2016), due to the lack of evidence for the universal application of the inverted-U shaped 

dose-response relationship in regards to ‘arousal’ and task performance in many studies, 

(reviewed by Mendl (1999), I have made the decision not to utilise it as an explanatory 

factor for the results that follow and instead refer to relevant studies/reviews in the field of 

neuroscience.  Where the concept of arousal is used, it is specifically defined as either 

emotional or physiological to provide an appropriate context for the discussion. 

1.10 Thesis structure 

This thesis consists of a selected review of the neuroscience literature pertaining to learning 

and memory and the effects of stress and exercise on the neurobiological and behavioural 

outcomes during the types of learning tasks that have relevance for ridden and handled 

horses in industry settings (Chapter Two), followed by four experimental chapters that are 

formatted as individual papers, and lastly, a general discussion. 

Chapters Three and Four cover the findings of the first half of Experiment One which 

explored the effect of an acute stress exposure, acute exercise bout or an inactive condition 

on the acquisition of a negatively reinforced learning task widely used in industry, (making 

sideways steps in response to whip taps applied to the hindquarter).  The putative 
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neurobiological underpinnings of the learning performances of the three groups are 

discussed with reference to the physiological data (HR and salivary cortisol concentrations) 

collected during the study.  Using the same translational approach as Chapter Three, 

Chapter Four covers the second half of Experiment One, which evaluated the effects of the 

three pre-learning treatments on the consolidation of the learning memory in a memory 

retrieval test the following day. 

Chapters Five and Six report the findings of Experiment Two which investigated the effect of 

a chronic stress exposure on the cognitive flexibility of horses in a negatively reinforced 

reversal learning exercise during which horses first learnt to move in one direction when 

tapped with the whip, received a stress or control exposure for six days and then learned to 

reverse the direction of movement.  The horses were trained to move in one of two 

directions, representing a biomechanically similar but ethologically dissimilar learning 

challenge (away from or towards the whip).  Chapter Five focusses on the learning outputs, 

particularly the acquisition of the correct response (accuracy) and again applies a putative 

neurobiological translational methodology to the analysis and interpretation of the results, 

using HR, salivary cortisol and serum BDNF. 

Chapter Six examines the horses’ behavioural responses during the original learning and 

cognitive flexibility task in Experiment Two in the context of their learning of an avoidance 

response to the aversive training stimulus (whether or not they avoided or escaped the 

training stimulus irrespective of the accuracy of the response).  The effect of the stress 

treatment on their subsequent behaviour is also canvassed and the training and welfare 

implications of the findings are discussed. 

Chapter Seven provides a general discussion which takes a translational approach to apply 

putative neuroscience interpretations of the data collected during the two experiments 

reported in Chapters Three-Six, to the day-to-day training of horses by owners and trainers 

in the industry.  Findings of particular note or relevance are discussed as well as suggestions 

for future research.  

1.11 Ethical approvals 

The use of horses in this project was authorised by the Charles Sturt University Animal Care 

and Ethics Committee (Approval Authority 18028).  A total of 56 horses were used of which 
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three were removed from the experiments due to their reactions to the venepuncture 

procedure used for the collection of blood samples.  

The collection of owner supplied data about the horses loaned to the project by private 

owners was authorised by the Charles Sturt Human Research Ethics Committee (Approval 

Authority) H19030.  These data were used to aid in the care and management of the loaned 

horses but did not undergo analysis.  

  



42 

Chapter Two - Literature review of the effect of stress on equine learning and 

neural correlates 

2.1 Abstract 

The stress and learning literature is vast and with ongoing research using modern 

investigative techniques, the complexities of the neurobiology of learning, memory and the 

effects of stress on these processes continue to be revealed.  The mechanisms underpinning 

the beneficial effects of exercise on learning also continue to be elucidated.  The acquisition, 

consolidation and retrieval of memories relies on changes to cellular, neuronal and brain 

network functions, all of which can be affected by stress and exercise.  The forms of learning 

and their likely neural substrates of particular relevance to the training of horses for 

common human-horse interactions are; instrumental learning which occurs in two phases 

(goal-directed and stimulus-response/habit formation), fear learning and the detection of 

control during stress exposures.  Neurotransmitters of particular relevance to these 

activities include corticotrophin releasing factor, glucocorticoids, noradrenaline, dopamine, 

serotonin and the neurotrophin brain derived neurotropic factor.  The function, activity and 

connectivity of learning networks can be affected by stress. In particular, stress can inhibit 

activity in the network serving flexible, adaptive goal-directed behaviour in favour of more 

cognitively efficient but rigid, inflexible habit responding.  Based on work in other species, it 

is highly likely that the wide prevalence of unwanted behaviour and apparent training 

failures in ridden or handled horses result from stress induced effects on the underpinning 

neural networks.  In addition, although the cognitive capacities of horses have been 

established for a range of appetitive spatial and visual discrimination type learning tasks, 

less is known about the cognitive components of the forms of aversive instrumental learning 

that are commonly used to gain control over horses in handling and riding activities.  

Preliminary equine research has shown that stress exposure is generally impairing to 

appetitive learning but has a lesser effect on aversive instrumental learning.  Given what is 

known for other species, it is likely that the physical exercise horses routinely undertake 

during training or competition has both stress protective and cognitive enhancement effects 

but this remains to be fully tested.  As researchers in this field have already identified, the 

application of a translational neuroscience lens to the design and interpretation of research 
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into equine cognition and the effects of stress, as well as the wider dissemination of 

neuroscience knowledge pertaining to learning could assist horse owners to improve their 

practice, enhance their horse’s learning abilities and in the process, improve the welfare of 

their horses.  

Abbreviations  
ACTH Adrenocorticotropic hormone 

BDNF Brain derived neurotropic factor 

BLA Basolateral amygdala 

CeA Central nucleus of the amygdala 

CRF Corticotrophin Releasing Factor 

fMRI Functional magnetic resource imaging 

GABA Gamma-y-aminobutyric acid 

GR Glucocorticoid receptor 

LC Locus coeruleus 

LC-NA  Locus coeruleus-noradrenaline system 

DMS Dorsomedial striatum 

DLS Dorsolateral striatum 

HPA Hypothalamic pituitary adrenal (axis) 

MR Mineralocorticoid receptor 

NaC Nucleus acumbens 

PAG Periaqueductal grey 

PFC Prefrontal Cortex 

SNS Sympathetic nervous system 

SSDR Species specific defence reaction 

SR Stimulus-response 

VTA Ventral tegmental area 

2.2 Introduction 

The scientific literature on stress and learning is vast, with 37,493 results returned from a 

PubMed search conducted on 12 July, 2021 search using the terms “stress” and “learning”.  

In addition, there is an increasing range of technological and genomic investigative 

methodologies (Sparta et al., 2013) used in neuroscience research that provide novel 

insights as well as highlighting the sheer complexity of brain function in regards to learning 

and memory.  However, in spite of the sophistication of currently available research 

methods, substantial gaps in knowledge, along with contradictory findings regarding 

fundamental questions such as the function of specific brain regions or neurotransmitter 

roles, still persist (Hollon et al., 2015).  In order to determine the intricacies of brain function 

during various stress states and/or during learning a number of neural network models have 

been proposed (Gruber and McDonald, 2012; Packard and Goodman, 2013; Yau and 

McNally, 2019; Mobbs et al., 2020).  Although these provide a framework for understanding 
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brain function they require frequent updating as more research is conducted.  In 

comparison to the stress and learning literature, relatively less is known about the neural 

substrates of the largely beneficial effects of exercise on cognition, although several possible 

mechanisms have been proposed (McMorris, 2016; Chen et al., 2017a).  Exercise effects on 

learning and memory processes likely to be relevant to horses are briefly reviewed, but the 

majority of this review focuses on what is known of stress effects.  This chapter firstly 

provides a brief overview of what is currently known about the basic neural underpinnings 

of learning and memory, focusing on the functions and relevant neural network models that 

serve instrumental goal-directed learning, habit learning and cognitive flexibility; secondly it 

examines the role of corticotrophin releasing factor (CRF), glucocorticoids, noradrenaline, 

dopamine, serotonin and the neurotrophin brain derived neurotropic factor (BDNF) 

neurotransmitters in relation to learning, memory, stress and exercise.  Finally, it evaluates 

current knowledge regarding equine cognition, the identification of stress in horses and its 

effects on learning and memory.  Where relevant, specific gaps in relation to the putative 

neurobiology of equine learning and memory will be discussed.  

2.3 The neural underpinnings of learning 

2.3.1 Synaptic plasticity 

Learning is the result of experience dependent changes to the brain at the cellular, neural 

and network level.  At the cellular level, learning results in changes to the size, shape and 

excitability of dendritic spines (Kasai et al., 2010), via a multitude of neurochemical and 

genomic processes collectively termed synaptic plasticity (Lamprecht and LeDoux, 2004).  

Dendritic spines are small, mushroom shaped protrusions located on the surface of neurons 

(Bosch and Hayashi, 2012).  

The basis of synaptic plasticity on which learning and memory are believed to rely is the 

insertion or deletion of a variety of glutamatergic receptors into the post synaptic density 

membrane of dendritic spines, which, via glutamate release alters the neuron’s excitability 

and responses to other neuromodulatory substances such as glucocorticoids and dopamine 

(Shepherd and Huganirl, 2007; Anggono and Huganir, 2012).  Learning results in an increase 

in the number of glutamate receptors on individual synaptic spines which facilitates ion flux, 

increased membrane excitability and improved efficiency in the generation of action 
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potentials (Malenka, 2003).  To accommodate additional glutamatergic receptors, individual 

spines undergo hypertrophy and morphological changes (Bosch and Hayashi, 2012).  

Additional spines may be generated via de novo protein synthesis, resulting in enhanced 

arborisation: the increased density, complexity and size of individual neurons and their 

connections with adjacent neurons, all of which facilitates enhanced neurotransmission 

(Malenka, 2003; Bosch and Hayashi, 2012; Popoli et al., 2012).   

The action of glucocorticoids, noradrenaline, dopamine and neurotrophins such as BDNF are 

critical modulators of synaptic plasticity processes that support learning (Bekinschtein et al., 

2014; Pignatelli and Bonci, 2015; Arango-Lievano et al., 2019).  Learning induced synaptic 

plasticity can occur within minutes of the experience (Leuner and Shors, 2013; Bailey et al., 

2015) to support ongoing behaviour during a memorable experience such as a training 

session.  Conversely, memory loss or memory depression is associated with a reduction in 

the density of glutamate receptors on individual dendritic spines with a concomitant 

reduction in spine size and excitability and ultimately, the reversal of memory formation 

changes (Feldman, 2009; Sachser et al., 2017).   

Synaptic plasticity changes can be temporary or last the lifetime of the organism (Shors, 

2006; Lupien et al., 2009; Dudai, 2012), depending on the type of memory and the context 

in which it was formed.  Physiological arousal or strong emotions facilitate memory creation 

and storage and fear-related memories may be retained for life (Maren, 2011).  The context 

and valence of the memory forming experience will determine the brain regions or neural 

ensembles in which synaptic plasticity, and consequently learning occurs (Gruber and 

McDonald, 2012; McDonald and Hong, 2013; Hollon et al., 2015; Kim et al., 2015).  

Memories are characterised as a ‘trace’ comprising specific ensembles of neurons that fire 

during the formation, and then retrieval of the memory to underpin behavioural responses 

(O’Hare et al., 2016).  Specific memory ensembles preferentially fire during exposure to 

contexts, sounds, behaviours or outcomes to which they have become tuned during 

learning (Arnsten, 2009; Bissonette and Roesch, 2017).   

2.3.2 Memory formation and storage processes 

Memory forming synaptic plasticity processes occur in stages involving acquisition, 

consolidation, retrieval and reconsolidation all of which can be affected by stress exposure 
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or exercise.  Acquisition occurs during the learning experience, for example during a training 

session in which a new response to a cue is learned.  During this period, the new synaptic 

connections are rapidly formed, via efficient, non-genomic upregulation of glutamatergic 

receptor trafficking and insertion onto the post synaptic density membrane of the relevant 

dendritic spines via G-coupled receptors (Rudy, 2014; Segal, 2017).  These changes 

temporarily support the newly acquired motor sequence or behavioural output but are 

relatively fragile and sensitive to disruption (e.g., forgetting) until slower genomic signalling 

cascades are initiated to maintain and stabilise the changes (Bailey et al., 2015).   

The stabilisation process is consolidation, in which the temporary synaptic plasticity changes 

are fixed into a more permanent form (Miyashita et al., 2008).  Consolidation occurs in two 

phases, early and late, and these rely on different mechanisms to stabilise the memory. 

During early consolidation, which occurs during the learning experience and in the 

immediate aftermath, the memory is still vulnerable to disruption if the synaptic plasticity 

processes are interrupted or have to compete for resources, such as glucose (Gold and 

Korol, 2012).  Early consolidation relies on concomitant activities of noradrenaline and 

glucocorticoids (Gold and Korol, 2012; Finsterwald and Alberini, 2014).  In comparison, late 

consolidation processes provide the neurochemical and cytoarchitectural stability necessary 

to fix the transient changes for long term storage (Dudai et al., 2015).  Late consolidation 

involves genomic processes including mRNA transcription leading to de novo protein 

synthesis that generates raw materials in the cell nucleus which are then transported to the 

relevant dendrite(s) for either incorporation into the architecture of the spine or to increase 

the size of the glutamatergic receptor pool, making additional receptors available for 

insertion (Adams and Dudek, 2005; Miyashita et al., 2008; Penn et al., 2017).  Early 

consolidation plasticity takes place within 10 minutes of memory acquisition (Lamprecht 

and LeDoux, 2004), whereas long term memory consolidation processes commence within 

the first few hours after the learning acquisition may take between 24 to 48 hours to 

complete, and possibly even longer (Adams and Dudek, 2005).   

Memory retrieval enables a memory to be retrieved from its storage state so that it can 

inform responses to current stimuli (Abel and Lattal, 2001).  Retrieval of the memory returns 

it to a labile state during which time it is vulnerable to disruption (Tonegawa et al., 2015; 

Wolf, 2017).  The post synaptic density membrane and receptor adhesion chemistry are 
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temporarily weakened, returning the memory to a similar state of vulnerability as occurred 

during its initial formation and early consolidation (Bonin and De Koninck, 2015).  Retrieved 

memories undergo reconsolidation processes that share a similar time course to initial 

consolidation (Nader et al., 2000) and reconsolidated memories may differ from the 

originally retrieved memory (Finnie and Nader, 2012; Meir Drexler and Wolf, 2017).   

Extinction memory inhibits previously learned responses to cues, such as when a reward no 

longer follows a response, or an aversive stimulus no longer follows a cue (Maren, 2011; 

Delamater and Westbrook, 2014). In effect, an extinction memory reminds the animal not 

to respond.  Extinction comprises the degradation of the existing memory’s synaptic 

architecture as well as the formation of the inhibitory memory (Finnie and Nader, 2012; 

Orsini and Maren, 2012).  Where the original memory is associated with a strong emotional 

response, particularly fear, it is not erased during extinction learning, but rather a new 

association between the stimuli and outcome is formed and preferentially recalled (Orsini 

and Maren, 2012).  However, vestigial remains of the original fear memory synaptic 

architecture remain and consequently, are available for retrieval in the future where 

relevant contextual or internal cues are present (Pignataro and Ammassari-Teule, 2015).  In 

addition, memories associated with intense emotional states such as fear do not experience 

the same type of degradation as other types of as other types of memory.  For reviews see 

Clem and Schiller (2016), Maren, (2011) Quirk (2008) and Orsini (2012) 

Extinction based training practices are widely adopted in horse training, such as when 

horses are trained not to no longer avoid places to which they have developed conditioned 

fear such as transport vehicles, and failures of these practices to eliminate the unwanted 

behaviour are anecdotally reported (McGreevy and McLean, 2010).  In the equine cognition 

literature extinction of appetitive instrumental learning tasks has been demonstrated 

(McCall and Burgin, 2002; Valenchon et al., 2013b; Roberts et al., 2015; Fortin et al., 2018); 

however, few studies with the exception of Valenchon et al., (2013b) have explored the 

extinction of leaning based on aversive training methods. 

2.4 Neural networks for learning and memory 

2.4.1 Instrumental and stimulus-response learning: interplay of two neural networks for 

promoting flexibility and habits  
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The training of horses for riding, handling or driving involves two overlapping phases-the 

instrumental or goal directed learning phase and stimulus response (SR) learning phase that 

are likely to be underpinned by separate, but interconnected neural networks.  Aversive 

instrumental/goal-directed learning involves learning about the consequences of actions, 

where beneficial consequences lead to the repetition of the action and adverse 

consequences lead to the suppression of the action (Balleine and Dickinson, 1998).  A horse 

training example of such learning is when a horse slows its speed in response to bit pressure 

in order to escape the aversive pressure of the cue, a beneficial outcome.  In contrast, SR 

learning is Pavlovian in nature, where an antecedent stimulus previously paired with the 

presentation of the aversive stimulus elicit the response prior to the actual presentation of 

the aversive stimulus (Cain, 2019).  A horse training example of such learning is when a 

horse slows its speed in response to a verbal cue predicting the onset of bit pressure, and in 

so doing, avoids the aversive bit stimulus completely.  Behaviour that is goal directed is 

flexible, that is, if the consequence arising from the action changes, so does the behaviour 

(Balleine and Dickinson, 1998).  For example, if slowing no longer leads to escape from the 

bit, the horse may learn to pull the reins out of the rider’s hands to achieve the same 

outcome.  Behaviour that is SR or habitual, by contrast is characterised by relative 

inflexibility because it is the antecedent stimuli, rather than the consequence of the 

behaviour that elicits the response (LeDoux et al., 2016).  Stimulus response behaviour is 

also more resistant to extinction, particularly in aversive learning such as avoidance 

responding (Solomon et al., 1953).  As a new instrumental response is acquired, the goal-

directed circuit drives learning associations between stimuli, actions, outcomes and their 

valence (beneficial or adverse) but with increasing repetitions, control over the behavioural 

output shifts to the SR system (Corbit, 2018).   

The modulation of instrumental learning during the acquisition phase can also result from 

influences such as learning context (such as a specific location) (Fortin et al., 2018) or 

possibly the identity of the trainer (Ijichi et al., 2018; Lansade et al., 2020), so that 

contextual inputs can influence the performance of the instrumental response.  Examples of 

such phenomena could include when a young horse only performs a canter transition at a 

specific location on an arena that has been paired with making the transition, or only 

performs the response for an individual rider.  As learning progresses to become more SR in 
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nature, contextual influences are likely to become less salient, so the behaviour can be 

elicited in any location and with any rider or handler.  This is the ultimate goal of the 

evidence-based, graduated horse training scale developed by researchers from the 

International Society for Equitation Science, known ‘Proof’ as detailed by McLean and 

McLean (2008).  In rodents there is extensive evidence of the neural substrates of the shift 

from goal-directed to SR/habit responding (Yin and Knowlton, 2006; Balleine et al., 2009) 

and it involves complex neural processes including patterns of neurotransmitter release and 

receptor activity (Amaya and Smith, 2018) as well as shifts in activity in cortico-striatal-

thalamo-cortico neural networks (Baladron and Hamker, 2020).  In horses there is no such 

direct experimental evidence yet on how this transition occurs; however it is likely that the 

shift from goal-directed to SR occurs quite rapidly in horses because of the reliance on 

aversive modalities which makes learning to avoid strong presentations of training stimuli 

(whether completely or in part) beneficial.  A study by Hemmings et al., (2007) provides 

some clues as to this shift in horses with oral stereotypies who were shown to have 

significantly impaired extinction learning of a food rewarded response and significantly 

higher rates of perseverative responding during extinction than control horses [but see also 

Briefer-Freymond (2019)].  Hemmings et al., (2007) inferred from their behavioural findings 

that the accelerated habit development observed in such horses resulted from a rapid shift 

in control of responding from the reward sensitive nucleus acumbens-dorsomedial striatal 

pathway to the reward-insensitive dorsolateral striatal pathway that mediates habit like 

responding.  McBride and Hemmings (2009) suggested that this phenomenon mirrors the 

facilitative effect of stress-exposure on habit development.  Further research in non-

stereotypy horses could explore whether other factors such as stress exposure, sex or 

genomic influences exert similar effects on habit development in horses, particularly in 

relation to industry type learning tasks that utilise aversive stimuli. 

In addition, learning to avoid aversive stimuli in instrumental learning is associated with the 

release of dopamine that enhances synaptic plasticity for instrumental and SR learning and 

is also associated with positive affect when aversive stimuli are avoided (Lloyd and Dayan, 

2016).   

2.4.2 Neural networks for learning relevant to human-horse interactions 
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2.4.2.1  Instrumental-goal directed learning 

The networks likely to be important for learning, memory and associated behavioural 

outputs in ridden and handled horses during aversive goal-directed and SR learning are 

discussed below.  However, based on the ongoing work in this area, it is likely that the 

neural activity controlling learning and behaviour in horses is considerably more complex 

and engages additional regions not mentioned in this review.  However, in simplified terms, 

the neural networks believed to facilitate adaptive, flexible, goal-directed learning and 

cognitive flexibility include the somatosensory regions (visual, auditory, olfactory, 

nociceptive inputs) medial thalamus, PFC, hippocampus (ventral region for instrumental 

learning), dorsomedial striatum (DMS) and basolateral amygdala (BLA) all of which receive 

dopaminergic projections from the ventral-tegmental area (VTA) and substantia nigra nuclei 

via the nucleus acumbens (NAc) (Barnes et al., 2005; Balleine et al., 2009; Gruber and 

McDonald, 2012; Kim et al., 2012; Corbit et al., 2013; Gasbarri et al., 2014; Hart et al., 2014).  

This network is likely responsible for acquisition of the association between a bit or spur cue 

applied by a trainer and the behavioural response that causes the termination of the effects 

of that cue (Yin et al., 2005; McBride et al., 2017).  Instrumental learning is sensitive to 

changes in contingency, so that if a reward no longer follows a behaviour or a behaviour is 

punished, the frequency and/or intensity of the behaviour or response is likely to alter, 

leading to adaptation to the changing learning environment. 

2.4.2.2  Stimulus-response/habit learning 

The network believed to be responsible for SR learning includes the somatosensory cortex, 

dorsolateral striatum (DLS), BLA and VTA/NAc (Yin and Knowlton, 2006; Corbit, 2018).  This 

network would be responsible for habit-type behaviour exhibited by horses, such as when a 

horse consistently breaks into canter at a specific location on the arena regardless of 

whether it has received a cue from the rider or not because it has previously received cues 

for canter in that location.  As behaviour becomes highly habitual, there is a decreasing role 

for the BLA (Poremba and Gabriel, 1999) and possibly dopamine (Wenzel et al., 2018) which 

may be accompanied by behavioural indicators of calmness (Cain, 2019).  It is likely that 

enhanced synaptic plasticity for neuronal ensembles serving habitual behaviour (Yin et al., 

2009; Ashby et al., 2010) during activities such as reining or dressage could underpin the 

kinds of flawless performance that may be witnessed at high level competitions.  
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Overtraining can induce habit responding and in some circumstances, it can be highly 

adaptive because it facilitates rapid reactions with low cognitive effort due to a reduction in 

activity in the flexible PFC-DMS network (Malvaez, 2020).   

The majority of what is known about the neural networks and signalling cascades that 

facilitate goal direction or SR responses has been generated from studies using appetitive 

learning designs and far less is known at the neural level about the signalling that facilitates 

aversive instrumental learning and habit development.  However, research to date suggests 

that there is both distinct circuitry for appetitive and aversive instrumental learning as well 

as patterns of neurotransmitter release modulating activity in specific neurons, brain 

regions and networks that are similar for both forms of learning and which track the valence 

and value of learning outcomes (Barberini et al., 2012; Gentry et al., 2019; Iordanova et al., 

2021).  These will be discussed in more detail below.  

2.4.3 Other forms of learning  

2.4.3.1  Fear/defensive learning 

During their interactions with humans, horses can rapidly acquire conditioned fear learning, 

eliciting SSDRs, such as reflexive shying at a location in which they were previously exposed 

to a frightening stimulus.  The neural circuit involved in such learning includes the thalamus, 

central nucleus of the amygdala (CeA) and periaqueductal grey (PAG), a structure 

responsible for defensive/reflex reactions such as startle and freezing, and as a component 

of the defensive circuit, defensive behavioural sequences such as flight or aggression 

(Vianna et al., 2001; Gross and Canteras, 2012; Koutsikou et al., 2014; Watson et al., 2016; 

Lefler et al., 2020).  Whilst instinctive SSDRs can be performed without prior practice, 

animals can also learn to perform them in response to antecedent cues that predict the 

presence or threat of danger.  In horses, defensive behaviours that are likely to be mediated 

by this network include bucking, bolting, shying or freezing.  This can be problematic for 

human-horse interactions, because learning mediated by the defensive network is resistant 

to extinction, prone to renewal and spontaneous recovery (Maren, 2011), and 

consequently, may constitute significant safety and welfare risks.   

2.4.3.2  Assessment of the controllability of stressors 
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When an organism is exposed to an aversive stimulus, a neural network registers whether or 

not the exposure can be controlled (such as by escaping it) and the perception of control 

influences the behavioural coping strategy employed (Amat et al., 2005).  This network 

comprises a circuit comprising the prelimbic division of the PFC (in rodents), the DMS, BLA, 

extended amygdala, PAG and the dorsal raphe nucleus that contains high concentrations of 

serotonin neurons (Maier and Seligman, 2016).  Where control is not registered, high 

concentrations of serotonin released within this circuit interacting with corticotrophin 

releasing factor, increase anxiety (Marcinkiewcz et al., 2016) but bias passive rather than 

active coping strategies in the face of the stressor, otherwise known as “learned 

helplessness” (Maier and Watkins, 2005; Amat et al., 2006).  Learned helplessness is now 

conceived of as the inhibition of active responding to inescapable stressors rather than a 

failure to learn to escape per se (Maier and Seligman, 2016).  This circuit is likely to mediate 

horses’ responses to training methods that include inescapable, uncontrollable stress 

components and may explain instances where horses freeze, such as during unsuccessful 

loading attempts despite the repeated application of strongly aversive stimuli from handlers 

attempting to force them to move.  The converse of the neurobiological response to 

uncontrollable stress is that where control is registered in this circuit and the animal 

successfully learns to escape or yet better, avoid the stressor, suppression of acute 

serotonin activity occurs as a result of the PFC’s detection of control (Amat et al., 2006).  

This confers resilience against future uncontrollable stressors (Amat et al., 2010).  This 

phenomenon is termed ‘behavioural immunisation’ (Maier, 2015) and it may account for 

some horses’ seeming ability to cope during riding or handling by inexperienced or unskilled 

trainers.  

2.5 Impact of stress and exercise on neurotransmitters involved in learning and 

memory formation 

The brain’s response to notable experiences, including learning, relies on the release and 

activity of various neurotransmitters and their receptors that influence the activity of 

neurons and their projection targets (Peters et al., 2017).  Changes in concentrations of 

neurotransmitters or the activity of their receptors can profoundly affect behavioural 

responses to challenges in the environment, what is learnt and remembered about them 

and whether those memories are available to inform future responses (Arnsten, 2009; 
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Quaedflieg and Schwabe, 2018; Douma and de Kloet, 2020).  There is increasing evidence 

that genetic and epigenetic factors exert strong influences on the neurobiology of the stress 

response in a range of species such as rodents (Ellis et al., 2006; Díaz-Morán et al., 2012) 

and humans (Ising and Holsboer, 2006), however, this has yet to be confirmed in horses.  

Exposure to stress or participation in exercise affects neurotransmitter release in highly 

complex ways that are still being elucidated and a full survey of their activity and effects is 

beyond the scope of this review.  Aspects of what is currently known or suspected to be of 

relevance to learning and memory in horses and is discussed below. 

The physiological and neurological responses to perceived stressors have been extensively 

described (Tsigos and Chrousos, 2002b; Joëls and Baram, 2009; Ulrich-Lai and Herman, 

2009; Fink, 2017).  The canonical stress response, which shares similarities to the response 

to exercise, involves two interconnected, physio-neurobiological systems, the 

sympathoadrenal medullary or locus coeruleus-noradrenaline (LC-NA) system of which the 

chief output is adrenaline and noradrenaline and the hypothalamic-pituitary-adrenal (HPA) 

axis of which the terminal output are glucocorticoids (glucocorticoids), (cortisol in horses) 

(Kurosawa et al., 1998; Ulrich-Lai and Herman, 2009; Ferlazzo et al., 2012).  The LC-NA 

system is highly responsive and initiates signalling cascades within milliseconds of stress 

detection as well as during high intensity exercise, whereas the HPA axis response is slower, 

taking between 10 and 20 minutes to reach peak output (Ulrich-Lai and Herman, 2009).  The 

acute LC-NA response is believed to be relatively short lived (expiring within seconds to 

minutes) (Berridge and Spencer, 2017), whereas HPA activity can remain elevated for 

several hours (de Kloet et al., 2008).  While peripheral and extracellular concentrations of 

noradrenaline and glucocorticoids in the brain decline in tandem, their influences on cell 

function may persist for several hours depending on the intensity of the experience 

(exercise or stress), influencing brain function (Pagliari and Peyrin, 1995).  Below, a brief 

survey of a selection of neurotransmitters involved in the stress response and which are 

known to influence learning and memory in relation to stress are discussed.  

2.5.1 Corticotrophin releasing factor 

Corticotrophin releasing factor is a peptide that has been characterised as the organiser of 

the central stress response, orchestrating autonomic and neuroendocrine responses to 

stress (Dedic et al., 2018) .  In addition, it is associated with behavioural responses to stress, 
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particularly anxiety and sensitisation to noxious properties of stressors such as pain (Ji et al., 

2007).  It is released from the paraventricular nucleus of the hypothalamus which in turn 

stimulates the anterior pituitary to release adrenocorticotrophic releasing hormone (ACTH) 

that ultimately leads to the release of glucocorticoids from the adrenal cortex (Tsigos and 

Chrousos, 2002a).(Deussing and Chen, 2018).  In addition to its effects on HPA activity, CRF 

is critical for activity in the LC-NA system by its actions on the LC and adrenal medulla.  Its 

release in turn stimulates the release of noradrenaline from the LC during exposure to stress 

ultimately to delivering noradrenaline to the many projection targets of the LC, driving rapid 

behavioural adaptations to stress (Dunn et al., 2004).   

Corticotrophin releasing factor effects its influence via two main receptors CRFR1 and 

CRFR2, of which CRFR1 is widely distributed and believed to mediate the anxiogenic effects 

of CRF (Henckens et al., 2016).  It exerts heterogenous influences on dopamine neuron 

activity in the ventral tegmental area (Douma and de Kloet, 2020) as well as on regions 

responsible for anxiety, behavioural responses to controllable versus uncontrollable stress 

and defensive behaviours including the dorsal raphe nucleus, amygdala, bed nucleus of the 

stria terminalis and PAG (Henckens et al., 2016).  It is believed to directly and via signalling 

cascades modulate the activity of receptors for other transmitters, influencing a range of 

synaptic plasticity processes to facilitate stress responsive behaviour and learning (Deussing 

and Chen, 2018; Hupalo et al., 2019).   

The neuronal and consequently behavioural outputs associated with CRF activity are 

believed to be modulated by the type of stressor and the prior experience of the animal (de 

Andrade et al., 2014).  In simple terms, short-term acute stressors are associated with 

upregulated CRF-receptor activity, increased anxiety, active coping and cognitive flexibility 

(Hupalo et al., 2019), whereas chronic stress is associated with attenuated activity and 

passive coping, in concert with serotonergic influences (Henckens et al., 2016).  However, 

the activities of CRF and its receptors continue to be elucidated and as with other 

neurotransmitters, further research is likely to identify additional heterogeneity in its effects 

(Henckens et al., 2016).  

2.5.2 Glucocorticoids 
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Glucocorticoids are a key mediator of synaptic plasticity arising from stress exposure and 

possibly exercise, via their direct effects on glutamate dynamics, as well as by influencing 

the actions of other transmitters and their receptors via genomic and non-genomic means 

(Popoli et al., 2012; Rothman and Mattson, 2013; McMorris, 2016).  Glucocorticoids are 

lipophilic and diffuse into brain regions where they bind to either high affinity 

mineralocorticoid (MR) and then low affinity glucocorticoid receptors (GR) (Joëls, 2006).  

The MRs are generally occupied during ultradian pulses and low cortisol release periods of 

the circadian rhythm and GRs are occupied during the circadian peak as well as during stress 

or exercise (Joëls, 2018).  The rapid effects of GCs during early consolidation occur via MR 

mechanisms, whereas slower, genomic activities that consolidate memories into durable 

forms are mediated via GR activation combined with BDNF receptor activation (Joëls, 2006; 

Joëls et al., 2017; Arango-Lievano et al., 2019).  Via GR activity, GCs can influence around 1-

2% of the genome altering a wide range of neural functions that in terms of learning and 

memory, enhancing or impairing learning related synaptic plasticity and associated 

behavioural outputs (Rubin et al., 2014; Gray et al., 2017).  The influences of GCs and their 

receptors occur in synchrony with other neurotransmitters include noradrenaline, BDNF, 

dopamine and endocannabinoids and if concentrations, particularly of BDNF or 

noradrenaline are low, the memory modulation effects of GCs are impaired (Okuda et al., 

2004; Roozendaal et al., 2006a; Bekinschtein et al., 2014).   

Many regions of the brain such as the hippocampus, amygdala and PFC are highly sensitive 

to glucocorticoids concentrations and large increases or decreases in glucocorticoids 

concentrations can exert profound influences on their activity and consequently what is 

learnt and remembered (Mitra and Sapolsky, 2008; McKlveen et al., 2013; Kim et al., 2015).  

High concentrations of GCs in the dorsal striatum can bias behaviour towards rigid, habitual 

sequences at the expense of flexible adaptive behaviour (Goodman et al., 2015; Siller-Perez 

et al., 2017).  This may underpin rigid behavioural sequences anecdotally observed in 

stressed horses during riding or handling.  The effect of elevated glucocorticoids in all brain 

regions are dose dependent, with very low levels having impairing or no effect on memory 

consolidation, moderate levels are enhancing and high levels significantly impairing (Joëls, 

2006; Sandi and Pinelo-Nava, 2007).  Moderate levels have a permissive influence over 

glutamate receptor insertion and consequent synaptic plasticity underpinning learning and 
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memory formation, whereas high concentrations are impairing (Peters et al., 2017).  GR 

mediated memory consolidation is less vulnerable to disruption than MR mediated 

activities, (Joëls et al., 2013).   

In studies of equine stress responses, measures of either circulating glucocorticoids or its 

metabolites show stress-induced peaks, followed by a return to baseline within 30 to 180 

minutes (Schmidt et al., 2010a; Ferlazzo et al., 2012).  However, it is likely that the stress 

induced increases in brain concentrations of cortisol continue to exert genomic effects on 

memory consolidation long after circulating levels have returned to normal (Joëls and 

Baram, 2009).  While circulating GCs increase in response to physical exercise in horses, 

particularly as the duration of the exercise increases (Ferlazzo et al., 2020) , there are no 

data on their potential effects on learning and memory in exercised horses.  

2.5.3 Noradrenaline 

Noradrenaline is the key neurotransmitter for increasing physiological and emotional 

arousal and vigilance in response to threats or as the result of exercise as well as increasing 

blood glucose concentrations to support enhanced learning activity in the brain (Sara, 2009; 

Gold, 2014a).(Sara, 2009; Gold, 2014a).  Unlike glucocorticoids, noradrenaline is unable to 

cross the blood brain barrier; however, increasing concentrations of peripheral adrenaline 

along with CRF release from the hypothalamus (Dunn et al., 2004) stimulate locus coeruleus 

release of noradrenaline which owing to its extensive projections, facilitates noradrenaline 

activity across the brain (Samuels and Szabadi, 2008).  Noradrenaline influences rapid 

responses to stress or exercise such as increasing HR and rate of glycolysis (Ferlazzo et al., 

2020).  In the brain, noradrenaline enhances neurotransmission by increasing neuronal 

excitability in regions such as PFC, basolateral and central nuclei of the amygdala, PAG and 

striatum (Sara and Bouret, 2012).  Noradrenaline can institute signalling cascades that 

enhance attention, vigilance and working memory that can enhance learning as a result of 

stress as well as after exercise (Sara and Bouret, 2012; McMorris, 2016).  However, 

noradrenaline surges can also facilitate activity in neural networks for reflexive defensive 

behaviours such as startle and freezing and increase distractibility (Arnsten, 2011; Likhtik 

and Paz, 2015).  Likely equine examples include explosive bucking and bolting.  

noradrenaline is also implicated in facilitating fear learning which can occur after a single 

exposure to a strongly aversive stimuli (Beauchaine et al., 2011; Sara and Bouret, 2012).   
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At high concentrations, noradrenaline in combination with dopamine can inhibit PFC control 

of behaviour (Arnsten, 2015; Xing et al., 2016) whilst simultaneously increasing amygdala 

activity resulting in decreasing behavioural flexibility during responses to threats and biasing 

behavioural responses towards habits that may prevent adaptation (Wirz et al., 2018).  

Circulating noradrenaline and adrenaline have short half-lives in comparison to 

glucocorticoids (Baragli et al., 2010); however levels in some brain regions such as the 

amygdala may remain elevated for several hours following exposure to an acute stressor, 

vagal nerve stimulation or extended exercise, enhancing memory processes (Pagliari and 

Peyrin, 1995; Chen and Williams, 2012).  In common with glucocorticoids levels, 

noradrenaline effects follow an inverted U-shaped dose effect on memory consolidation 

with very low and very high levels impairing performance and moderate levels increasing it 

(Roozendaal et al., 2008).  The combined effects of noradrenaline and glucocorticoids are 

necessary for the cognitive effects of stress or exercise on learning and memory (Gold and 

Korol, 2012).  In the context of the human horse interaction, the effects of high 

concentrations of noradrenaline are likely to facilitate rapid learning of associations 

between stimuli/contexts and flight responses, but conversely, be detrimental to learning 

that is unrelated to the stressor or that requires flexible cognitive strategies.   

2.5.4 Dopamine  

Dopamine is a catecholamine that is canonically associated with learning about appetitive 

rewards (Schultz, 1998); however there is an increasing body of evidence that it is critical for 

learning about aversive events, such as occurs during positive punishment and negative 

reinforcement as well as fear conditioning (Boschen et al., 2011; Budygin et al., 2012; Cabib 

and Puglisi-Allegra, 2012; Lloyd and Dayan, 2016; de Jong et al., 2019; Weele et al., 2019; 

Douma and de Kloet, 2020).  Dopamine release during instrumental and habit learning has 

been described as a “teaching signal” (Satoh et al., 2003; Trapp et al., 2018) that registers 

the salience, valence and value (Matsumoto et al., 2016) of stimuli and the consequences of 

responses to them (Bromberg-Martin et al., 2010).  This encodes a “prediction error” (PE), 

defined as the discrepancy between an expected outcome and the actual outcome 

(Iordanova et al., 2021).  The size, valence and value of the error determines whether 

behaviour is increased or suppressed (Pultorak et al., 2018).  Outcomes that are better than 

expected excite dopamine neurons and worse than expected outcomes inhibit them 
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(Schultz, 1998; Pultorak et al., 2018; Gentry et al., 2019; Stelly et al., 2019; Iordanova et al., 

2021).  The pattern of dopamine release affects synaptic plasticity serving learning 

(Pignatelli and Bonci, 2015), and consequently behaviour associated with enhanced 

dopamine release is strengthened and behaviour associated a reduction in release is 

suppressed (Wickens, 2009; Lovinger, 2010).   

In aversive instrumental learning studies in rodents, a better than expected outcome is the 

omission of an expected aversive event is signalled via a transient dopamine release (Oleson 

et al., 2012; Dombrowski et al., 2013).  This occurs when animals avoid aversive stimuli by 

responding to antecedent stimuli, such as a warning signal that precedes the onset of the 

aversive stimulus(LeDoux et al., 2016).  Conversely, particularly during early learning, 

dopamine release is suppressed when the animal only escapes an aversive stimulus, 

because it has experienced the aversive effects of the stimulus, a worse than expected 

outcome (Wenzel et al., 2015; Gentry et al., 2016).  In fact, the dopamine release time 

locked to the presentation of predictive stimuli predicts whether or not the animal will 

successfully avoid it, a lack of dopamine response during the predictive stimuli is associated 

with a failure to avoid it (Stelly et al., 2019) and there is an increase in the vigour of 

behaviours that successfully avoid shock (Pultorak et al., 2018)  There are many analogues 

of this scenario in horse training is discussed further below. 

Dopamine neurons projecting from the ventral tegmental area and substantia nigra nuclei 

(Yin et al., 2008; Hormigo et al., 2016) facilitate dopaminergic influences within the NAc, 

DMS and DLS of the basal ganglia, as well as the PFC, amygdala, lateral habenula and many 

others (Lanciego et al., 2012; de Jong et al., 2019).  Dopaminergic and noradrenergic activity 

in the PFC and dorsomedial striatum facilitates behavioural flexibility, focus and working 

memory, whereas inhibition of dopaminergic activity in the dorsolateral striatum of the 

basal ganglia during stress can restrict behavioural flexibility, impairing adaptation to 

changed contingencies, such as when an expected reward no longer follows a behaviour 

(Arnsten, 2011; Surmeier et al., 2011; Perrin and Venance, 2019; Douma and de Kloet, 

2020).  Dopaminergic activity in these regions is mediated by two main receptor subtypes 

(D1 and D2) that when bound to dopamine, excite or inhibit the activity of the neurons and 

the projection targets (Barrot, 2014).  In this way dopamine release can simultaneously 

exert excitatory and inhibitory effects on learning and behaviour (Nakanishi et al., 2014).  In 
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human working memory and cognitive control processes, dopamine’s effects on 

performance in tasks follows an inverted U shaped dose response curve similar to the dose 

effects of noradrenaline and glucocorticoid concentrations on cognitive performance (Cools 

and D'Esposito, 2011). 

Dopamine release and the activity of dopaminergic neurons during times of stress, reward 

or aversion is heterogenous and still being elucidated (Berke, 2018; de Jong et al., 2019); 

however, exposure to mild or intermittent stress increases dopamine neuron firing from the 

VTA to PFC and amygdala to support active, behavioural responses to cope with the stressor 

(Arnsten, 2011; Cabib and Puglisi-Allegra, 2012; Weele et al., 2019), whereas prolonged or 

severe stress has the opposite effect and can lead to passive coping behaviour (Bloomfield 

et al., 2019; Douma and de Kloet, 2020).  Exposure to heterotypic stressors may alter 

dopamine activity (Douma and de Kloet, 2020), and depending on the duration and intensity 

of the stress, sensitise or depress dopamine release, and consequently learning (Watt et al., 

2014).  Exercise is associated with increased peripheral dopamine release and beneficial 

learning performance in humans (Winter et al., 2007) and its activity is theorised as a key 

mediator of the positive effects of exercise on cognition (Eddy et al., 2014; Chen et al., 

2017a). 

2.5.5 Serotonin 

Similar to dopamine, serotonin (5-hydroxytryptamine) is implicated in learning adaptive 

behaviour in response to stressors, particularly in relation to controllability (Amat et al., 

2006) and reversal learning (Hurtubise and Howland, 2017).  Exposure to uncontrollable 

stress elicits large amplitude serotonin release from the medial dorsal raphe nucleus to a 

wide range of serotonergic brain regions including the amygdala, PAG and PFC which 

coordinate active coping behaviour during stress (Maier and Watkins, 2005).  This signalling 

cascade ultimately inhibits activity in this network and consequently, animals exposed to 

acute, large amplitude increases in serotonin concentrations fail to learn to escape stressors 

because they resort to inactive coping behaviours such as freezing or general impassivity 

(Maier and Watkins, 1998; Amat et al., 2005; Amat et al., 2006; Cools et al., 2008; Hindi 

Attar et al., 2012).  High concentrations of serotonin are also associated with enhanced 

sensitivity to threat associated stimuli and increased state anxiety (Daw et al., 2002; Cools et 

al., 2011).  Peripheral serotonin concentrations have been measured in horses undergoing 
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various types of exercise (D'Ascola et al., 2018), disease state (Ayala et al., 2012) or nutrition 

program (Bruschetta et al., 2018) but have yet to be explored in horses relation to learning 

or behaviour . 

2.5.6 Brain derived neurotropic factor 

BDNF is a neurotrophic growth factor critical for the persistence of learning dependent 

synaptic plasticity (Gray et al., 2013; Bekinschtein et al., 2014; Arango-Lievano et al., 2019).  

BDNF and its receptors are expressed widely across brain networks (Bekinschtein et al., 

2014; Bathina and Das, 2015).  The expression of BDNF and its receptors is activity 

dependent, and exercise, stress and even the act of learning can influence its activities (Bath 

et al., 2013; Bekinschtein et al., 2014; Bennett and Lagopoulos, 2014; Walsh and 

Tschakovsky, 2018; Loprinzi and Frith, 2019).  BDNF is released during exercise in an activity 

dependent manner (Walsh and Tschakovsky, 2018; Wu et al., 2020) and has shown to both 

increase peripheral levels of BDNF and improve cognitive function in rodents and some but 

not all human studies. (Adlard and Cotman, 2004; Alomari et al., 2013; Piepmeier and 

Etnier, 2015; Polacchini et al., 2015; Borror, 2017).  Exercise increases expression of BDNF 

across the brain, whereas stress exerts different effects depending on the region.  For 

example, stress increases the activity of BDNF receptors in the amygdala and dorsal 

striatum, biasing habit like behaviour (Pitts et al., 2018).  Learning activities can elicit BDNF 

increases; in rats the learning of a leverpress avoidance task increased BDNF expression in 

the hippocampus (Albeck et al., 2005) and concentrations in the dorsolateral striatum were 

positively associated with enhanced avoidance learning (Albeck et al., 2005).  These effects 

occur synchronously with glucocorticoids release and GR activity and depending on the 

situation, high concentrations of glucocorticoids, such as can occur as a result of stress can 

impair BDNF activity (Suri and Vaidya, 2013; Jeanneteau et al., 2019).  

Acute and chronic stress exposure reduces BDNF expression in the hippocampus whilst 

simultaneously increasing it in the basolateral amygdala with resultant hypotrophy and 

hypertrophy of dendritic spine arborisation respectively (Lakshminarasimhan and Chattarji, 

2012).  Stress may suppress of BDNF expression in the hippocampus leading to spatial 

learning deficits (Heldt et al., 2007; Zoladz Phillip et al., 2012), in comparison, exercise can 

increase BDNF expression and in stress exposed rats, rescuing spatial memory performance 

(Ortiz et al., 2014).  Low levels of BDNF are also associated with mood impairments (Ortiz et 
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al., 2014; Bjorkholm and Monteggia, 2016).  BDNF in concert with glucocorticoids receptor 

activity is necessary for the acquisition of goal-directed instrumental learning (Gourley et al., 

2012) and the consolidation of those memories (Arango-Lievano et al., 2019). 

Peripheral BDNF levels have been correlated to hippocampal levels in the rat and pig, 

(Piepmeier and Etnier, 2015; Maass et al., 2016) as well as the human brain (Rasmussen et 

al., 2009).  There is ongoing research into techniques to correlate activity in specific brain 

regions in humans and BDNF concentrations in circulation, such as via functional magnetic 

resonance imaging (fMRI), such as Mueller et al., (2016). In blood, BDNF is stored in 

platelets and during clotting is released into the serum, enabling detection in serum via 

assay techniques such as ELISA and Western Blotting (Naegelin et al., 2018).  Serum BDNF 

was measured in horses undergoing a 12 month training program and resting 

concentrations in the exercised horses were increased relative to controls over the course 

of the program (Kongoun et al., 2015).  Serum concentrations were positively aligned to 

welfare state in pigs (Rault et al., 2018).  The potential utility of BDNF as a marker of the 

effects of exercise and some forms of stress on equine cognition and learning should be 

further investigated. 

In addition to noradrenaline and glucocorticoids, a wide range of neurotransmitters and 

endocrine substances are released as a result of stressor and exercise that influence 

cognition, learning and memory (Joëls and Baram, 2009; Heijnen et al., 2016) including 

endogenous opioids (Valentino and Van Bockstaele, 2015) endocannabinoids (Ferreira-

Vieira et al., 2014; Atsak et al., 2015) and acetylcholine (Gold, 2003).   

2.6 Effects of stress on functioning of neural networks 

2.6.1 Goal directed and stimulus response neural networks 

Acute and chronic stress can influence the functioning and dominance of the goal-directed 

and SR systems (Dias-Ferreira et al., 2009; Braun and Hauber, 2013).  Under normal 

conditions as well as low or moderate controllable stress, the PFC exerts ‘top down’ 

modulation of the goal-directed circuit (Lévêque, 2014) as well as inhibiting the excitability 

of the BLA and CeA to facilitate flexibility and behavioural adaptation to challenges 

(Domenech and Koechlin, 2015).  In acute stress situations, particularly where it is intense or 

uncontrollable, high concentrations of glucocorticoids, noradrenaline and dopamine exert 
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inhibitory effects on the activity of the PFC which in turn disinhibits the SR system, 

particularly, DLS-amygdala (BLA and CeA) (Arnsten, 2015; Maier et al., 2015).  This permits 

amygdala driven ‘bottom-up’ control of behaviour, leading to enhanced activity in the DLS 

and a bias towards habitual responding and a failure to adapt to changed instrumental 

contingencies in reversal, extinction and other probes requiring behavioural adaptation 

(Goodman et al., 2015; Siller-Perez et al., 2017).  

In situations of chronic stress, a loss of dendritic complexity in regions of the goal directed 

system including the PFC, DMS and hippocampus, with concomitant increase in arborisation 

(dendritic complexity) in the amygdala and DLS are believed to underlie SR bias at the 

expense of goal-directed behaviour (Dias-Ferreira et al., 2009; Holmes and Wellman, 2009; 

Reser, 2016).  The end result is that behavioural sequences during stress may be rigid, less 

sensitive to the valence of outcomes and be repeated despite their ineffectiveness in 

resolving the situation.   

In horses, examples of stress-induced habitual behaviour could include an inability to 

navigate through a gateway due to persistent fence running (inability to adapt behavioural 

strategy/impaired spatial memory), or persistent repetition of an unwanted behaviour 

under saddle despite receiving repeated punishment (insensitivity to the consequence of 

the behaviour).  However, chronic stress induced deficits in the brain regions such as the 

hippocampus that are believed to mediate chronic stress effects on learning and memory in 

adult animals are reversable following stressor termination (Conrad, 2010) or interventions 

such as exercise (Kim and Leem, 2016). 

Acute stress also alters dopamine release, which can enhance learning about appetitive 

rewards and but also impair an organism’s ability to update their expectations when 

aversive contingencies change.  For example, Raio et al., (2017) trained human subjects to 

associate one cue with shock and another cue with safety from shock, and after exposure to 

stress, the outcomes associated with the cues were reversed and the stressed participant’s 

ability to adapt their responses to the changed contingencies was impaired compared to the 

control group.  That is, the stressed participants received more shocks because they 

continued choosing the cue previously associated with rewards.  This finding has relevance 

to situations in which horses are required to learn new responses to previously trained cues, 
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such as occurs during retraining where the aim is to extinguish unwanted responses and 

reinforce new ones. 

In horses, a stress induced inhibition of the goal-directed network could be beneficial if the 

horse defaults to SR behaviour under the stimulus control of the rider or handler, allowing 

them to maintain control despite stress system activation.  Alternatively, if the situation 

requires behavioural adaptation, the default to maladaptive responses or those that are not 

under the stimulus control of the rider could lead to safety or welfare risks.  While some 

authors have examined active vs proactive coping styles in horses in response to training or 

stress (Budzynska, 2014; Goldhawk et al., 2021), it is not clear that these reflect the relative 

dominance of the goal-directed versus SR neural networks and further research could 

explore this.  In particular, a greater understanding of the influences or factors that impair 

cognitive learning or memory related flexibility in horses could be of significant benefit to 

improve rider control, safety and also horse welfare.  

2.6.2 Effects of stress on the defensive brain network 

Exposure to stress can potentiate fear conditioning and associated defensive behaviours 

such as freezing in rodents though the neural mechanisms by which this occurs are still 

being elucidated (Cordero et al., 2003); however, there is likely a role for dopamine 

(Pignatelli et al., 2017) as well as other neurotransmitters  (LeDoux and Daw, 2018).  During 

increasing stress, such as where the immanence of a threat increases, hypothalamus inputs 

to the dorsal PAG reduce the threshold for firing of those neurons, generating a state of 

anxiety or fear and an increased probability of escape behaviour (Lefler et al., 2020).  There 

are currently no data on the contribution of the PAG to equine fear behaviour or fear 

related learning but given the highly conserved nature of mammalian fear circuitry it is likely 

to mirror the arrangement observed in rodents (Panksepp et al., 2011).  In the context of 

the horse-human interaction, exposure to stress could facilitate behaviour such as pulling 

back, shying at innocuous objects and the development of reflexive defensive behaviours 

such as reflexive shying even after the stress response has terminated.  Aside from the 

potential for injury to both horse and handler or rider, such behaviours are generally 

antithetical to the acquisition of unrelated tasks, such as novel instrumental learning. 
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2.7 Equine learning 

2.7.1 Cognitive studies 

Equine cognition has been the subject of a range of studies and reviews including recently, 

an examination of the likely neural underpinnings of aspects of equine learning and 

behaviour  (Hanggi, 2005; Nicol, 2005; Murphy and Arkins, 2007; Brubaker and Udell, 2016; 

McBride et al., 2017; Briefer Freymond et al., 2019).  This work falls into two broad 

categories, those focussed on the cognitive abilities of horses and those focussed on training 

outcomes, with some overlap.  In the context of this project, the cognitive abilities of horses 

in regard to their visual discrimination and spatial learning abilities are of relatively lower 

relevance than their instrumental learning abilities in the types of industry standard tasks 

that comprise the majority of human-horse interactions in training, competition and 

working contexts.  Consequently, the general equine cognitive studies will only be briefly 

reviewed; however, cognitive and training outcome studies including a stress or stress-like 

treatment are reviewed in more detail below as their findings have direct relevance to this 

investigation. 

Cognitive studies explore the cognitive or learning abilities of horses via visual 

discrimination/object recognition (Hanggi, 1999; Hanggi, 2003; Gabor and Gerken, 2010; 

Christensen et al., 2011b; Mengoli et al., 2014; Proops et al., 2018), auditory discrimination 

(Proops et al., 2009), spatial/maze learning (Kratzer et al., 1977; McLean, 2004; Murphy, 

2009; Parker et al., 2009b; Briefer Freymond et al., 2020), response inhibition (Parker et al., 

2008; Roberts et al., 2017b), avoidance learning (Haag et al., 1980; Rubin et al., 1980; McCall 

et al., 1993), response strategy (Baragli et al., 2017) and cross-species facilitated learning 

(Proops and McComb, 2010; Lovrovich et al., 2015).  There is an instrumental learning 

component to the design of these studies, where correct discriminations are rewarded with 

food rewards or the escape/avoidance of aversive stimuli and the synaptic plasticity 

underpinning this learning is likely mediated by appetitive based dopaminergic driven 

prediction errors via VTA dopamine neurons projecting to the DMS and elsewhere.   

Horses possess considerable visual discrimination abilities (Hanggi, 2005) including making 

use of human enhanced cues (Proops et al., 2010; Krueger et al., 2011; Lovrovich et al., 

2015), moderate maze navigation abilities (McLean, 2004; Murphy, 2009; Parker et al., 
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2009b; Briefer Freymond et al., 2020) as well as readily acquiring negatively reinforced 

motor responses (Visser et al., 2003; Ahrendt et al., 2015).  Some studies have specifically 

explored the cognitive abilities of horses, with only a minority using negative reinforcement 

designs (Rubin et al., 1980; Visser et al., 2003; Valenchon et al., 2013b; Valenchon et al., 

2017).  A subset of the negative reinforcement studies have specifically used the types of 

industry standard negative reinforcement learning tasks, such as making locomotory 

responses to pressures applied to various loci of their bodies, that horses are routinely 

required to learn during the human-horse interaction (Ahrendt et al., 2015; Fenner et al., 

2017).   

There is substantial evidence that the neural substrates of appetitive and aversive learning 

differ (Barberini et al., 2012; Lammel et al., 2014; Wendler et al., 2014; Gentry et al., 2019) 

and consequently, cognitive abilities tested using appetitive tasks may not be illustrative of 

a horse’s ability to learn aversively motivated tasks.  Indeed, several studies have reported a 

lack of correlation between horses’ learning acquisition or performance in tests comparing 

reinforcement modalities.  That is, the ability of individual horses to rapidly acquire or 

perform a positive reinforcement task at high levels of accuracy is not associated with their 

performance in negatively reinforced learning tasks administered within the same training 

period (Visser et al., 2003; Lansade and Simon, 2010; Christensen et al., 2012).   

2.7.2 Cognitive flexibility studies 

A subset of cognitive studies have specifically explored cognitive flexibility, where the ability 

of horses to adapt their responses to changes in instrumental contingency is evaluated.  

These provide valuable translational value for human-horse interactions during riding and 

handling on account that as already noted, cognitive flexibility is frequently required of 

horses during their interactions with humans.  As with the majority of studies in this field in 

other species, the instrumental contingencies tested in equine cognitive flexibility studies 

are appetitive and so the same caveats in regard to the applicability to aversive contexts 

applies.   

Cognitive flexibility has been experimentally demonstrated in horses via extinction, reversal 

or contingency degradation, with the majority of studies using appetitive tasks (Fiske and 

Potter, 1979; McCall and Burgin, 2002; Martin et al., 2006; Hemmings et al., 2007; Roberts 
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et al., 2015; Lansade et al., 2017; Fortin et al., 2018; Briefer Freymond et al., 2019) and a 

single aversive task study (Valenchon et al., 2013b).  There appears to be no studies of the 

extinction of unwanted industry type tasks such as occurs when horses undergo ‘retraining’.  

In horses displaying oral stereotypies, evidence of impaired extinction of appetitive 

instrumental learning tasks has been reported in studies using two different extinction 

procedures; the omission of rewards paired with a CS (Hemmings et al., 2007) and a 

contingency degradation procedure (Roberts et al., 2015).  In addition, Roberts et al., (2015) 

reported that the crib-biting horses’ behaviour developed the extinction resistant habit-like 

behaviour after a small number of trials (20).  The lack of cognitive flexibility in the horses in 

this study was attributed to atrophy of the DMS leading to reliance on DLS-somatosensory 

cortex network which maintained the habit in spite of the lack of rewards during extinction 

(Roberts et al., 2015).  In comparison Briefer-Freymond et al., (2019) used an appetitive 

visual discrimination reversal learning task and reported that the cognitive flexibility of crib-

biting horses was not impaired compared to controls.  The discrepancy in findings between 

these studies demonstrate the influence the type of learning task can have on learning 

performance or learning abilities (Nicol, 2002).  This effect is likely to be even greater when 

learning abilities are assessed across reinforcement modalities (positive or negative).  

In horses without stereotypies, Valenchon et al., (2013b) reported that horses assessed as 

having low sensitivity to tactile stimuli were slowest to undergo extinction of a negatively 

reinforced task whereas fearful horses were the slowest to extinguish a positively reinforced 

task.  They identified the influence of equine temperament factors on the horses’ 

motivation or propensity to continue making habitual responses in the absence of either 

reinforcement (food) or punishment.  Fortin et al., (2018) first exposed all subjects to three 

different contexts which contained stressors, food rewards and or no additional stimuli, and 

then tested their acquisition and extinction of an appetitive instrumental task in one of the 

three pre-exposure contexts.  The pre-exposure context did not influence the rate of 

acquisition of the task; however horses who learned the task in the neutral or stress context 

were slower to extinguish the task then the horses who learned it in the food rewarded 

context.  Horses assessed as having fearful temperaments were also slower to acquire the 

task initially and were also slower to extinguish it.  However, there were no associations 

between learning acquisition or extinction performance and HR or salivary cortisol.  
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Collectively, these studies provide valuable insight to understanding equine cognitive 

flexibility confirming that temperament and altered dopamine signalling in stereotypy 

horses can exert a strong influence over cognitive performance (Hemmings et al., 2007; 

Roberts et al., 2015) and that a higher level of emotionality is associated with impaired 

cognitive flexibility in non-stereotypical horses.  However, there is still a gap in the literature 

regarding cognitive flexibility during aversive learning tasks that is frequently required of 

domestic horses especially when they undergo retraining.  

In addition to the already noted differences in neural activity supporting appetitive versus 

aversive learning (Barberini et al., 2012; Ilango et al., 2012; Trusel et al., 2019; Wulff et al., 

2019), the largely spatial and visual discrimination tasks used in the existing equine cognitive 

flexibility studies are heavily dependent on the hippocampus, whereas locomotory based 

instrumental tasks that are performed independently of specific contexts (as is customary 

for horses who are ridden at multiple locations) will be largely under the control of the basal 

ganglia with a lesser role of the hippocampus (Corbit and Balleine, 2000; Balleine et al., 

2009).  There is considerable heterogeneity in signalling within and to the projection targets 

of basal ganglia dopamine neurons in regards to aversive versus appetitive learning 

(Matsumoto and Hikosaka, 2009; Conrad, 2010; de Jong et al., 2019; Verharen et al., 2020; 

Iordanova et al., 2021).  Consequently, there is a need for further research into aversively 

motivated cognitive flexibility in horses as this reflects prevailing industry conditions. 

2.7.3 Training outcome studies 

Training outcome studies investigate the effect of specific training method (s) on 

behavioural and physiological outcomes arising from the method (s) as the measure of what 

has been learned during the training.  In comparison to cognitive studies, these largely use 

training methods and learning tasks that are common to industry settings, including training 

horses to saddle (Rivera et al., 2002; Visser et al., 2009; Fowler et al., 2012; Janczarek et al., 

2013), training them to load onto a transport vehicle (Ferguson and Rosales-Ruiz, 2001; 

Hendriksen et al., 2011) or approach or cross novel objects (Christensen, 2013; Squibb et al., 

2018; Rosselot et al., 2019; Hartmann et al., 2021).  Learning related factors that are 

assessed can include relative differences in learning outcomes such as degree of task 

completion, latency to complete the task or accuracy/quality of performance.   
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On the whole, the findings of these studies are not generally interpreted in terms of the 

cognitive capacities of horses or the type of cognitive/learning processes employed as for 

example in Baragli et al., (2017) and Gabor-Gerken et al., (2010) or the putative 

neurobiological underpinnings that could explain the observed differences.  Rather they are 

explained as the result of the putative stressfulness of the training method (Visser et al., 

2009), its alignment with the ethological characteristics of horses (Fureix et al., 2009b; 

Visser et al., 2009; Kedzierski et al., 2012), temperament related factors (Lansade and 

Simon, 2010), past training or handling experiences (Rosselot et al., 2019), management 

factors (Rivera et al., 2002) or the type of reinforcement used (appetitive or aversive) 

(Hendriksen et al., 2011).  Not all horses successfully acquire learning tasks in some studies 

and this may be attributed to differences in motivation (such as between appetitive or 

aversive tasks) (Visser et al., 2003) or differences in the efficacy of the particular training 

method (Hendriksen et al., 2011; Fowler et al., 2012). 

As in rodent studies of avoidance where high levels of a fear-related behaviours such as 

freezing are negatively correlated with acquisition of the escape or avoidance response 

(Fernández-Teruel and Tobeña, 2020; Laughlin et al., 2020), some but not all training output 

studies report that behavioural indicators of stress are correlated with lower performance in 

tests, particularly where subjective criteria are used to assess performance (Fowler et al., 

2012; Christensen et al., 2021).  However, when quantitative measures are used, such as the 

number of correct responses, there may, or may not be a relationship between behavioural 

or physiological indicators of stress or emotion and performance in learning tasks (Visser et 

al., 2003; Visser et al., 2009).  In a small number of studies, quantitative data about the 

amount of pressure applied during the training of industry type aversively motivated 

instrumental responses is collected via tensiometer devices (Ahrendt et al., 2015; Fenner et 

al., 2017).  These studies show that as horses acquire the instrumental contingency, the 

amount of pressure applied to elicit the responses declined and in Fenner et al., (2017) the 

horses were able to learn to avoid it all together.  These data provide important behavioural 

evidence of phenomenon such as avoidance learning for which there is substantial 

neuroscience research (Cain, 2019) and their findings align with rodent studies (LeDoux and 

Daw, 2018) demonstrating that horses readily learn to avoid aversive training pressures and 

as they do so, behavioural indicators of stress may decline (Fenner et al., 2017).   
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In general, studies that employ methods enabling horses to adapt to the training, rather 

than following rigid timeframes elicit fewer behavioural signs of stress (Visser et al., 2009; 

Baragli et al., 2011); however, the strength of associations between physiological indices 

such HR, heart rate variability (HRV) and cortisol for example and behavioural indicators or 

stress or learning outcomes varies between studies (Visser et al., 2003; Christensen et al., 

2012; Squibb et al., 2018; Rosselot et al., 2019).  Consequently, the likely influence of 

specific neural ensembles or patterns of neurotransmitter release on the reported 

behavioural or learning outputs is not clear.  For example, in Fowler et al., (2012) the two 

training methods being compared elicited similar maximum HRs, but the timing of the peaks 

varied during the specific components of the training methods.  However the performance 

of the horses in test varied significantly based on subjective assessments by industry 

observers assessing the performance.   

While the training outcome studies in general suggest that behavioural and sometimes 

physiological indicators of stress may impair learning or the retrieval of learning, there is a 

gap in analytical effort to assess the putative neural underpinnings of these findings.  It is 

likely that where factors attributed to stress are nominated as a reason for poorer 

performance it could be due to the influence of stress induced inhibition of flexible PFC 

mediated circuits and disinhibition of habit-SR network (Arnsten, 2015; Quaedflieg and 

Schwabe, 2018); however, this requires confirmation.  While horse owners are likely to rely 

most heavily on behavioural indicators to assess both learning progress and affective state 

(Hall et al., 2018), the increasing application of the findings of neuroscience in a wide range 

of human endeavours including mental health treatments (Arnsten et al., 2015), exercise 

programs (Voss et al., 2011), and education (Han et al., 2019), demonstrate that providing 

information about the likely neural processes that drive behavioural responses during 

training may assist owners to improve their practice.  

There is some work in this field already. McBride et al.,(2017) undertook a detailed review 

of applied neurophysiology of relevance to horse cognition as well as training.  In addition, 

empirical research conducted by McBride, Hemmings and co-workers on the learning 

abilities of horses affected by stereotypical behaviours, focussed on behavioural correlates 

of dopaminergic activity in DLS and DMS (Hemmings et al., 2007; Parker et al., 2009b; 

McBride et al., 2017; Roberts et al., 2017a) has demonstrated that horses performing oral 
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stereotypies may persevere in unrewarded responses for longer than controls and acquire 

habit-like behaviour more rapidly.  This has been interpreted as evidence of a dysfunction in 

dopamine signalling in the ventral and dorsomedial striatum (Roberts et al., 2015).  To 

counter the rapid acquisition of habits in horses with oral stereotypies after a small number 

of trials, Roberts et al.,(2015) provided practical advice to owners of such horses to mitigate 

this occurrence, recommending they be alert to the rapid development of habits during 

training and adapt their practice to avoid this.  In a separate study by Roberts et al., (2016), 

horses assessed as more anxious by owners had increased eye blink rates, a correlate of 

dopaminergic activity in the dorsal and ventral striatum (Jongkees and Colzato, 2016). 

Roberts et al.,(2015) suggested that eye blink rate could be used by horse buyers to assess 

the temperament of horses being considered for purchase. These two studies provide 

examples of where the translation of neuroscience research in other species, combined with 

data collected from horses, can be used to provide practical benefits to horse owners. 

2.8 Stress and horses 

2.8.1 Sources of stress in the horse-human interaction 

A wide range of common husbandry, management, transport, training, competition and 

environmental stimuli elicit physiological and behavioural stress responses in horses, 

[reviewed in Budzynska (2014), Bartolome and Cockram (2016), De Santis et al., (2017), 

König von Borstel et al., (2017)].  These stressors may cause significant increase in heart rate 

(HR), peripheral cortisol, and catecholamines, all of which are likely to influence cognition, 

learning and memory in addition to their effects on physiological functioning.  

Acute stressors may be experienced during riding (Zebisch et al., 2014) or foundation 

training (Kedzierski et al., 2012; Kedzierski et al., 2014) due to the application of aversive 

pressures which may initially be unpredictable and uncontrollable until the horse learns the 

behaviour required by the trainer.  Short term separation from conspecifics (Reid et al., 

2017), transport journeys (Padalino and Raidal, 2020), intense exercise (Kurosawa et al., 

1998), exposure to fear inducing stimuli such as clippers (Yarnell et al., 2013) and pain (Reid 

et al., 2017) may also be experienced as acute stressors.  Chronic stressors may include 

ethologically unsuitable housing (Cooper and Mason, 1998; Pawluski et al., 2017), frequent 

disruption to social groupings (Alexander and Irvine, 1998; Christensen et al., 2011a), daily 
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riding by inexperienced riders (Fureix et al., 2012b), painful equipment (Fenner et al., 2016) 

and long term clinical pathologies or lameness (Dyson et al., 2018).  Different techniques 

and equipment may attenuate or mediate stress-related behaviours during training (Wilson, 

2004; McGreevy and McLean, 2010; Baragli et al., 2011; Fowler et al., 2012).  In addition, 

some of the horse training techniques evaluated in training outcome studies have been 

shown to elicit stronger intensities of anxiety and fear-like behaviours compared to others, 

for example ‘conventional’ methods that do not take into account the ethological 

characteristics of horses (Fureix et al., 2009b; Visser et al., 2009; Baragli et al., 2011).  

In many investigations, the focal stressor may comprise a combination of psychogenic and 

exercise components, confounding attempts to disentangle the separate contributions to 

physiological and behavioural responses to the stressor (König von Borstel et al., 2017).  For 

example, both acute stress and exercise increase noradrenaline and consequently 

emotional arousal which may increase vigilance and distractibility (Pagliari and Peyrin, 1995; 

Morilak et al., 2005), which could present as similar behaviours such as a high head carriage 

or a lack of attention towards handlers (König von Borstel et al., 2017).  However, as studies 

in other species have demonstrated, exercise can result in neurotransmitter release that is 

protective against stress impairments on learning and memory (Mello et al., 2008; 

Greenwood et al., 2012; Chen et al., 2017b).  Consequently, the fact that horses are 

exercised during many learning activities may be one explanation for their ability to perform 

conditioned behaviour on cue despite experiencing stress.   

2.8.2 Physiological indicators of stress and their neural correlates 

Stress in horses is identified via a combination of behavioural and physiological indicators 

(Hall et al., 2008; McBride and Mills, 2012; Budzynska, 2014; Bartolome and Cockram, 2016; 

De Santis et al., 2017; König von Borstel et al., 2017).  Many putative indicators of stress-

system activation in horses have been identified including changes to behaviour (Young et 

al., 2012), immune function (Padalino et al., 2017a), cardiac outputs (HR and HRV) (Visser et 

al., 2002), eye temperature (Ijichi et al., 2018), peripheral levels of cortisol or its metabolites 

(Valenchon et al., 2013c; Padalino and Raidal, 2020), adrenocorticotropic releasing hormone 

(ACTH) (Ayala et al., 2012), and β-endorphin (Budzynska, 2014; König von Borstel et al., 

2017).   
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2.8.2.1  Heart rate and Heart rate variability in stress exposed horses 

Changes to cardiac output are the most commonly reported variable in equine psychosocial 

stress studies, either directly via heart rates or indirectly via heart rate variability (Randle et 

al., 2019).  HR responses to external and internal stressors generally occur with high 

temporal resolution, facilitating ready isolation of physiological responses to stimuli even 

when the quantum of the response is small (Wascher, 2021).  Equine cardiac function has 

been extensively characterised and heart rates increase in response to increased metabolic 

demand (Hodgson, 2014) as occurs during exercise as well as during exposure to some 

stressors that typically elicit flight responses (Visser et al., 2002).  HR also increases during 

physiological states such as colic and pain (Marr and Bowen, 2010; Contreras-Aguilar et al., 

2018).  Increases to cardiac output are generally, but not always the result of sympathetic 

nervous system (SNS) activity, in particular, beta-adrenergic signal transduction cascades 

(Barman and Yates, 2017), and peripheral concentrations of adrenaline and noradrenaline 

increase in a linear relationship to HR in horses during moderate and high intensity exercise 

as well as during short but not long distance road transport (Snow et al., 1992; González et 

al., 1998; Kurosawa et al., 1998; Nagata et al., 1999; Baragli et al., 2006; Medica et al., 

2017).  In studies of equine stress, changes to HR in response to treatment interventions are 

used as a proxy for SNS and parasympathetic nervous system (PNS) influences and increases 

in HR are interpreted as evidence of activation of a stress response, whereas decreases are 

interpreted as evidence of PNS influences (König von Borstel et al., 2017).   

Heart rate variability is the change in the duration of intervals between successive heart 

beats and has been associated with affective state, stress responses as well as a variety of 

disease states, particularly in humans (Shaffer and Ginsberg, 2017).  HRV is increasingly used 

in equine psychophysiology research to infer stress impacts on affective state in horses 

(Stucke et al., 2015; König von Borstel et al., 2017).  HRV has been used to infer the relative 

influence of the PNS and SNS in equine (Stucke et al., 2015; Contalbrigo et al., 2021) and 

human studies (Choi et al., 2017) and inferences regarding welfare or affective state have 

been drawn.  Absolute declines in HRV or in the values of frequency bands believed to 

reflect the ratio of PNS to SNS influences on cardiac outputs are cited as indicators of the 

dominance of the SNS and interpreted as evidence of a state of stress (Stucke et al., 2015).  

However, reviews of human (Billman, 2013; Hayano and Yuda, 2019) and equine studies 
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(Stucke et al., 2015) suggest that many results may be overinterpreted.  This is likely due to 

wide range of factors that influence the collection and analysis of HRV data such as the 

choice of collection technology (Parker et al., 2009a) or data correction (van Vollenhoven et 

al., 2016) as well as the range of physiological factors unrelated to PNS vagal nerve activity 

that can influence HRV measures.  These can include respiratory frequency (Penttilä et al., 

2001) and locomotion (Giles and Draper, 2018).  Consequently, while HRV has a body of 

literature supporting its use to infer relationships between affective state, welfare and 

physiology, it should be interpreted cautiously and in combination with additional 

measures.  

2.8.2.2  Putative Indicators of neural activity in horses exposed to stressors 

In human studies, peripheral measures of neuroactive substances such as cortisol, 

adrenaline, dopamine and BDNF are correlated to behavioural outputs in learning tests after 

stress or exercise to estimate their potential contribution to learning often alongside fMRI 

data, though not all studies report evidence of a correlation (Winter et al., 2007; Schwabe et 

al., 2011; Roig et al., 2016; Walsh and Tschakovsky, 2018; Smeets et al., 2019).  Some 

neuroactive substances are secreted in peripheral tissues, such as muscles (BDNF) (Coelho 

et al., 2013) or the gastrointestinal tract (serotonin) (Gershon, 2013) further complicating 

assessments of their contribution to neural activity subserving observed behavioural or 

learning outcomes.  

Cortisol is frequently used an indicator of the evidence for or intensity of a physiological 

stress response to an intervention in equine studies but only a handful have attempted to 

evaluate it in terms of its effect on learning.  It is inconsistently correlated with behavioural 

outputs or other indicators such as HR or HRV in many studies (Randle et al., 2019; Hovey et 

al., 2021).  Cortisol is analysed in saliva, serum, plasma, faeces and hair (König von Borstel et 

al., 2017).  While blood concentrations are frequently analysed in equine exercise 

physiology (Nagata et al., 1999) and some studies of stress exposure (Fazio et al., 2013a), 

the analysis of saliva to determine cortisol responses to stress exposures in horses is now 

widely used.  The detection of cortisol in saliva has been validated for horses (Schmidt et al., 

2010a) and collection procedure has the advantage of being minimally invasive as domestic 

horses are usually habituated to the insertion of foreign objects such as bits or worming 

products into their mouths and the consequent lack of an impact on stress responses from 
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the collection procedure (Gorecka-Bruzda et al., 2017) reduces the risks of the collection 

itself initiating HPA activation.   

Salivary cortisol has been shown to correlate highly with concentrations of unbound/free 

cortisol in the circulation.  In humans in response to ACTH challenge, cortisol concentrations 

increased more rapidly in saliva than in serum (Teruhisa et al., 1981), and Vining et al., 

(1983) reported that saliva and serum concentrations reached equilibrium after ACTH 

challenge within 5 minutes.  In contrast, Peeters et al., (2011) reported that serum 

concentrations in horses increased more quickly than in saliva, but returned to basal levels 

more quickly in saliva.  There is currently no data testing comparing cortisol dynamics in 

saliva and blood fractions in horses in response to psychosocial stressors.   

The timing of sampling for cortisol, particularly for short term fluctuations is critical to 

ensure intervention related changes are captured (Goldfarb, 2019).  Studies in rodents show 

that brain concentrations may peak later than peripheral concentrations (Droste et al., 

2008; Goldfarb, 2019).  Cortisol concentrations not only reflect stress but also emotional 

arousal associated with positive affect or pre-feeding states (Droste et al., 2008; Koolhaas et 

al., 2011).  However, the conditions or intervention in which it is measured will provide 

context as to the affective valence associated with observed cortisol dynamics.  In the 

context of equine cognition, an important consideration is whether cortisol concentrations 

are associated with specific learning outputs as this provides a mean to infer putative neural 

activities related to the behavioural evidence (Goldfarb, 2019).  

Other neuroactive substances that have been peripherally measured in horses in relation to 

welfare state but not cognition include serotonin (Ayala et al., 2012; Bruschetta et al., 2013), 

dopamine (Assenza et al., 2018; Contalbrigo et al., 2021), adrenaline and noradrenaline 

(Medica et al., 2017) and salivary alpha amylase (sAA) (Fuentes-Rubio et al., 2015; 

Contreras-Aguilar et al., 2018; Contreras-Aguilar et al., 2019).  Real time changes in levels of 

adrenaline have been measured in horses exercised on a treadmill as well as in horses 

undergoing road transport using an indwelling catheter (Baragli et al., 2006; Medica et al., 

2017); however, this approach is methodologically difficult to replicate in ridden horses and 

there are no data on peripheral adrenergic concentrations and learning or behaviour. sAA is 

a validated correlate of sympathetic system activation, specifically adrenergic output 

(adrenaline and noradrenaline) (Thoma et al., 2012).  It has been measured in horses 
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(Fuentes-Rubio et al., 2015) and concentrations correlate with cortisol during severe disease 

or in response to stress (Contreras-Aguilar et al., 2019).  There is no current data on whether 

sAA corelates to learning outputs in horses, but in a study in humans, in male but not female 

subjects, there was a linear relationship between sAA, salivary cortisol and the recall of 

intrusive emotional memories, (Bryant et al., 2013).  Serotonin which is released in response 

to uncontrollable stress (Amat et al., 2005) is another candidate that could contribute to 

stress system activation assessment in horses.  It has been measured in horses in relation to 

diet and exercise factors (Bruschetta et al., 2013; Bruschetta et al., 2018; D'Ascola et al., 

2018); however, there are also no data on how accurately plasma serotonin correlates to 

dorsal raphe nucleus serotonin release in horses and whether it reflects gastrointestinal 

(Gershon, 2013) or brain concentrations.  

BDNF has been measured in equine serum and concentrations increased in response to a 

physical conditioning program in polo horses (Kongoun et al., 2015).  A number of 

commercial ELISA assays validated for use in humans, rodents, swine and dogs are available 

to measure BDNF levels in plasma and serum (Polacchini et al., 2015) and there is a high 

level of homology between human and equine BDNF mRNA (Wessels et al., 2014).  The 

addition of BDNF, serotonin and sAA to the range of established stress-related physiological 

measures could contribute additional richness to understanding the effects of psychogenic 

and exercise stress on equine learning as well as provide additional data to support 

assessments of affective state and consequently the horse’s welfare.   

2.8.3 Equine behavioural indicators of stress 

Despite extensive and ongoing work in this area, there is currently no validated ethogram 

cataloguing of all forms of stress-related behaviours in ridden and handled horses (Hall and 

Heleski, 2017).  Ethograms for pain and discomfort behaviours have been developed (Dalla 

Costa et al., 2014; Gleerup et al., 2015; Dyson et al., 2018; Torcivia and McDonnell, 2021) 

and many similar behaviour state changes and alterations to behaviour frequencies are 

observed across studies investigating stress or welfare in domestic horses (König von Borstel 

et al., 2017; Hall et al., 2018).  For example, stress exposure is reported to cause changes to 

locomotion (Leiner and Fendt, 2011), tail carriage, (König von Borstel et al., 2009; Górecka-

Bruzda et al., 2015) vocalisation, (Kay and Hall, 2009), head position (Marsbøll and 

Christensen, 2015), ear position (Wilk and Janczarek, 2015), approach and avoidance 
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behaviour (Lansade et al., 2008a), oral movements (Leiner and Fendt, 2011), lip posture 

(Leiner and Fendt, 2011), facial musculature (Dalla Costa et al., 2014; Dyson et al., 2018) and 

the frequencies of behaviours such as shying, bolting , bucking (Rivera et al., 2002; Jung et 

al., 2019), and head tossing (Fenner et al., 2017).  Stress related behaviours are generally 

interpreted as signs of compromised welfare (König von Borstel et al., 2017).  

Based on the accumulated evidence of studies in horses, many tactile, auditory, exertional, 

environmental and perturbations to ethological needs are perceived as stressful by horses 

and many are common features of industry settings (Christensen et al., 2011a; Yarnell et al., 

2013; Dyson et al., 2015; Fenner et al., 2016; Waran and Randle, 2017).  Depending on the 

duration, frequency, intensity and controllability of these stressors, it is likely they could 

affect the acquisition, consolidation and retrieval of training related memories in horses 

exposed to them.  

2.9 Stress effects on equine learning 

Relatively little is known about the effect of psychogenic stress system activation on equine 

cognition during routine handling and riding.  The majority of what is known about the 

effects of stress on learning acquisition, consolidation comes from a serious of studies by 

Valenchon and co-workers (Valenchon et al., 2013a; Valenchon et al., 2013c; Valenchon et 

al., 2017; Fortin et al., 2018).  Their work suggests that some equine learning processes are 

particularly sensitive to perturbation by stress and fearful horses in particular show the 

greatest decrements, particularly in relation to appetitive tasks as well as during extinction.  

Other studies have indirectly evaluated the effects of stress on learning by including 

activities with stressful characteristics.  

Valenchon et al. (2013a) tested the working memory of female ponies in a disappearing 

food test and then exposed half to an acute stressor of unpredictable auditory, visual and 

tactile stimuli and then retested their working memory.  The duration of the stress exposed 

horse’s working memory was significantly reduced compared to the unstressed horses.  The 

stressed horses had significantly higher HRs during the second test and also displayed a 

variety of behavioural signs of anxiety as well as attention to non-task related stimuli the 

authors interpreted as interfering with their ability to focus on the task.  In human studies, 

stress can impair or enhance some types of working memory, via catecholaminergic 
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mediated upregulation of synaptic transmission in the PFC (Luethi et al., 2009; Arnsten, 

2011; Sara and Bouret, 2012); however, high concentrations of noradrenaline can also 

increase vigilance and distractibility (Arnsten, 2009) which in this case may have decreased 

the horses’ capacity to attend to the details of the task.   

In the study by Valenchon et al., (2013c), the effect of 30 minutes of uncontrollable stress 

exposure either immediately prior to and after an appetitive visual discrimination learning 

task or control condition, was compared.  The stress-prior to learning had a tendency to 

enhance the horses’ acquisition of the task compared to the control and stress-after groups.  

Acute stress can enhance reward based learning due to excitation of VTA dopamine neurons 

projecting to the nucleus acumbens (Stelly et al., 2020).  However, during a second training 

session, the horses in the stress-after group failed to significantly improve their 

performance in comparison to the stress-before group who tended to improve and control 

horses who significantly improved.  This was despite the fact that this group experienced 

stress induced increases in cortisol during the early consolidation of the learning memory 

which should have enhanced its consolidation (Joëls et al., 2013). 

The impairing effect of the post learning stress treatment in this study which occurred 

during the early consolidation window may have disrupted the consolidation of the learning 

memory via glucocorticoid MR mechanisms, impairing performance in the later test.  This 

effect may relate to a dose effect of the elevated cortisol in this group, as moderate 

increases in cortisol in rodents are correlated with enhanced learning performance (Sandi 

and Pinelo-Nava, 2007).  The stressed-before group commenced the learning task with 

elevated salivary cortisol and both stress groups had elevated concentrations during the 

memory consolidation window after learning.  Consequently, both groups should have 

benefited from enhanced consolidation compared to the unstressed groups and their 

performance in the second session could be expected to have improved.  However, it 

appears that consolidation of memories of the experimental context which included both 

the learning and stress exposure events were preferentially retrieved during the second 

training session where both stress treatments had higher frequencies of emotional arousal 

related behaviours than the unstressed controls.  Their increased alertness is possibly 

indicative of activation of vigilance neural networks that can interfere with attention on 

unrelated tasks (Joëls, 2018).  
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In comparison to their earlier study, Valenchon et al., (2017) reported that a short duration 

pre-learning stress exposure impaired performance in an appetitive instrumental learning 

task and had a tendency to impair performance in a matched aversive instrumental learning 

task compared to unstressed controls.  Horses in the aversive task who were assessed as 

fearful and exposed to the stressor had significantly impaired performance, whereas the 

performance of stressed horses not assessed as fearful was not as strongly affected.  The 

aversively trained horses also demonstrated evidence of avoidance learning thereby gaining 

a measure of control over their exposure to the aversive stimulus used to cue the 

instrumental response.  Control over a stressor inhibits serotonin release (and reduces state 

anxiety)(Amat et al., 2006) and successful avoidance of a predicted punishment induces 

phasic dopamine release into the nucleus acumbens (Oleson et al., 2012).  Collectively these 

processes induce synaptic plasticity in neural networks circuits controlling flexible action-

outcome behaviour to underpin improvements in learning; however, the data presented in 

this study does not permit assessment of whether these neural processes could have 

influenced the reported results.  

The difference in the reported effects of stress exposure between these two studies may lie 

with the differences in the application of the stressor.  Instead of a single longer duration 

pre-learning stressor which had a moderately enhancing effect on learning 

acquisition,(Valenchon et al., 2013c), the horses in Valenchon et al., (2017) were repeatedly 

exposed to short duration pre-learning stressors of 30 seconds study for a total of 45 

separate exposures eight separate learning sessions.  Consequently, there may have been 

cumulative effect of the multiple stress exposures on their performance which could explain 

the varying effects of the stress exposure on the learning performance across the two 

studies.  Chronic stress can induce hypertrophy of dopamine signalling neurons that can 

negatively affect reward based learning (Dias-Ferreira et al., 2009; Douma and de Kloet, 

2020).  These horses also had the largest increase in salivary cortisol concentrations which 

can attenuate feed intake as a result of stress exposure (Maniam and Morris, 2012), possibly 

reducing their motivation to respond in the appetitive learning task.  In contrast, it appears 

that aversively motivated learning may be less susceptible to interference from stress 

because as identified by Valenchon et al., (2017), the task itself may be inherently stressful 
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and consequently, the horses are more motivated to learn how to limit their exposure to 

the training stimuli.  

Fearful horses appeared the most sensitive to the effects of stress on learning across these 

studies, which could be a function of HPA reactivity as has been demonstrated in rodent 

models selected for high and low anxiety traits which are also correlated with learning 

impairments in high anxiety animals (Díaz-Morán et al., 2012).  Alternatively, noradrenaline 

release during stress is associated with anxiety, distractibility and vigilance (Tanaka et al., 

2000) that could also impair learning unrelated to the stressor (Valenchon et al., 2017).  

Further research could combine the temperament assessment model used in these studies 

to identify fearful phenotype horses and then assess physiological indicators via with real 

time measurements of catecholamine release or its surrogate, sAA to determine if the 

fearful phenotype is associated with upregulated HPA or noradrenergic activity.   

Other researchers have indirectly measured the effect of learning related stressors on 

subsequent learning performance.  Mengoli et al., (2014) tested the effects of equine 

appeasing pheromone (EAP) on cardiac responses and learning performance in a food 

rewarded visual discrimination task.  They reported an increase in heart rate during the 

acquisition of the task in the control group, which was interpreted as learning related stress, 

compared to EAP horses.  Learning performance in the EAP group was higher than in the 

control group, leading the researchers to conclude that EAP by reducing stress, could 

enhance learning.   

In comparison, the data presented by Fenner et al., (2017) showed that exposure to a mild 

controllable stress from a short negative reinforcement training session that significantly 

increased HRs compared to control horses, did not affect the subsequent acquisition of a 

second prior a second negative reinforcement task involving taking backward steps in 

response to a rein cue.  However, the treated horses had a lower probability of making a 

head toss compared to the control horses.  This was interpreted as indicative of the treated 

horses being more engaged in the second learning task (Fenner et al., 2017); however, 

because there were no significant differences between the treated and control groups for 

any learning or physiological metric during the backing task it is not clear the mild 

controllable stress facilitated the acquisition of the second task.  
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Christensen et al., (2012) found no correlation in the acquisition of a positively or negatively 

reinforced learning task and a fearful temperament as assessed by a novel object test or 

faecal cortisol metabolite levels, a result that differs from Valenchon et al., (2017).  

However, Christensen et al., (2012) did find that emotional arousal induced by a novel 

environment significantly impaired performance in the negative reinforcement task.  They 

also identified a strong correlation with behaviour during the fear test (locomotion and 

alertness) and poor performance of the negative reinforcement task while aroused.  This 

study provides potential evidence of a stress induced impairment of memory retrieval.  

Collectively, these studies provide evidence that exposure a single stressor (uncontrollable, 

unpredictable) can impair working memory (Valenchon et al., 2013a), and that multiple 

short exposures can also impair goal-directed learning in instrumental tasks (positive and 

negatively reinforced) (Valenchon et al., 2017), whereas a single stress exposure 

immediately prior to learning may moderately enhance acquisition and exposure 

immediately post learning may impair consolidation and retrieval (Valenchon et al., 2013c).  

A mild controllable stress has no effect on the acquisition of negative reinforcement 

learning (Fenner et al., 2017) whereas reducing emotional arousal may improve learning in 

appetitive tasks (Mengoli et al., 2014; Valenchon et al., 2017). 

2.10 Where are we now and future directions? 

2.10.1 Stress and adaptation in ridden and handled horses 

Stress responses in healthy animals cause adaptive changes to neurobiological, physiological 

and behavioural functioning to enable them to respond appropriately to current and future 

situations (Romero et al., 2015).  Stress beyond the coping ability of the organism has been 

shown to lead to maladaptive behaviours or psychopathologies in humans and animals 

(Mason, 1991; Alkadhi, 2013).  Equine behaviours traditionally viewed as maladaptive such 

as oral and locomotory stereotypies as well as unwanted stress-related behaviour have 

been the subject of research exploring the putative causes of the behaviours such as 

housing, diet, training techniques and equipment use (König von Borstel et al., 2009; 

McGreevy et al., 2011; Valera et al., 2012; Erber et al., 2013; Fazio et al., 2013b; von 

Lewinski et al., 2013; Roberts et al., 2017a).  
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In the horse-human relationship the question of maladaptation is not simple.  Behaviours 

that may be maladaptive for riders or handlers may be highly adaptive for horses.  For 

example, a horse may accidentally dislodge a rider when shying, bucking or choosing not to 

jump an obstacle and then learn to repeat the behaviour to achieve relief from the 

pressures applied by the rider.  In fact, it could be argued that many unwanted or hard to 

control behaviours of ridden horses are highly adaptive for the horse.  Behaviours enabling  

escape or avoidance of a stressor are adaptive and the memories acquired at the time of the 

successful behaviour are strongly consolidated due to the effect of elevated glucocorticoids, 

noradrenaline and dopamine release during the stressful event (Schwabe et al., 2012).   

In many instances in the life of a domestic horse the stressor they seek to escape or avoid is 

a human or the pressures caused by equipment used in training  (McGreevy and McLean, 

2005).  The goal of many human interactions with horses is therefore to minimise stress-

related reactions to common stressors, such as having a rider on their backs or approaching 

stimuli that cause fear or anxiety-like behaviours (McLean and McLean, 2008).  The 

minimisation of training related stressors, particularly in the context of aversive training, by 

implementing methods designed to facilitate rapid acquisition of tasks leading to an overall 

decrease in the use of aversive stimuli, (such as occurs during avoidance learning) (Henshall 

and McGreevy, 2012), could improve trainers’ efficiency as well as having welfare benefits 

for horses.   

2.10.2 Exercise - a potential source of stress adaptation in horses? 

Studies in rodents and humans have reported a protective effect of some types of exercise 

against the impacts of acute, chronic and uncontrollable stress (Liu et al., 2009; Greenwood 

et al., 2012; Alomari et al., 2013; Greenwood et al., 2013).  It may be that the very act of 

causing horses to move during riding and handling may counteract some of the potentially 

cognition impairing effects of stress on ridden and handled horses and it may also enhance 

memory consolidation processes due to moderate elevations in noradrenaline, 

glucocorticoids , BDNF, endocannabinoids and β-endorphins arising from the exercise 

(Hyyppa, 2005; Ferlazzo et al., 2012; Piepmeier and Etnier, 2015; Wang and Han, 2020).  

Given the widespread use of horses for physical activities, the potential benefits of effects of 

exercise on equine cognition, particularly in relation industry type instrumental and habitual 

learning deserve research attention.  It is highly likely that exercise benefits cognitive 
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processes in ridden and handled horses and consequently its purposeful inclusion as a 

memory or cognition enhancer in a training program could benefit the horse (and rider).  

2.10.3 Concluding remarks 

There is a growing literature demonstrating that a wide range of common housing, 

husbandry, training, competition and working activities that horses are exposed to induce 

stress-system activation along with behavioural indicators of negative emotional states.  

Stress exposure can lead to adaptation and resilience (Levinsohn and Ross, 2017) or 

maladaptation and pathologies (Gold, 2014b) and relatively little is known about the 

potential adaptive benefits of stress exposure in horses.  The current evidence suggests that 

horse cognition is quite sensitive to the effects of stress (Valenchon et al., 2013a; Valenchon 

et al., 2013c; Mengoli et al., 2014; Valenchon et al., 2017).  

Anecdotally, horses exhibiting stress-like behaviour may perform a range of unwanted 

responses.  These can include a failure to perform cued instrumental and habit behaviours, 

a perseverance in SSDR type responses, a failure to change responses when cued, 

spontaneous reactions to stimuli to which they have previously been habituated (such as an 

object or the rider), and focussing their attention exclusively on environmental stimuli at the 

expense of attending to handler or rider stimuli.  It has been suggested that many unwanted 

behaviours in horses arise from deficits in the stimulus-response-contingencies by riders and 

handlers, particularly failures in negative reinforcement (McLean, 2003); however, there is 

now a considerable body of evidence to suggest the likely neural underpinnings of these 

behaviours.   

The neurobiological substrates for equine learning have recently been explored in the 

context of stereotypy horses (Hemmings et al., 2007; Parker et al., 2008; Parker et al., 

2009b; Roberts et al., 2015; Roberts et al., 2017a).  Some authors suggest adapting training 

methods for individual horses based on ‘stress-like’ behaviour during training (Baragli et al., 

2011); however, there is little work applying neurobiological research findings to the design 

or implementation of horse behaviour modification methods or in the management of 

stress-related behaviour in horses with the exception of Roberts et al.,(2015) in relation to 

the learning abilities of horses with oral stereotypies.  It is entirely likely that a wider 

understanding of the putative neural processes underpinning equine behaviour during 
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training could assist owners and trainers to improve their practice, and in the process, 

enhance their horse’s learning performance and welfare.  Furthermore, given the evidence 

from other species, it is also likely that the physical exercise horses routinely undertake 

during riding or driving is beneficial for their cognition and learning and further research 

could explore this as it has the potential to improve equine learning, human safety and 

horse welfare in domestic horses.  
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Chapter Three - The effect of stress and exercise on the learning performance 

of horses 

3.1 Abstract 

Domestic horses are widely used for physically demanding activities but the effect of 

exercise on their learning abilities has not been explored.  Horses are also frequently 

exposed to stressors that may affect their learning.  Stress and exercise result in the release 

of glucocorticoids, noradrenaline and other neurotransmitters that can influence learning.  

It is not currently possible to directly measure concentrations of neurotransmitters in the 

brains of behaving horses; however, the inference of neurobiological processes from 

peripheral markers have been widely used in studies of human cognition.  This study used a 

neuroscience translational approach focussed on correlates of the neurotransmitters 

cortisol and heart rate (HR) as a proxy for noradrenaline, to test the effect of exercise, stress 

or inactivity on the acquisition of an industry standard learning task.  Adult horses (n=41)  

were allocated to a 22 minute treatment phase of calm ridden exercise (walk, trot and 

canter on a loose rein), or uncontrollable stress (exposure to unpredictable, inescapable 

novel objects) or inactivity.  Immediately afterwards they underwent acquisition of a 

negatively reinforced locomotory learning task involving sideways movement of the their 

hindquarters in response to taps from a dressage whip.  The treatment significantly 

increased the HRs of the exercised and stressed horses compared to the inactive horses, 

while exercise horses finished the treatment with the highest cortisol concentrations.  The 

exercised horses’ salivary cortisol concentrations decreased during learning whereas the 

concentrations of the other groups increased.  During learning, exercised horses achieved 

the learning criterion in the fewest number of trials compared to the stress and inactive 

horses whose performance did not differ.  Spearman’s correlations revealed that horses 

with the highest cortisol concentrations required the most trials to reach the criterion.  Calm 

ridden exercise prior to learning may enhance the acquisition of learning in horses.  

Conversely, activities that expose horses to uncontrollable stressors causing strong cortisol 

release or commencing learning at a low level of physiological arousal may impair learning.  

It is proposed that these effects may be due to the influence of neurotransmitters such as 

cortisol and noradrenaline on brain regions responsible for learning.   



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
85 

Abbreviations  
E Exercise treatment group 
COV Coefficient of variation  

HF High frequency in absolute metres per second squared 

HR Heart rate 
HRM Heart rate monitor 

HRV Heart rate variability 

I Inactive treatment group 
IBI Interbeat interval 

L Learning phase 

LF Low frequency band in absolute metres per second squared 
LF/HF Low frequency to high frequency ratio 

NN50 Number of successive beats greater than 50 milliseconds 

NR Negative reinforcement 
PR Positive reinforcement 

PT Pre-test phase 

RMSSD Root mean square of sum of successive differences between interbeat intervals 
S Stress treatment group 

SDNN Standard deviation of mean interbeat interval 

T Treatment phase 

 

3.2 Introduction 

Domesticated horses are used for a wide range of physical activities necessitating extensive 

training to allow control by the rider, driver or handler.  The resultant behavioural responses 

are underpinned by complex neural processes that facilitate learning (McBride et al., 2017).  

The majority of what is currently known about equine cognition and the effects of stress on 

equine learning is based on studies that mirror laboratory rather than the real-world 

contexts in which horses are routinely required to learn.  In other species, laboratory studies 

of psychosocial stress and exercise have shown differential influences on learning. (Schwabe 

et al., 2012; Hötting and Röder, 2013).  For example, in rodents and humans, severe acute 

stress impairs learning, whilst moderate stress may enhance it (Sandi and Pinelo-Nava, 

2007; Cazakoff et al., 2010; Hurtubise and Howland, 2017).  Stressors typically employed in 

rodent studies include electric shock (Correa et al., 2019), immobilisation (Nooshinfar et al., 

2011), forced swimming (Molendijk and de Kloet, 2019) or social defeat (Toyoda, 2017) 

which may be applied for several hours in a single session.  In contrast, in the equine stress 

and cognition literature, the psychosocial stressors applied in protocols are of shorter 
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duration (up to 30 minutes) and consist of uncontrollable, unpredictable auditory, visual or 

tactile cues or mild stressors that can be controlled through instrumental responding 

(Valenchon et al., 2013a; Valenchon et al., 2013c; Fenner et al., 2017; Valenchon et al., 

2017; Fortin et al., 2018).  Exposure to moderate uncontrollable stressors have been shown 

to impair equine working memory and appetitive instrumental learning and have a tendency 

to transiently enhance aversive instrumental learning, whereas mild controllable stressors 

did not affect aversive instrumental learning (Valenchon et al., 2013a; Valenchon et al., 

2013c; Fenner et al., 2017; Valenchon et al., 2017).  Collectively these findings suggest that 

equine cognition may be more sensitive to the effects of moderate stress than other 

species; however, it remains to be tested if more intense stress exerts similar effects on the 

cognitive tasks horses undertake in industry settings.  Research suggests that a range of 

common industry practices, including training activities, are perceived as stressful by horses, 

potentially affecting their cognitive abilities (Schmidt et al., 2010a; Williams et al., 2012; 

König von Borstel et al., 2017; Padalino et al., 2018; Ruet et al., 2019).  Learning failures can 

lead to negative consequences for horse welfare and human safety when horses are unable 

to learn responses necessary for control or safety (McGreevy and McLean, 2005; Hawson et 

al., 2010).  

Negative reinforcement (NR) is the predominant instrumental conditioning paradigm used 

in horse training (McGreevy and McLean, 2010).  Its effectiveness relies on the use of 

aversive stimuli applied to areas of the horse’s body (such as the mouth or thorax) that 

punish its current behaviour and motivate it to cease that behaviour (Henshall, 2021). The 

stimuli are then removed when the horse performs the new behaviour, thereby negatively 

reinforcing that behaviour (McLean and Christensen, 2017).  The aversive characteristics of 

the stimuli used in NR training may be perceived as inherently stressful and may also affect 

learning, particularly during early trials before the horse has learned how to reliably escape 

the stimulus by performing the desired response (Rietmann et al., 2004; Baragli et al., 2009; 

Schmidt et al., 2010a; Ahrendt et al., 2015; Fenner et al., 2017).  The predominant use of NR 

paradigms, particularly during early learning before the horse has learned the contingency 

makes it likely that a great deal of equine learning occurs under some level of stress.  As 

horses also experience stress during routine activities, it is possible that the cumulative 

effect of these exposures may negatively affect their learning performance.  
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Findings from other species reveal that stress effects on learning are mediated by the 

release of neurotransmitters including glucocorticoids (Okuda et al., 2004; Roozendaal et al., 

2006a), noradrenaline (Gold and Korol, 2012) as well as dopamine, endocannabinoids, brain 

derived neurotropic factor (BDNF) and serotonin (Ganon-Elazar and Akirav, 2009; Beck and 

Luine, 2010; Gray et al., 2013; Amat et al., 2014).  These neurotransmitters affect neuronal 

functioning in many ways, including changes to neuron excitability, morphology and 

complexity (Vyas et al., 2002; Bangasser and Shors, 2010) across many brain regions 

necessary for learning (Packard, 2009; Roozendaal et al., 2009; Arnsten, 2015; Kim et al., 

2015).  Stress effects on learning depend on the timing of the stressor (before, during or 

after the learning) (Joëls et al., 2011) and characteristics such as intensity (Sandi and Pinelo-

Nava, 2007), duration (Conrad, 2010; Hurtubise and Howland, 2017), controllability (Amat et 

al., 2005) and predictability (Bondi et al., 2008).  Moderate or controllable stress which 

moderately increases concentrations of glucocorticoids and catecholamines prior to or 

during learning can enhance performance in rodent and humans whereas severe, 

uncontrollable stress has the opposite effect (Roozendaal et al., 2006a; Holmes and 

Wellman, 2009; Parihar et al., 2011).   

The majority of studies on equine cognition, including those with a stress treatment, have 

utilised positive reinforcement (PR) learning tasks which involve the provision of a reward, 

usually in the form of food, after the animal has performed the desired response, thereby 

reinforcing that response (Nicol, 2005; Valenchon et al., 2013c).  However, given the equine 

industry’s reliance on largely NR based training methods, the applicability of PR based 

equine learning studies to industry contexts has been questioned (Murphy and Arkins, 2007; 

Brubaker and Udell, 2016).  PR learning and associated neural plasticity relies on pathways 

involving the release of dopamine (Schultz, 2013) which have been shown to be significantly 

altered by stress (Cabib and Puglisi-Allegra, 2012).  Acute stress exposure can elicit 

dopamine release in the nucleus acumbens shell (Holly and Miczek, 2016) and this is 

associated with enhanced PR instrumental learning (Stelly et al., 2020), whereas during NR 

instrumental learning, phasic dopamine release is inhibited when the animal escapes the 

aversive stimulus (so terminating its effects) but it is enhanced when the animal avoids it 

completely (by responding in advance of the stimulus presentation) (Oleson et al., 2012; 

Gentry et al., 2016).  In a rodent study, dopamine release was attenuated when the effort 
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expended to avoid footshock was increased (Pultorak et al., 2018), which may be mirrored 

in horses where the intensity of training stimuli is increased when horses fail to respond to 

cues.  During early learning in equine NR conditioning protocols, the majority of trials will be 

escape trials, in which the horse is exposed to the aversive training stimuli prior to escaping 

its effects by performing the response desired by the trainer.  If trainers are not skilled, the 

horse may never be given an opportunity to learn to respond in advance of the aversive 

stimulus to avoid its effects (McLean and McLean, 2008), possibly inhibiting dopamine 

release that facilitates rapid learning (Gentry et al., 2019).  In addition, the orbitofrontal 

cortex and amygdala differentially process alterations to expected rewards and 

punishments (Barberini et al., 2012; Hollon et al., 2015) and consequently, evaluating 

whether the findings of PR based studies in horses are replicated in NR cognitive tasks could 

further elucidate equine learning abilities for the industry settings in which NR is 

predominantly used.  

The majority of industry-based NR equine learning occurs while the animal is also 

undertaking physical activity of varying intensities, ranging from walking to galloping.  In 

common with moderate psychosocial stressors, exercise has been shown to enhance 

cognition and memory in rodent and human subjects (Voelcker-Rehage and Niemann, 2013; 

Piepmeier and Etnier, 2015; Hwang et al., 2016).  The brain mediated physiological response 

to exercise, including patterns of neurotransmitter release share some similarities with 

stress, including the release of glucocorticoids and noradrenaline which are essential for the 

mobilisation and regulation of energy sources to enable responses to threats or physical 

activity as well as having benefits for cognition (Hada et al., 2003; Ulrich-Lai and Herman, 

2009; Chen et al., 2017a).  Exercise, even at levels of high intensity, is generally positive for 

learning in human and rodents (Hwang et al., 2016; McMorris et al., 2016; Roig et al., 2016) 

and has been shown to counteract the negative effects of stress on learning (Gomez-Pinilla 

et al., 2007; Kwon et al., 2013; Castilla-Ortega et al., 2014).  In the equine industry literature, 

the practice of warming up horses with low intensity exercise prior to a training session is 

recommended as it is thought to physically and mentally prepare the horse for learning or 

competition (Chatel and Williams, 2021); however, Stachurska et al.,(2018) reported a 

negative correlation between warm-up intensity and subsequent performance in a show 

jumping competition.  Whilst the physiology associated with exercise in horses has received 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
89 

considerable attention (Hodgson et al., 2014), the potential effects of exercise on equine 

cognition has not been explored  

Moderate to high intensity exercise increases adrenaline and noradrenaline release in the 

circulation in horses in an activity dependent manner in combination with increasing heart 

rates (HR) and in the equine learning and stress literature, HR is frequently used as a proxy 

for sympathetic adrenal medullary (SAM) system activity (Snow et al., 1992; González et al., 

1998; Nagata et al., 1999; König von Borstel et al., 2017; Medica et al., 2017).  Increasing 

peripheral concentrations of noradrenaline in combination with corticotrophin releasing 

factor (CRF) in the brain stimulate noradrenaline release in brain regions via the locus 

coeruleus (Chen and Williams, 2012; Deussing and Chen, 2018).   

Exercise also elicits the release of other neurotransmitters that are associated with cognitive 

enhancement, including BDNF, endocannabinoids, dopamine and others (Clark et al., 2015; 

Chen et al., 2017a; Wang and Han, 2020).  Of these BDNF has received considerable 

research attention (Gray et al., 2013; Bekinschtein et al., 2014; Und and Lessmann, 2014; 

Walsh and Tschakovsky, 2018).  BDNF release in response to exercise is implicated in 

cognitive enhancement in rodents and some but not all human studies (Gomez-Pinilla et al., 

2008; McMorris, 2016; Roig et al., 2016; Walsh and Tschakovsky, 2018; Loprinzi and Frith, 

2019; Wang and Han, 2020).  BDNF has multiple effects on neuronal differentiation, 

neuroplasticity, cell survival, glutamate dynamics, and hippocampal, striatal and prefrontal 

cortex function all of which support learning (D'Amore et al., 2013; Gómez-Palacio-

Schjetnan and Escobar, 2013; Zagrebelsky et al., 2020).  BDNF is released in an activity 

dependent manner in response to exercise, learning and stress exposure (Albeck et al., 

2005; Bath et al., 2013; Rothman and Mattson, 2013) and in horses a 12 month conditioning 

program increased serum levels compared to inactive controls (Kongoun et al., 2015).  Given 

BDNF’s association with enhanced cognitive performance and facilitation of stress resilience 

in other species, and the ubiquitousness of physical activity in human-horse interactions, it 

is possible that exercise-induced BDNF release, in combination with other cognitive 

enhancers such as cortisol, noradrenaline and dopamine, underpin learning performance of 

exercised horses, even under conditions in which they also experience psychosocial 

stressors such as learning to carry a rider for the first time (Schmidt et al., 2010a).   
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There are currently no methods for directly measuring concentration of neurotransmitters 

in the brains of behaving horses.  Experimental work in the use of electroencephalogram 

(EEG) in moving horses is in its infancy (Cousillas et al., 2017) and the validated proxy for 

dopaminergic activity, spontaneous eye blink rate, requires horses to be stationary to 

enable accurate measurement (Mott et al., 2020).  Studies of human cognition provide 

suitable methodologies for inferring putative neurobiological processes underlying observed 

cognitive outputs based on peripheral concentrations of neurotransmitters such as for 

example Schwabe and Wolf (2010).  The present study replicated this approach in horses, 

comparing the prior effect of a single exercise session, (E) exposure to an unpredictable, 

uncontrollable stressor (S) or an Inactive  (I) condition on a NR learning task in 41 horses.    

An inactive pre-test period was immediately followed by the treatment and then the 

learning task was undertaken until horses reached a predetermined criterion.  The learning 

task was a standard industry-type negatively reinforced learning task involving hindquarter 

movements in response to whip taps to the rump (Fig. 3.1).  HR as a proxy for adrenergic 

release and heart rate variability (HRV) were measured.  Saliva samples were collected to 

measure salivary cortisol concentrations and venous blood samples were collected to and 

serum samples to measure BDNF concentrations.  However, the laboratory freezer 

containing the serum samples malfunctioned prior to analysis and the BDNF assays were 

consequently not undertaken.  I hypothesised that the exercise condition would enhance 

learning performance in comparison to the stress and control conditions. 

3.3 Materials and methods  

3.3.1 Animals and management 

3.3.1.1  Horses 

Riding horses of a range of breed and sexes were sourced from private owners and the 

experimenter’s herd (n=41; 18 mares, 1 stallion, 23 geldings, age range 3 to 20 years, mean 

8.5 ± 5.1 years, Table 3.1).  All of the horses had a minimum level of training such that they 

could be ridden a walk, trot and canter on a loose rein.  Prior to recruitment, horses were 

shown a 1.1m dressage whip and then given two taps on the gluteal area of the 

hindquarters level with the hip joint.  Only horses which did not show any locomotory 

reaction to the whip tap were included in the study.   
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Breed Total 

Cortisol  
breed 
code 

Sex Group Location  

M G S I E S 1 2 3 

Thoroughbred 12 WB/TB 3 9   2 4 5 1 2 9 

Warmblood 9 WB/TB 6 2 1 3 3 3   9   

Arab/Arab crossbreds 5 Other 2 3   2 1 2 2   3 

Pony breeds 4 Other 2 2   3 1 2 2   2 

Unknown breeding  4 Other 2 2   1 1 1 2   2 

Quarter horse/paint bred 3 Other   3   2  1 1 1 1 

Draught breed crossbred 2 Other   2    2      2 

Andalusian x Standardbred 2 Other 2     1 1  2     

Table 3.1.  Summary of breed and sex characteristics.  Key: M=mare, G=gelding, S=stallion, I=inactive, 
E=exercise, S=stress, WB/TB= warmblood or thoroughbred 

3.3.1.2  Experimental groups 

The experiment was conducted at three separate professional horse training establishments 

located in rural areas NSW, Australia during spring and early summer.  At each location, 

horses were semi randomised into one of the treatment groups: inactive (I, n-14), exercise 

(E, n=13), and stress (S, n=14), dependent on the operational needs of the owner/managers 

at each location. The exercise horses were ridden by their usual owner/managers at 

locations 1 and 2 and by the experimenter at location 3.  The stress treatment was 

administered by the owner/managers at locations 1 and 2 under the direct supervision of 

the experimenter and by the experimenter at location 3.  

3.3.1.3  Horse care and management 

Horses at location 1 and 2 already resided at the venue whereas horses at location 3 were a 

mix of resident (n=5) and externally owned animals (n=12).  The externally owned animals 

were brought to the location and given 14 days to acclimatise prior to testing.  During this 

period the external horses’ suitability for potential allocation to the exercise treatment was 

assessed via two or three ridden sessions on the arena in which the testing was to take 

place to facilitate habituation to the arena and the rider.  All horses were housed in either 

shared or single paddocks with visual contact with other horses and fed a pasture/hay based 
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diet with supplementary concentrates at location 2, according to the requirements of the 

owner/managers.  

3.3.2 Experimental procedure 

At the commencement of data collection, the horse was fitted with its tack (E horses) or an 

elasticised surcingle (I and S horses) and a heart rate monitor set to ‘R-R’ mode (HRM-Polar 

V800 receiver, Polar H10 sensor and Polar Equine Electrode base, Polar Electro Oy, Finland). 

The E horses were ridden in their usual dressage or jumping saddle and a snaffle bridle. The 

saddle and bridle remained on the horse until the conclusion of data collection. The inactive 

and stress horses wore a nylon or rope halter. 

3.3.2.1 Experimental sequence 

There were three phases: pre-test (P), treatment (T), and learning (L) which were conducted 

in succession without a break.  The P and L phases took place in the company of another 

horse nearby and the during the T phase, I horses remained in the company of the 

companion and the S and E horses underwent the treatment on their own. 

Saliva samples were collected at the conclusion of each phase in Salivette synthetic rolls 

(Sarstdet, Nümbrecht, Germany) as per the time course of cortisol release in horses in 

response to stress/exercise (Peeters et al., 2013). The rolls were held inside the horse’s 

mouth for 1 minute on artery forceps.  The sample was then placed on ice and later frozen 

at -20 oC at the conclusion of each day’s testing, and maintained at this temperature until 

analysis.  Blood samples were collected after the P and L phases via venepuncture but were 

not able to be analysed due to a university laboratory freezer malfunction after collection.  

The HRM was reset after each phase after collection of samples. 

Pre-test phase 

The horse was left undisturbed in the presence of the companion horse for 15 minutes after 

which the saliva and blood samples were collected. Horses in the stress and exercise 

treatment groups were then led to the relevant location and inactive horses were left in the 

same location.   
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Treatment phase 

Exercise treatment 

The workout involved seven minutes of walking, followed by 10 minutes of trotting and 

concluding with five minutes of cantering.  At location 1 the workout occurred in a flat 

paddock and at locations 2 and 3 on a sand arena (20 m x 60 m).  Prior to the exercise 

treatment at locations 1 and 2, the riders were instructed to conduct a freestyle workout 

with frequent direction changes to ensure an even distribution of exercise in both directions 

and to use only as much rein and leg pressure as required to steer the horse and maintain 

the correct gait.  Riders were instructed not to influence the horse’s head carriage or other 

locomotory characteristics beyond maintaining the required gait.   

Stress treatment  

The horse was released into a round yard, (RY-diameter range 15-22 m, 1.8 m height, dirt or 

sand surfaced) and left undisturbed for two minutes. Thereafter the stress items were 

introduced into the round yard and the stress exposure commenced.  The stress items were 

chosen for each location based on the size of the RY to ensure the horse could not achieve 

escape or reinforcement of any behaviour: Location 1: (RY=22 m diameter) 1.5 m diameter 

rubber ball and 2 m x 3 m plastic tarpaulin, Location 2:(RY=15 m  diameter) 1.5 m ball, 

Location 3: (RY=20 m diameter), 2 x rubber balls 1.5 m and 75 cm diameter.  At location 1 

the items were manipulated from outside the RY and locations 2 and 3 they were 

manipulated by a person positioned inside the round yard.  The balls were pushed, 

bounced, tapped and tossed and the tarp moved in an unpredictable manner so that the 

horse could not escape or control their exposure to the stimuli.  This approach was adapted 

from novel exposure tests (Bulens et al., 2015) and a form of training method that elicits 

escape and other flight behaviours in horses exposed to a human moving unpredictably, 

including the throwing of a rope at the horse in a random manner (Henshall and McGreevy, 

2014).  This training method has been demonstrated to elicit behavioural indicators of fear 

and vigilance as well as physiological indicators of hypothalamic pituitary adrenal axis (HPA) 

(cortisol) and sympathetic nervous system (SNS) activation (increased HR), (Fowler et al., 

2012; Kedzierski et al., 2014). The intensity of the manipulation of the items was adapted to 

the responses of the horse to minimise risks of injury.  If the horse showed signs of 

habituation towards the items (such as stepping towards or remaining stationary in 
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response to them them), the experimenter increased the activity of the items until the 

horse responded by trotting or cantering.  Where the horse exhibited strong flight 

behaviour the experimenter reduced the speed and proximity of the items relative to the 

horse; however, care was taken to ensure that no specific behavioural response to the 

stressor was reinforced.  The stressor was applied continuously for 20 minutes. 

Inactive treatment 

The horse was left undisturbed for 22 minutes in the company of the companion horse.  

Learning phase - all treatment groups 

The learning location was a flat open area adjacent to the pre-test area marked with orange 

traffic cones spaced 12 m apart. The same person undertook the learning task procedure for 

all locations.  The experimenter stood on the right side of the horse with the reins or lead 

rope held in the right hand.  A 1.10 m dressage whip was held in their left hand.  The whip 

was firstly raised to the tap position, which was level with the hip joint. If the horse did not 

respond within 2s, gentle tapping with a light pressure was commenced.  The taps were 

applied at the same steady rhythm and low intensity and only to the right side on the right 

side of the hindquarters as per Fig. 3.1.  The tapping was maintained until the horse made 

an attempt to move the hindquarters to the left (away from the handler).  The tapping 

ceased immediately the horse lifted a hind leg towards the midline, even if the movement 

was small.  The next trial commenced immediately after the horse came to a standstill 

following the cessation of whip taps. 

Trials were conducted in blocks of five, with a 10 second break between blocks.  Each 

response was graded by the trainer according to a predetermined scoring system.  The 

trainer called the performance score to a helper who recorded the score in a notebook.  

Responses were scored from 1 to 3, with a score of 1 denoting no or one sideways step, 2 

denoting two sideways steps and 3 denoting three or more sideways steps.  The duration of 

the session was also recorded.  The learning criterion was set at three consecutive 

responses at score 2, from two or less whip taps.  When the horse reached the learning 

criterion the phase was concluded.  
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Figure 3.1. Learning task: position of whip taps and reinforced response during learning task 

3.3.2.2  Salivary Cortisol analysis 

The samples were thawed in the original collection tube, centrifuged at 1500 g for 10 

minutes and aliquoted into 1.5 ml EppendorfÔ tubes after which they were assayed.  

Undiluted samples were assayed with a Salimetrics Salivary Cortisol Assay (State College, 

Pennsylvania) according to the manufacturer’s directions.  The optical density of the plates 

was read at 450 nm with correction filter at 490 nm (BioTek ELX 800, Winooski, Vermont).  A 

standard curve was calculated using four parameter logistic regression.  The cortisol 

concentration of each well was also calculated in ng/ml.  All samples, standards and controls 

were assayed in duplicate and the mean and coefficient of variation calculated. The mean 

intra plate COV was 5% and the inter plate COV was 15%.  

3.4 Statistical analysis and data handling 

The HR data stored in the HRM receiver were transferred to the Polar Flow web interface 

(www.polarflow.com) via the Polar Flow phone app and these files were uploaded to the 

Kubios HRV application (Kubios HRV Premium, ver 3.2.0, Kubios Oy, Kuopio, Eastern 

Finland).  The frequency ranges for LF and HF bands were manually adjusted to align with 

those validated for use in horses (Physick-Sheard et al., 2000).  The raw R-R data were 

corrected using the Kubios automatic artefact correction mode (Tarvainen et al., 2019) .  For 

the HRV analysis, 256 beat samples  (Task-Force, 1996) were manually selected from the 

complete HR trace by finding the five minute period within a 10 minute range centred on 

the half way time point for each phase that produced the lowest percentage of artefacts. 
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The statistical analysis was undertaken using SPSS (IBM, Armonk NY, Release 27).  Model 

testing of cortisol binomial data was performed using R (RStudio team, 2020).  None of the 

learning related variables were normally distributed (number of trials to reach criterion, rate 

of learning, learning duration and the number of taps applied-Shapiro-Wilk p<0.05) and all 

were analysed with a Kruskal-Wallis-Independent samples test (KW) with the relevant 

learning related variable as the dependent variable and treatment group or location as 

independent variables.  The rate of learning (number of correct responses per five trials) 

was determined by calculating the proportion of correct responses per five trials (two step 

response) which were then plotted on individual scatter graphs for each horse from which 

the slope of least squares regression equation was calculated.  These data were then 

compared with a KW (data in supplementary materials SM 3.1).  The SPSS Bonferroni’s 

correction method (IBM Support, Accessed 29 May 2021) was applied during post hoc 

pairwise comparisons to correct for multiple comparisons for all KW tests.  Data from the 

first 60 trials for each horse were analysed as only two horses required more than 60 trials 

to reach the criterion and at 65 and 110 trial sessions respectively, they represented 

outliers.  

Heart rate data were analysed with a General Linear Model with Repeated Measures (GLM-

RM) with phase as the repeated measure, mean, minimum and maximum heart rate as the 

dependent variable and treatment or location as fixed factors.  The majority of the data 

were not spherical (Mauchly’s test of sphericity) so the Greenhouse-Geissler adjusted 

degrees of freedom was used to assess significance.  Degrees of freedom reported with 

decimal places reflect this adjustment.  Individual phases were then analysed with a 

univariate GLM with HR factor as the dependent variable and post hoc comparisons carried 

out with Tukey’s HSD correction.  The Treatment HR traces were split into three blocks 

based on the duration of the E treatment components (seven minutes walking, 10 minutes 

trotting and five minutes cantering) and were analysed with a Generalised Linear Mixed 

Model (GLMM) with mean HR as the target, treatment*time period as fixed effect and horse 

as random effect.  Estimated means and 95% CI are reported for this test.  The HRV 

parameters were not normally distributed and were log transformed and then analysed 

with a GLM-RM using the same model and post hoc testing as the HR data.  The cortisol data 

were binomially distributed and not amenable to normalisation through log or other 
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transformation.  The data were converted to a dichotomous variable based on Jenks natural 

breaks classification method (Jenks, 1967) which split the data on the value of 3.2ng of 

cortisol per ml of saliva.  Horses that had values lower than 3.2 ng/ml were coded as “0” 

(low) and those with values of 3.2 ng/ml or higher were coded “1” (high).  Horse breed was 

converted to a dichotomous variable, with warmbloods and thoroughbreds (54%) coded as 

0 and other breeds (46%) coded as 1.  All possible GLMM models were fitted with binary 

logistic regression link function using R.  Models were ranked using an information theoretic 

approach based on Akaike’s Information Criteria [AIC (Burnham and Anderson, 2002)].  The 

most suitable model included phase*treatment with breed code as a fixed effect (AIC 

:138.2599, R2 0.512, %correctly predicted: 87.1). This model was then run in SPSS with a 

GLMM binary logistic regression with binary cortisol code as the target and 

treatment*phase and breed as fixed effects with horse as random effect.  The predicted 

probabilities of high cortisol (≥ 3.2ng/ml) in any given phase or treatment were generated, 

with values <0.5 indicating a reduced probability of high cortisol and values >0.5 indicating 

an increased probability of high cortisol.   

Spearman’s rank order correlations were conducted to determine if there were significant 

relationships between raw cortisol values and sampling times for each phase as well as 

between, learning performance, HR, HRV and raw cortisol values. 

Data are reported as mean ± standard deviation (SD) or mean with 95% confidence 

intervals.  Statistical significance was set at p<0.05.  

3.5 Results 

3.5.1 Number of trials to reach learning criterion 

The number of trials to reach the learning criterion differed between treatment groups (χ2 

(41)=10.27 p=0.006; Fig 3.2) and pairwise comparisons with Bonferroni correction revealed 

that  the E horses required significantly fewer trials than C and S horses to reach criterion (E-

C: (χ2 (2)= 14.04, p=0.007, E-S: (χ2 (2)= -11.19, p=0.046). There was no significant difference 

between the C and S horses (χ2 (2) = 2.86, p=1.00).  The number of trials to reach criterion 

did not differ between the three locations ((χ2 (2)= 0.44, p=0.8). 
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Figure 3.2. Box plot of trials to reach the learning criterion.  Letters that differ are 
significantly different at p=<0.05).   

3.5.2 Other learning factors 

The exercise horses reached the learning criterion in a shorter period of time than the 

inactive horses but not the stress horses (χ2 (2)= 6.31, p=0.043, I: 509s [350.35s-669.31s 

95%CI, E:308s [209.22-406.79s 95%CI, S: 497.7s [304.87s-690.53s 95%CI], pairwise comparisons 

with Bonferroni correction: E-S: (χ2 (2 )= -9.35, p=0.13, E-I: (χ2 (2)=10.70, p=0.061, S-I: (χ2 (2)= 

1.36, p=1.00).  There was no difference between the treatment groups in the rate at which 

they learned the correct response (χ2 (2)= 5.99, p=0.05, (Fig 3.3 ),pairwise comparisons with 

Bonferroni correction E-I: (χ2 (2)=--10.326 p=.061, E-S: (χ2 (2)= 8.39, p=0.22, I-S: (χ2 2 (2)= -

1.96, p=1.00).  During the first three blocks of 5 trials (15 trials), the percentage of correct 

responses (2 response) were similar across the groups (Fig. 3.3).  However, as the session 

progressed, the exercise horses performed an increasing percentage of correct responses 

compared to the control and stress horses.  There was no difference in the rate of learning 

across the three locations (X2 (2)= 3.067, p=0.216).  There was also no significant difference 

in the number of taps required to reach the learning criterion (χ2 (2)= 3.27, p=0.20, I: 226.93, 

I: 246.36 [140.81-313.05 95%CI], E: 135.31 [67.79-202.82 95%CI], S: 273.14. [73.79-472.50 

95%CI]) and the learning duration did not differ between the experiment locations (χ2 (2)= 
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0.85, p=0.66) and nor did the mean number of taps applied during learning (χ2 (2)= 1.07, 

p=0.58) 

 

Figure 3.3. Percentage of correct responses (2 consecutive responses) per block of five trials. 

3.5.3 Heart rate  

There was a significant phase*treatment interaction for the mean, minimum and 

maximum HRs (Mean HR, F2.16,41.16  =9.88, p=0.000002, Minimum HR-F2.96,55.78 =4.88, 

p=0.005, Maximum HR- F2.93,55.78 =4.88, p=0.005, Fig 3.4).  During P, the mean HRs were 

similar for all treatments (Mean HR: F2,38, =0.78, p=0.464).  During T, the mean HRs of the S 

and E horses was significantly higher than the mean HRs of the I horses  (Mean differences 

T mean HRs [bpm]: I-E: -47.31 [70.82- -23.80 95%CI], p=0.00005, I-S: -65.21[88.28- -42.13 

95%CI] p<0.000001, E-S: -17.90 [41.40-5.61 95%CI], p=0.17).  During L, the E and S horses had 

significantly higher mean HRs than the I horses (Mean differences [bpm]; I-E: -25.38 [41.57- 

-9.19 95%CI], p=0.001, I-S: -39.76 [55.65 -23.87 95%CI] p<0.000001, E-S: -14.38 [30.57-1.81 

95%CI], p=0.09). (Minimum and maximum HR data in supplementary materials SM3.1).  

There were no significant phase*location interactions for any HR measure, (Mean HR F3.14, 

59.80, 0.18, p=0.914, Minimum HR: F3.718, 70.645, =1.43, p= 0.236, Maximum HR: F4,66, =1.43, 

p=0.23).  
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Figure 3.4. Means of the minimum (MinHR), mean (MeanHR) and maximum (MaxHR) heart rates for the P = 
pre-test phase T = treatment phase, L = learning phase.  Letters that differ within each phase differ significantly 
at p<0.005. Phases without letters do not differ. 

The there was a significant difference in the HRs of each of the treatment groups during the 

treatment phase (GLMM: F8,112 =65.97, p<0.000001, Fig. 3.5).  The GLMM model estimates 

and confidence intervals (Supplementary Table 3.1), indicated that the HRs of the E horses 

steadily increased across the treatment, whereas the HRs of the S horses decreased in the 

final five minutes.  The I horses’ HRs did not vary. 

 

Figure 3.5.  Change in mean HR during treatment across three time periods aligned to the exercise (E) horses’ 
workout of 7 min of walk, 10 min of trot and 5 min of canter.  The I horses were inactive during the treatment 
and the speed and duration of activity of the S horses varied throughout the treatment. 

Treatment 
___ Inactive 
___ Exercise 
___ Stress 
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3.5.4 Heart Rate Variability (HRV) 

There was a significant treatment*phase interaction for all HRV indices analysed (Definitions 

in Table 3.2: SDNN: F4,66 =6.29, p=0.0003, RMSSD: F3,48.11.=9.44 p=0.000004, NN50: F4,60 

=18.07, p<0.000001, LF F4.60 =3.46, p=0.013, HF: F3.25,288.18 =3.89, p=0.012).  Tukey post hoc 

tests of all phases (Table 3.2) revealed that during P there were no treatment group 

differences for any HRV parameter.  During T, the time domain variability indices of RMSSD, 

SNDD, NN50 of the E and S horses were significantly decreased compared to the I horses.  In 

the low frequency (LF) and high frequency (HF) domains, the E horses had the highest values 

and the S horses the lowest values.  During L, the I horses’ time and frequency domain 

indices differed significantly from the E and S horses who did not differ.   
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Table 3.2 Mean raw HRV parameters. Statistical analysis carried out on log transformed data. I=inactive treatment group, E=exercise treatment group, S=stress treatment 
group, SDNN- Standard deviation of the mean interbeat intervals (IBI), RMSSD-Square root of the mean of the sum of the squares of differences between successive IBIs, 
NN50ms- Number of pairs of successive IBIs differing by more than 50 ms, LF power-low frequency band in absolute values ms2. HF power- high frequency band in absolute 
values ms 2. Within each column and phase, letters in bold differ significantly at p≤0.01, and letters in normal text differ significantly at p≤0.05. Values without superscripts 
do not differ significantly
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3.5.5 Salivary cortisol 

Sampling time was not associated with raw cortisol values for any phase (Spearman’s rho: P: 

rs=- 0.13, p=0.42)., T: rs =0.02, p=0.90, L: rs=- 0.09, p=0.58).   

There was a significant treatment*phase interaction (F 8,113 =2.39, p=0.02), with E horses 

more likely to have cortisol concentrations above 3.2 ng/ml after T and concentrations 

below 3.2 ng/ml after L, whereas the C and S horses were more likely to have higher 

concentrations after L.  There was also a significant effect of breed as horses of 

thoroughbred and warmblood breeding (TB/WB) had a lower probability of cortisol values 

≥3.2 ng/ml compared to other breeds (F 1,40 =6.17, p=0.014, Fig. 3.6).  Raw salivary cortisol 

means Table 3.3. 

 

Figure 3.6. Predicted probability of high salivary cortisol (>3.2 ng/ml) across the three phases. I=inactive, 
E=exercise, S=stress, Values of <0.5 have a lower probability of cortisol concentrations of 3.2 ng/ml or higher 
and values of 0.5 or greater have a higher probability of cortisol concentrations of 3.2 ng/ml or higher.  
TBs/WBs=Thoroughbred and warmblood breed horses, Other=Other breeds including Arab, Arab crosses, 
ponies, crossbreds.  (Breed details Table 3.1). 
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___ Inactive 

___ Exercise 
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 Phase Treatment 
group 

Mean 
(ng/ml) 

95% Confidence Interval 

Lower Upper  

Pre-test  Inactive 1.18 0.11 2.26 

Exercise 1.18 -.025 2.39 

Stress 1.68 0.32 3.04 

Treatment  Inactive 3.20 1.20 5.20 

Exercise 4.88 2.88 6.87 

Stress 3.35 1.53 5.17 

Learning  Inactive 4.43 2.59 6.27 

Exercise 2.20 .76 3.65 

Stress 3.92 2.23 5.61 

Table 3.3.  Mean raw cortisol concentrations for each treatment group and phase 

3.5.6 Spearman’s Correlations-Learning performance and physiological indicators 

The number of trials to criterion was positively correlated with the raw cortisol values 

during learning (Spearman’s rho: rs=0.443, p=0.004). There was no correlation between 

mean HR or any HRV parameter and learning performance, (data in supplementary tables 

ST3.2 and ST3.3). 

3.6 Discussion 

This study showed that a short session of ridden exercise prior to learning facilitated the 

acquisition of a negatively reinforced task compared to horses which were exposed to a 

stressor or not exercised.  Exercised horses required fewer trials to reach the learning 

criterion.  The number of taps across treatment groups did not differ, suggesting that 

sensitivity to the whip stimulus did not influence acquisition of the task.  Compared to 

inactive horses, the HRs of the exercise and stress horses were elevated during treatment 

and learning.  The cortisol concentrations of the exercise horses were more likely to be 

higher than inactive and stress horses during the treatment, but during learning their 

cortisol concentrations were likely to be lower than the inactive and stress horses.  The 
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higher the horses’ cortisol concentrations during learning, the more trials they required to 

achieve the learning criterion 

Based on findings in other species, the E horses’ superior learning performance is likely to 

be mediated by increases in cortisol concentrations at a dose that elicited beneficial effects 

on the prefrontal cortex-basal ganglia-amygdala neural network that facilitates instrumental 

learning (Joëls, 2018).  These benefits are also likely to reflect the possible simultaneous 

exercise induced increase in noradrenaline and other neurotransmitters such as BDNF, 

endocannabinoids and dopamine that via complex interactions exert cognition and memory 

enhancements as has been reported in other species (Radecki et al., 2005; Gray et al., 2013; 

Chen et al., 2017a; Greenwood, 2019; Wang and Han, 2020).  The ridden activity undertaken 

by the exercise horses increased their HRs to >150 bpm which is likely to elicit noradrenaline 

release in circulation and consequently the brain (Kurosawa et al., 1998; Baragli et al., 2010; 

Chen and Williams, 2012).  Adrenergic catecholamines are believed to have a short half-life 

in the circulation (Snow et al., 1992); however, Baragli et al.,(2010) reported that blood 

concentrations took over ten minutes to be normalised in horses at the conclusion of 

submaximal exercise and noradrenaline concentrations in brain regions such as the 

amygdala and elsewhere can remain elevated for several hours (McIntyre et al., 2002; Sara, 

2015).  The E horses’ cortisol concentrations were substantially higher than pre-test at the 

conclusion of the treatment, but at the conclusion of the learning phase which followed 

immediately after the treatment, their cortisol concentrations had fallen.   

Cortisol exerts rapid non genomic and delayed genomic effects, and the rapid effects are 

reported to occur within minutes of increases in concentration (Joëls, 2018).  Cortisol rapidly 

binds to high affinity mineralocorticoid receptors in the hippocampus, facilitating glutamate 

release which in turn activates ionotropic receptors that regulate synaptic plasticity and the 

efficiency of synaptic transmission (Popoli et al., 2012; ter Horst et al., 2012).  Slower 

genomic effects occur after a lag of around 20 minutes and consequently are unlikely to 

have influenced learning performance given the mean durations of the E horse’s learning 

sessions (Joëls et al., 2011; Gray et al., 2017).  Noradrenaline exerts a memory enhancing 

effect by rapidly increasing the firing rates of neurons via high affinity a2A adrenoreceptors 

that increase the strength of action potentials (Krugers et al., 2012).  The memory 

enhancing effects of glucocorticoids and noradrenaline are dose dependent with moderate 
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but not low or high concentrations being beneficial (Joëls, 2006; Park et al., 2006; Sandi and 

Pinelo-Nava, 2007).  Therefore, the lower salivary cortisol concentrations of the E horses, in 

combination with the likely noradrenaline release may have combined at a dose sufficient to 

enhance neurotransmission and synaptic plasticity processes relevant to the learning task. 

It is also possible that the negative reinforcement signals used by the riders during the 

exercise treatment may have facilitated the exercise horses’ acquisition of the negative 

reinforcement learning task.  However, any such influence is likely to be small, given that all 

subjects were assessed as having a minimum level of training to enable them to be ridden 

and complete the demands of the exercise task prior to inclusion in the study and all horses 

were handled using negative reinforcement techniques during the experiment.  The riders 

were instructed to use the least amount of pressure to guide and control the horse during 

the exercise treatment and during the workout the horses were retrieving memories of 

previously trained responses to the ridden cues, whereas the learning task involved the 

acquisition of new learning.  The novelty of the task is demonstrated by the lack of a 

significant difference between the groups in the rate of learning (Fig 3.3) and the lack of 

significant differences in regards to the number of taps applied.  

In comparison to the E horses, the S horses’ learning was less efficient as they required 

significantly more trials to reach the criterion.  In common with the E horses, their mean and 

maximum HRs during the treatment were sufficient to likely elicit noradrenaline release in 

the brain; however the S horses’ cortisol concentrations were highest at the end of learning.  

During intense stress or fear conditioning which elicits strong glucocorticoid and 

noradrenaline release, the activity of the basolateral and central nuclei of the amygdala 

facilitate attention on the stressor at the expense of peripheral information (Gruber and 

McDonald, 2012).  This can result in a bias towards habitual or reflexive defensive 

behaviours via inhibition of corticostriatal control of goal-directed learning in favour of habit 

learning or species specific defensive behaviours that are mediated by the dorsolateral 

striatum and/or periaqueductal grey (Arnsten, 2009; Gruber and McDonald, 2012; Campese 

et al., 2016; Wirz et al., 2018; Lefler et al., 2020).  In humans this shift is a function of 

impaired goal-directed learning rather than a predominance of the habit learning, reflecting 

inhibition of flexible corticostriatal activity (Fournier et al., 2017).  Smeets et al.,(2019) 

reported that mice with higher cortisol reactivity performed more habit-like responding in 
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an appetitive task and reflexive freezing in rats during avoidance learning can inhibit the 

acquisition of some aversive instrumental tasks (Cain and LeDoux, 2007; Laughlin et al., 

2020).  In the horse, reflexive-defensive locomotory behaviours can interfere with negative 

reinforcement learning (McLean, 2003).  Uncontrollable stress can also impair acquisition of 

aversive instrumental tasks due to high concentrations of serotonin release from the dorsal 

raphe nucleus to prelimbic-dorsomedial-periaqueductal grey circuits, biasing inactivity and 

impairing escape learning (Maier and Seligman, 2016).  The stress treatment in this study 

was designed to be uncontrollable, but unlike immobilised subjects in the literature, the 

horses could perform flight behaviours during the treatment.  The S horses did perform 

escape responses to the aversive stimulus in the learning task so it is not clear if likely 

serotonin release arising from the uncontrollability of the stress treatment contributed to 

their slower acquisition of the task.   

The stress treatment was designed to be of a duration and intensity mirroring some features 

of popular training methods that involve chasing the horse until it performs specific 

behaviours after which the chasing ceases (Henshall and McGreevy, 2014).  Kydd et al., 

(2017) reported that there is wide variability in the way this type of method is employed 

and that amateur trainers elicit more stress-like behaviours than professionals.  The HRs 

reported here align with those reported in studies of professional trainers using this method 

(Fowler et al., 2012; Kedzierski et al., 2012).  Conversely, high concentrations of 

glucocorticoids and/or acute stress exposure are associated with impaired goal-directed 

learning in an aversive spatial learning task (Morris water maze requiring rodents to swim to 

a hidden platform to escape the water and which can be solved by either using spatial or 

habit strategies) (Cazakoff et al., 2010; Siller-Perez et al., 2017).  High concentrations of 

glucocorticoids are associated with increased vigilance and activation of defensive circuits 

involving the amygdala, thalamus and periaqueductal grey that focus attention on the 

immediate threat at the expense of irrelevant details (Panksepp et al., 2011; Joëls, 2018).  In 

the context of this study, the stress treatment may have then sensitised to the horse to the 

aversive characteristics of the learning task stimuli further increasing activity in these 

defensive networks and slowing their acquisition of the learning task.  These data suggest 

that the negative reinforcement learning performance of horses when exposed to industry 

standard aversive stimuli, even at low intensities, is sensitive to stress exposure.  
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Consequently, training or handling methods that simultaneously cause substantial increases 

in cortisol and HRs at levels likely elicit strong noradrenaline release, may impair negative 

reinforcement learning in horses.  Exposure to other stressors such as transport may lead to 

similar physiological responses to those reported here (Medica et al., 2017; Padalino et al., 

2018) and consequently, training should be avoided or delayed if horses have recently been 

exposed to situations which elicit these physiological responses. 

In addition, irrespective of the treatment, horses with higher raw cortisol concentrations 

required the most trials to learn the task.  It is possible that the learning task itself caused 

the increase in cortisol concentrations of the horses who required more trials to reach the 

criterion and consequently, a task-induced cortisol effect was responsible for the slower 

acquisition of the task in high cortisol horses, rather than extrinsic factors such as the stress 

or exercise treatments.  Valenchon et al.,(2017) reported that participation in either a PR or 

NR learning task ± repeated short term stress exposures between blocks of trials increased 

salivary cortisol concentrations relative to basal; however, only the PR + stress group 

showed a significantly larger increase compared to the NR ± stress and PR- stress groups.  In 

contrast, in the case of this study, with the exception of the inactive horses, the stress 

exposed and exercised horses commenced learning under the influence of treatment 

affected physiology and consequently it not possible to parse the effects of learning related 

effects on cortisol or HR separately from the effects of the two active treatments..  The 

treatment duration in this study was considerably longer and it is possible the stress 

exposures in Valenchon et al.,(2017) were too short to elicit cortisol increases or that the 

timing of sampling immediately after the conclusion of the relevant session did not capture 

any treatment peaks.  In another study, Valenchon et al.,(2013c) reported that salivary 

cortisol concentrations of horses exposed to a stressor prior to PR learning peaked at the 

conclusion of the learning session, with concentrations in a similar range to the values 

reported here.  Their horses’ learning performance was transiently enhanced (early trials); 

however, the overall learning performance did not differ from controls.  In comparison, in 

this study, higher cortisol concentrations were associated with reduced learning efficiency 

and fewer correct responses were made in the early learning trials (supplementary 

materials SM 3.2).   
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The inactive treatment was not expected to elicit increases in salivary cortisol 

concentrations or HR (and by proxy noradrenaline), consequently based on the literature, I 

hypothesised that the inactive horses would show impaired learning (Roozendaal et al., 

2006b; Sandi and Pinelo-Nava, 2007).  The inactive horses required significantly more trials 

to reach the learning criterion than the exercise horses, but their performance was not 

significantly different to the stress horses.  The cortisol response of the inactive horses was 

unexpectedly high after both treatment and learning and showed a similar trajectory to the 

physically active stress horses.  The inactive treatment was designed to represent a basal 

condition of inactivity with no stressful features as a companion horse was always present. 

However, at the conclusion of the treatment the horses had been tied up for 35 minutes 

which was longer than they experienced during routine husbandry and management at each 

of the study locations.  It is possible that this extended period of restraint, combined with 

the learning task which exposed them to aversive stimuli, contributed to their high cortisol 

concentrations at the end of the learning session.  However, at no time during the 

experiment did the inactive horses’ HRs increase to levels associated with systemic 

noradrenaline release.  The facilitating effects of cortisol on learning require simultaneous 

adrenergic activity (Roozendaal et al., 2006a), and consequently it is likely that the inactive 

horses did were not able to benefit from their higher cortisol concentrations due to the lack 

of accompanying noradrenaline release.  There are currently no data to determine whether 

stress exposure that elicits low to moderate HR increases in horses, also influences their 

brain concentrations of noradrenaline.  The data presented here suggests that in the 

absence of an obvious concurrent increase in noradrenaline, the high cortisol 

concentrations impaired learning in the I horses, as has been reported in other species 

(Roozendaal et al., 2006b). 

In relation to the time course of cortisol release reported here, it would be expected, based 

on the exercise physiology literature, that the cortisol levels of both the E and S horses 

would have increased in line with their HR increases (Kedzierski et al., 2013).  Consequently,  

cortisol increases should be identifiable during the learning phase, given that it was 

concluded within 30 minutes of the end of the treatment phase (Kedzierski et al., 2013) and 

cortisol levels in horses have been reported take between 30 and 180 minutes to return to 

basal (S. et al., 1999; Marc et al., 2000; Hyyppa, 2005; Kedzierski et al., 2013).  The I and S 
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horses appear to fit within this expected trajectory of cortisol release but not the E horses.  

Casella et al.,(2016) reported a significant increase in serum cortisol levels after completion 

of a reining workout conducted mostly at the canter with levels remaining significantly 

elevated at 30 and 60 minutes but not 120 minutes post exercise and Krumrych et al.(2018) 

found a significant correlation between HR and cortisol, with the strongest effect seen in 

horses undertaking the more intense exercise over a longer duration.  In this study, the E 

horses’ salivary cortisol levels had fallen considerably after learning, compared to the 

substantial rise observed in the I and S horses.   There is currently no data that I am aware of 

comparing the trajectory of cortisol release and decline in horses exposed to psychosocial as 

opposed to exercise stressors and there are reported examples of a dissociation between 

cortisol and other physiological and behavioural measures, (Koolhaas et al., 2011; Campbell 

and Ehlert, 2012; Hall et al., 2014; Ralph and Tilbrook, 2016; Zsofia et al., 2016; König von 

Borstel et al., 2017; Randle et al., 2019).  The findings from this study are in alignment with 

such works and further research could explicitly assess if cortisol responses in horses is 

differentially affected by the type of stressor that elicits its release as appear to have 

occurred here. 

BDNF and dopamine are also potential candidates mediating the relative differences in 

learning acquisition between the treatment groups, particularly between the physically 

active E horses and the I horses who consequently may not have experienced an increase in 

BDNF release or upregulated in activity of the BDNF receptor Tropomyosin receptor kinase B 

(TrkB) which facilitates learning related synaptic plasticity (Gourley et al., 2012).  In rodent 

models utilising measurements in brain tissue, positive relationships have been reported 

between BDNF activity in the hippocampus and prefrontal cortex, acute and long-term 

exercise, and either cognitive enhancement or protection against stress induced cognitive 

impairment (Gomez-Pinilla et al., 2008; Alomari et al., 2013; Bechara and Kelly, 2013).  

Exercise also has positive effects on dopaminergic activity in the striatum and in 

combination with BDNF, may contribute to the reported benefits of exercise for coping with 

aversive experiences, stress resilience and cognitive benefits (Greenwood, 2019).  In 

humans, a 35 minute exercise session increased performance in a motor learning task and 

was corrected with increase concentrations of peripheral dopamine (Basso and Suzuki, 

2017) and overexpression of the BDNF receptor tropomyosin receptor kinase B (TrkB) in the 
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dorsomedial striatum of mice, led to increased BDNF activity and enhanced goal-directed 

learning in an appetitive instrumental learning task (Pitts et al., 2018).  The potential effects 

of BDNF on the S horse’s learning performance is less clear as the relationship between 

acute stress and BDNF expression and receptor activity in brain regions responsible for 

learning is complex (Bath et al., 2013).  Acute stress generally upregulates BDNF expression 

in the hippocampus which is believed to be a protective mechanism against stress induced 

impairment of hippocampal function and this is associated with improved performance in 

hippocampal mediated spatial and object recognition tasks in rodents (Nooshinfar et al., 

2011; Uysal et al., 2012; Brivio et al., 2020).  The instrumental learning task in this study is 

likely to be striatal mediated and BDNF expression is also required for the survival of striatal 

neurons and BDNF activity in the striatum (Gourley et al., 2012; Baydyuk and Xu, 2014).  

High glucocorticoid concentrations are associated with attenuated BDNF expression in 

corticostriatal circuits responsible for goal directed learning performance (Gourley et al., 

2012; Bennett and Lagopoulos, 2014).  Whether dopaminergic or BDNF activity contributed 

to exercise or stress effects on equine cognition remains to be tested.  A marker of 

dopaminergic activity, spontaneous eyeblink rate has been correlated with salivary cortisol 

concentrations in horses (Mott et al., 2020) and this combined with the use of circulating 

BDNF measures as has been used in the human exercise and cognition literature could 

provide a mechanism to explore these issues (Walsh and Tschakovsky, 2018).  

There was a significant breed effect on the probability of high cortisol concentrations, 

during the T and L, with non-TB/WB horses having a higher probability of high cortisol than 

the TB/WB horses.  In common with the other breeds that were used in the study, the 

TB/WB horses were a mixture of horses that were either in active training for eventing 

competitions or horses that had been in low to moderate exercise for at least the month 

prior to the experiment.  In comparison to the data reported here, Sauer et al., (2019) 

reported that warmblood and Thoroughbred sport horses had higher salivary cortisol 

concentrations in response to ACTH challenge than French-Montagne breed horses, 

irrespective of level of competition activity or expertise of their riders.  Cortisol responsive 

phenotypes have been identified in Japanese quail (Cockrem et al., 2010) and mice (Touma 

et al., 2008) and cortisol reactivity in humans is associated with some psychiatric disorders 

(Zorn et al., 2017).  Further research could explore whether similar phenotypes also exist in 
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horses and whether this influences their cognitive performance in negative reinforcement 

learning. 

The HRV results appear to capture the differences in energy demands of the two active 

treatments rather than delineate differences in their affective characteristics.  In trotting 

and cantering horses HRV results may be affected by errors arising from physical activity 

due to a loss of contact between the electrodes and the skin (Physick-Sheard et al., 2000; 

Parker et al., 2009a).  In humans, exercise intensity is positively associated with increasing 

numbers of artefacts (Giles and Draper, 2018).  The reduction in variability of the time 

domain HRV parameters for the E and S horses but not the I horses during treatment aligns 

with the negative association between inter-beat variability and increasing heart rate 

(Stucke et al., 2015).  The S horses’ HF and LF bands were lower than both the I and E 

horses, whereas the E horses had the highest recordings for both.  A common interpretation 

of frequency domain parameters is that the LF and HF bands reflect the balance of 

sympathetic to parasympathetic nervous system dominance respectively, though this has 

been questioned as other physiological factors can also contribute to fluctuations in HF and 

LF values (Billman, 2013; Hayano and Yuda, 2019).  The HF band is very sensitive to 

respiratory influences and at high respiration rates HF values are likely to reflect these 

influences irrespective of psychosocial effects (Penttilä et al., 2001).   

Physic-Sheard et al.,(2000) reported LF values increasing in the trot and gallop with a 

corresponding decrease in HF values at canter and gallop and Cottin et al.,(2005) reported 

that at very high exercise intensities, HF values increase, whereas in this study, both HF and 

LF values were simultaneously elevated in the E horses but reduced in the S horses.  Physic 

Sheard et al.,(2000) concluded that the autonomic modulation of HRV (balance of 

sympathetic and parasympathetic nervous system influences) is dissociated once exercise 

intensities reach >120 bpm and Cottin et al.,(2005) suggested that at high HRs, HF values 

increase due to hyponea.  The mean of the maximum HRs of the E and S horses during both 

treatment and learning were >120 bpm and consequently the HRV parameter values 

recorded here are more likely to be reflective of the physiological influences arising from 

the energetic demands of the activity rather than reflective of differences in the nature of 

the two forms of stress.  During learning, I horses had greater variability across all indices 

compared to the other treatment groups in keeping with their lower HRs in general 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
113 

however, this did not translate to improved learning efficiency and was also not associated 

with their cortisol concentrations which were highest during learning.  No HRV parameter 

was associated with learning performance.   

I note the inferential nature of the analysis of these results and the low precision offered by 

relying on peripheral concentrations or proxies of neurotransmitter release and activity in 

neural networks associated with instrumental learning.  The limitations of this approach 

have been identified in relation to studies of human cognition that rely on similar measures 

(Roig et al., 2016; Goldfarb, 2019).  In the absence of the opportunities for assessing brain 

activity in real time in horses that are available for rodent models, this inferential approach 

provides a mechanism to explore the putative neurobiological underpinnings of behaviour 

in equine subjects.  It is to be hoped that new tools to improve the robustness and precision 

of methods to analyse equine behaviour and neurobiology in relation to cognition and affect 

will be developed in the future. 

3.7 Conclusion 

These results extend findings in other species on the benefits of exercise on learning; that 

moderate exercise also has a beneficial effect on negative reinforcement learning in horses.  

In the absence of data obtained directly equine brain regions, findings from other species 

suggest that the cognitive benefits of the exercise in this study were likely to be mediated by 

beneficial increases in cortisol and noradrenaline interacting with dopamine, BDNF and 

other neurotransmitters that collectively enhance synaptic plasticity and excitability in 

regions associated with learning.  In comparison to the exercise treatment, stress exposure 

eliciting a strong cortisol release may impair learning in horses, likely by upregulating 

salience and inflexible learning networks at the expense of flexible learning networks that 

facilitate learning novel tasks.  Training activities conducted while the horse is under the 

influence of high cortisol concentrations appears to impair learning compared to lower 

cortisol concentrations.  This study supports industry advice that a short period of physical 

warm-up of low cognitive demand, with the horse moving freely and calmly may set the 

horse up for enhanced learning during a training session, particularly when compared to 

commencing training without any prior physical activity.  In contrast, exposure to 

uncontrollable stress prior to a training session should be avoided as learning may be 
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impaired, possibly as a result of the influence of high cortisol concentrations on the brain 

regions necessary for learning.   
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Supplementary materials 

SM1-Minimum and Maximum heart rate data  

During PT, the minimum and maximum HRs were similar for all groups (Minimum HR F2,38 

=0.023, p=0.973, Maximum HR F2,38 =1.83, p=0.175).  Minimum HRs during T differed 

between the I and S horse but not the E horses, (Mean differences [bpm]: I-E:-8.91[95% CI -

19.70-1.88], p=0.123, I-S:-13.77 [95%CI -24.35- -3.16],p=0.008, E-S:-4.85 [95%CI -15.64-

5.94], p=0.523).  During L, the minimum HRs of the I horses were lower than the E or S 

horses (Mean differences [bpm] I-E:-12.39 [95% CI -20.52- -4.27], p=0.002, I-S:-15.50 [95% 

CI -23.48- -7.52], p=<0.001, E-S:-3.11 [95% CI -11.23-5.02], p=0.62).  

The maximum HRs of the E and S horses were significantly higher than the I horses during 

T, (Mean differences [bpm]: I-E:-75.32 [95% CI -111.84- -31.81], p<0.001,I-S: -92.13 [95% CI 

-134-83- -49.43],, p=<0.001, E-S:-16.81 [95% CI -60.32-26.71], p=0.62), whereas during  L, 

only the S horses’ maximums were higher, (Mean differences [bpm]: (C-E:-34.71 [95% CI -

71.62-2.19}, p=0.069,C-S:-57.05 [95% CI -93.27- -20.83], p=0.001, E-S:-22.34 [95% -57.25-

14.57], p=0.31). . 
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Treatment Time Period Mean 95% Confidence Interval 

Lower Upper 

Inactive Walk 7 min 56.23 43.31 69.14 

Trot 10 min 55.82 42.90 68.74 

Canter 5min 54.583 41.67 67.50 

Exercise Walk 7 min 84.99 71.59 98.40 

Trot 10 min 119.57 106.16 132.97 

Canter 5min 155.05 141.13 168.97 

Stress Walk 7 min 172.14 159.22 185.05 

Trot 10 min 189.18 176.26 202.10 

Canter 5min 157.13 143.75 170.51 

Supplementary Table ST3.1-GLMM estimated means of HRs during three time periods in the Treatment phase 
and 95% confidence intervals.  Time periods are aligned to the Exercise treatment ridden workout including 
duration and gait for each phase of the treatment. 

 

  Trials to 
criterion Mean HR Max HR 

Trials to 
criterion 

Correlation 
Coefficient 1 -0.129 -0.07 

Sig. (2-tailed) . 0.423 0.666 

Mean HR 
Correlation 
Coefficient 

 1 .867** 

Sig. (2-tailed)  . <0.01 

Max HR 
Correlation 
Coefficient 

  1 

Sig. (2-tailed)     . 

Supplementary Table TS 3.2- Spearman’s Rank Order correlations for mean and maximum HRs during learning 
and learning performance (trials to criterion). 
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Trials to 
criterion 

RMSSD SDNN NN50 LF (FFT ms2) HF (FFT ms2) 

Trials to 
criterion 

Correlation 
Coefficient 

1 0.141 0.134 0.053 0.23 0.163 

Sig. (2-tailed) . 0.379 0.403 0.741 0.147 0.308 

RMSSD 

Correlation 
Coefficient 

 1 .957** .932** .859** .941** 

Sig. (2-tailed)  . <0.01 <0.01 <0.01 <0.01 

SDNN 

Correlation 
Coefficient 

  1 .908** .921** .970** 

Sig. (2-tailed)   . <0.01 <0.01 <0.01 

NN50 

Correlation 
Coefficient 

   1 .806** .898** 

Sig. (2-tailed)    . <0.01 <0.01 

LF( FFT ms2) 

Correlation 
Coefficient 

    1 .934** 

Sig. (2-tailed)     . <0.01 

HF (FFT ms2) 

Correlation 
Coefficient 

     
1 

Sig. (2-tailed)           . 

Supplementary Table ST3.3- Spearman’s rank order correlations between HRV and learning performance (trials 
to criterion) SDNN- Standard deviation of the mean interbeat intervals (IBI), RMSSD-Square root of the mean of 
the sum of the squares of differences between successive IBIs, NN50 ms- Number of pairs of successive IBIs 
differing by more than 50 ms,.  LF power-low frequency band in absolute values ms2. HF power- high frequency 
band in absolute values ms 2 
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Chapter Four - Effect of physiological arousal prior to learning on memory 

consolidation and retrieval in horses.  

4.1 Abstract 

Successful horse training relies on horses’ ability to recall what they have previously learned 

so they can repeat behaviour on cue.  Memories are the result of changes to neuronal 

structure and function within relevant brain regions that undergo distinct phases.  During 

memory consolidation, temporary alterations to neuroarchitecture and function that 

support learning are transformed into a durable state for storage and later recall.  These 

processes can be positively and negatively influenced by factors such as exercise, stress or 

fatigue and if they are disrupted or impaired, this can result in a failure of consolidation, and 

consequently, the horse will forget what it learnt during a training session.  During memory 

retrieval consolidated memories are recalled from storage and this process can also be 

disrupted by stress.  This study evaluated whether pre-learning exposure to 22 minutes of 

either stress (S), exercise (E) or inactivity (I) affected behavioural indicators of memory 

consolidation and retrieval in horses.  Horses (n =41) were exposed to one of the three 

treatments immediately prior to learning a negatively reinforced locomotory learning task.  

Their memories of the learning task (LT) were tested 24 hours later in a single memory 

retrieval test (MRT) of 15 individual trials in which they were exposed to either zero or one 

instance of the training stimulus per trial.  Initial analysis indicated that were no significant 

differences between treatments in the number of correct responses during the MRT (F2,38 

=2.063, p=0.144). However, five horses (I: n=2, E: n=3) made no locomotory responses (NR) 

and were determined to be non-responders and removed from the analysis.  Analysis of the 

remaining responders indicated that  E horses performed more correct responses than the I 

horses but not the S horses (F2,35 =4.154, 0.027).  Heart rates during the MRT were similar 

for all groups (F2,38 =0.327, p=0.144), as was the duration (X2(2) =0.155, p=0.925) and the 

number of cues applied during the test (X2(2) =1.596, p=0.450) meaning differences in 

performance did not relate to differences in the MRT conditions.  Pearson’s correlations 

revealed that more trials to reach the learning criterion during the LT were associated with 

fewer correct responses in the MRT (r=-0.357, p=0.022) and more NRs (r=-0.356, p=0.022).  

These data suggest that, where memory consolidation of a negatively reinforced learning 
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task has occurred, a moderate level of physiological arousal during learning may be 

facilitative and that slower acquisition of a learning task as measured by trials to reach a 

learning criterion is associated with impaired memory consolidation.  To enhance memory 

consolidation in horses, learning should occur while the horse is in a state of moderate 

physiological arousal and where horses are failing to rapidly acquire a learning task, 

strategies to enhance acquisition should be implemented to ensure adequate consolidation 

of the task.  

Abbreviations 
E Exercise treatment group 
GLM General linear model 
GLMM Generalised linear mixed model 
HR Heart rate 
HRM Heart rate monitor 
I Inactive treatment group 
LT Learning task 
MRT Memory retrieval test 
NR Non-responder 
S Stress treatment group 

4.2 Introduction 

Successful horse training relies on horses’ ability to recall what they have previously learned 

so they can repeat behaviour on cue.  Memories of learning experiences must be 

consolidated in brain regions so they are available to be retrieved in the future (Dudai et al., 

2015).  Memory consolidation is vulnerable to disruption and failures in consolidation 

means that learning experiences will, in effect, be forgotten (Cazakoff et al., 2010; Haubrich 

et al., 2020).  Memory retrieval is a distinct neurophysical process in which consolidated 

memories are retrieved from storage locations to underpin behavioural responses to 

current situations (Bocchio et al., 2017).  A failure to retrieve a consolidated memory can 

have the same effect as a failure of consolidation- the memory of the appropriate response 

for the situation is not available (Haubrich et al., 2020).  In the context of horse training, a 

failure to repeat responses the trainer believed the horse had learned may be interpreted as 

disobedience deserving punishment or a lack of willingness by the horse to comply with the 

trainer (McLean, 2003).  While the processes underpinning memory consolidation have 

been extensively explored in rodent models and increasingly in humans (Dudai et al., 2015; 

Casagrande et al., 2018), very little is known of the potential influences of memory 

consolidation or memory retrieval on horses’ ability to repeat training related behaviours in 
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cue.  Greening et al.,(2021) investigated the effect of sleep duration and quality on the 

consolidation of an appetitive spatial memory task and reported no significant effects.  

Research in other species has identified factors that can enhance and impair memory 

consolidation and retrieval, such as exercise (McNerney and Radvansky, 2015) and stress 

(Guenzel et al., 2013) and if these findings hold true for horses, they could assist owners to 

implement practices to enhance consolidation and avoid practices that impair it, leading to 

improved training outcomes and potentially horse welfare.   

Memory consolidation is the process that transforms transient alterations to neuronal 

functioning that occur during learning into more durable forms so that the memory is 

subsequently available for retrieval to inform future responses (Bailey et al., 2015).  

Memory consolidation takes place in specific brain regions involved in memory such as the 

hippocampus, basal ganglia, frontal cortices, amygdala and elsewhere, depending on the 

type and emotional valence of the memory (Nader et al., 2000; Albouy et al., 2008; Doyon 

et al., 2009; Bailey et al., 2015; Baldi and Bucherelli, 2015; Chaaya et al., 2018).  The 

consolidation of memories occurs in phases.  Early stage consolidation processes involve 

rapid, non-genomic alterations to synaptic plasticity, including increases in neuronal 

excitability, dendritic spine proliferation and morphology within the synapses which 

strengthen synaptic connections to provide the cytostructural foundations for the fixing of 

the memory into a durable trace (Langemann et al., 2008).  These processes commence 

during the learning experience and continue through the 10-60 minutes period following 

the experience (Lamprecht and LeDoux, 2004).  During this early stage, the alterations to 

dendritic spine morphology and proliferation are fragile and vulnerable to disturbance if the 

plasticity processes are interrupted or have to compete for resources such as glucose (Gold 

and Korol, 2012).  Late-stage consolidation processes commence in the hours after the 

learning experience and continue for at least 24 hours following and possibly for days or 

weeks (Adams and Dudek, 2005; Dudai, 2012).  In humans and rodents, brain activity during 

sleep in the 24 hours after learning is also critical for successful consolidation (Wilhelm et 

al., 2012).  Early stage consolidation is dependent on glucocorticoid activation of high 

affinity mineralocorticoid receptors (Joëls, 2018).  Late stage consolidation involves genomic 

activity including de novo protein transcription which provide stability and durability to the 

early consolidation alterations by adding cytostructural proteins and cell adhesion 
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molecules to stiffen the structure of newly formed or enlarged dendritic spines (Lamprecht 

and LeDoux, 2004).  These processes stabilise the memory for long term storage and future 

retrieval (Miyashita et al., 2008; Bailey et al., 2015) and are reliant on glucocorticoid 

mediated glutamate release (Krugers et al., 2012) and a range of other factors including 

brain derived neurotropic factor (BDNF) activity and receptor activation (Abel and Lattal, 

2001; Campolongo et al., 2009; Arango-Lievano et al., 2019). 

The retrieval of a memory to inform a response to a stimulus requires the activation of the 

memory from the storage state to an active state (Tonegawa et al., 2015).  Retrieval of the 

memory returns it to a labile state during which time it is also vulnerable to disruption 

(Nader et al., 2000; Sachser et al., 2017).  The structural components of the synaptic spines 

supporting the memory are temporarily weakened, returning the memory to a similar state 

of vulnerability that occurred during its initial formation and early consolidation (Bonin and 

De Koninck, 2015).  Retrieved memories undergo reconsolidation processes which may alter 

the memory trace, and reconsolidation shares a similar time course to initial consolidation 

(Nader et al., 2000; Nadel et al., 2012).  Reconsolidated memories may differ from the 

originally retrieved memory (Finnie and Nader, 2012).  Depending on the prevailing 

conditions such as exposure to stress during reconsolidation, there may be failures of, or 

alterations to the memories during reconsolidation (Zhang et al., 2018).  

Consolidation is mediated by moderate increases in cortisol, noradrenaline and dopamine, 

as well as the release and activity of neurotrophins such as BDNF and endocannabinoids 

(Yamada and Nabeshima, 2003; Roozendaal et al., 2006a; Arango-Lievano et al., 2019).  

These substances exert both synchronous and opposing effects on the complex array of 

neurophysical activities that underpin memory consolidation.  Simultaneous increases in 

glucocorticoids and catecholamines enhance glutamate receptor activity which in turn 

boosts synaptic transmission (Roozendaal and McGaugh, 2011).  Glucocorticoid release also 

has a positive influence gene expression supporting de novo synthesis of structural proteins 

on which dendritic spine proliferation and memory consolidation depends (Yuen et al., 

2009; Krugers et al., 2012).  BDNF release, in combination with moderate glucocorticoid 

release, is also associated with enhancement of the neurogenic and plasticity processes 

associated with memory consolidation, including neurogenesis, neuronal survival and 

delayed apoptosis (Gómez-Palacio-Schjetnan and Escobar, 2013; Gray et al., 2013; Arango-
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Lievano et al., 2019).  The efficiency of these processes can be impaired or enhanced by 

concentrations of these substances, with high concentrations of glucocorticoids especially 

having an impairing effect on some but not all types of memory consolidation, partially due 

to the concomitant attenuation of BDNF activity (Jeanneteau et al., 2019).  Low 

concentrations of BDNF may impair consolidation due to attenuated spine formation or 

persistence as well as other related factors (Psotta et al., 2013; Arango-Lievano et al., 2019).  

Activities that lead to an increase or decrease of concentrations in these neurotransmitters 

during early or late consolidation can therefore exert a direct influence on the consolidation 

of the memory (McIntyre et al., 2012).  Likewise, memory retrieval can also be disrupted or 

enhanced if the activity of neurotransmitters affect the efficiency of the underlying 

neurochemical and morphological processes (Guenzel et al., 2013). 

Both exercise and stress result in changes to the release and expression of neurochemicals 

implicated in memory consolidation (McGaugh, 2015; Wanner et al., 2020).  A variety of 

studies have identified both enhancement or impairment of memory consolidation 

associated with stress and exercise, (Winter et al., 2007; Chen et al., 2017a).  These effects 

are mediated by concentrations of relevant neurochemicals such as glucocorticoids, 

noradrenaline and BDNF.  Moderate and high intensity expertise in humans is generally 

associated with enhanced learning acquisition as well as consolidation across a range of 

learning tasks in the majority but not all studies (Winter et al., 2007; Skriver et al., 2014; 

Roig et al., 2016; Basso and Suzuki, 2017; Jentsch and Wolf, 2020; Wanner et al., 2020).  In 

particular, acute exercise benefits the consolidation of memories for tasks that are reliant 

on frontal cortex activity, with less robust evidence for exercise benefits on striatal 

dependent tasks that share some similarities with equine learning tasks in human-horse 

interactions (Basso and Suzuki, 2017).  In rodents, spatial, object recognition and lever press 

avoidance are facilitated by acute (single bouts) and long term exercise programs (Blustein 

et al., 2006; Liu et al., 2009; Alomari et al., 2013; Bechara and Kelly, 2013).  Fatigue is 

reported to impair learning performance and consolidation in animal and humans for some 

types of memory tasks (Moore et al., 2012; Ma et al., 2018).  Increased cardiac output is 

associated with upregulation of BDNF expression, enhanced glucocorticoid, catecholamine 

and endocannabinoid release and lactate production, a precursor to glutamate which is 

essential for synaptic plasticity serving memory consolidation (Gomez-Pinilla et al., 2008; 
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McMorris, 2016; Basso and Suzuki, 2017; Loprinzi et al., 2019).  Control groups generally 

show lower consolidation likely due to basal concentrations of glucocorticoids, 

catecholamines and BDNF that are insufficient to facilitate effective consolidation 

(Lambourne and Tomporowski, 2010).   

Acute intense stress has been shown to have differential effects on memory consolidation in 

rodents and human subjects, which may depend on the emotional valance of the memory 

(Joëls et al., 2006; McGaugh, 2015).  Stress prior to learning generally enhances the 

consolidation of emotional memories but can impair or enhance consolidation of non-

emotional memories depending on the type of memory (fear, goal directed, habitual, 

procedural, spatial), the intensity of the stress exposure and its characteristics 

(controllable/uncontrollable) (Radecki et al., 2005; Sandi and Pinelo-Nava, 2007; Schwabe 

and Wolf, 2010; Schwabe et al., 2012; Braun and Hauber, 2013; Goldfarb, 2019). 

Concentrations of glucocorticoids and noradrenaline have a dose effect on consolidation in 

relation to stress, with very low or very high levels impairing and moderate levels having an 

enhancing effect (Joëls, 2006; Roozendaal et al., 2006a).  High levels of glucocorticoids can 

impair consolidation of memories in the hippocampus, the key site for early consolidation of 

non-emotional memories and upregulate basolateral amygdala activity, a key site for 

emotional memory consolidation and which also influences memory consolidation in other 

brain regions (Roozendaal, 2002; McIntyre et al., 2012; Kim et al., 2015).  As with exercise, 

stress effects on consolidation are mediated by simultaneous increases in concentrations of 

catecholamines and glucocorticoids as well as BDNF; however, the different effects of stress 

and exercise on cognition including on memory consolidation are not well understood (Chen 

et al., 2017a).  A range of possible factors relating to complex interactions between 

glucocorticoid release, glucocorticoid receptor activation, and dopamine-glucocorticoid 

interactions in the prefrontal cortex (PFC) and other brain regions have been proposed 

(McMorris, 2016; Chen et al., 2017a).  Exercise induced enhancement of BDNF activity is 

associated with protection against stress related declines in cognitive performance in 

rodents (Adlard and Cotman, 2004; Greenwood et al., 2012).  

Stress prior to memory retrieval generally impairs it, whereas exercise prior to retrieval can 

enhance it (Smeets et al., 2008; Guenzel et al., 2013; Atsak et al., 2016).  Rodent studies of 

exercise and stress effects on memory consolidation or retrieval rely on factors quantified 
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from direct recordings or analysis of specific brain regions, in vivo and in vitro, whereas 

human studies rely on correlations between learning performance or functional magnetic 

resonance imaging evidence and concentrations of the substance of interest obtained from 

of peripheral rather than brain sources (Basso and Suzuki, 2017).  Consequently, the 

influence of peripheral concentrations on memory consolidation can only be assessed via 

correlations which may or may not reflect causal relationships in the brain (Roig et al., 

2016). 

Although memory consolidation and retrieval are distinct neurological processes, testing 

their outcomes via behavioural assays alone is complicated.  That is, is a failure to repeat a 

learned behaviour evidence of a failure of the memory to be consolidated; a lack of a 

memory to retrieve, or a failure to retrieve a memory that has been consolidated-the 

memory is available, but the process to get it out of storage has failed?  One way to 

minimise potential confounds during the assessment of memory retrieval is to ensure it 

takes place with a minimum of disruptions or factors known to impair it such as stress.  

Ensuring that all treatment groups in studies of memory consolidation perform retrieval 

tests under identical conditions can minimise the effect of confounds and consequently 

expose potential treatment differences in consolidation separately to retrieval failures. 

While little is known directly about memory consolidation in horses or the factors that could 

impair or enhance it, horses are anecdotally described as having very good memories 

(McGreevy and McLean, 2010).  Horses have been experimentally observed retrieving 

consolidated memories of a range of past events. These include behavioural responses to 

visual discrimination stimuli (Hanggi and Ingersoll, 2009; Gabor and Gerken, 2018), 

instrumental responses (Wolff and Hausberger, 1995; Le Scolan et al., 1997; Valenchon et 

al., 2013b), the individual identities of carers and conspecifics after extended periods of 

absence (Proops et al., 2009; Proops and McComb, 2012; Proops et al., 2018), and 

associations between handlers and specific outcomes such as rewards or punishments 

(Fureix et al., 2009a; Sankey et al., 2010a; Sankey et al., 2010b).   

Exposure to stress has been associated with moderate impairments of memory 

consolidation and retrieval in horses in appetitive learning tasks.  Valenchon et al.,(2013c) 

exposed horses to 30 minutes of a variety of uncontrollable stressors or a control condition 

before or after a learning task and reported significant, but short-lived memory retrieval 
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impairment in the horses who were stress exposed after the original learning when they 

were given a reacquisition test eight days later in the absence of stress.  Horses exposed to 

stress prior to learning also showed an impairment during the test but it did not reach 

significance.  The stressed horses made fewer correct responses in a food rewarded visual 

discrimination test than the unstressed control horses.  The authors concluded that the 

memories of the stressor may have impaired the stress treated horses’ ability to retrieve the 

training related memory.  

In comparison to stress, the effects of exercise on equine memory consolidation or retrieval 

has not been evaluated.  Acute exercise that causes substantial acceleration of HR also 

causes a surge in peripheral concentrations of noradrenaline and cortisol (Snow et al., 1992; 

Kurosawa et al., 1998; Baragli et al., 2010).  Peripheral cortisol concentrations can be 

elevated for up to 180 minutes post exercise (Casella et al., 2016), which is within the 

window for consolidation enhancement for learning tasks undertaken within this time 

period (Joëls, 2018).  The identification of factors that affect equine memory consolidation 

could assist horse owners to develop strategies to limit the effect of factors that impair it.  In 

addition, it could assist them to implement practices that enhance consolidation, leading to 

improved training efficiency and possibly horse welfare.  

This study tested whether acute stress, exercise or inactivity immediately prior to learning 

affected the consolidation of the memory of that learning by exposing the horses to a test of 

their ability to retrieve the memory 24 hours after the original learning session. To test this, 

a memory retrieval test (MRT) of 15 trials was undertaken.  Horses were exposed to the 

training stimulus and given a maximum of one tap per trial, for a possible maximum of 15 

taps in total.  I hypothesised that the exercise horses would demonstrate enhanced memory 

consolidation compared to the control horses, with the stress horses demonstrating 

intermediate performance. In addition, I explored whether there were relationships 

between the horse’s physiology (HR and salivary cortisol) at the time of the original learning 

task (LT), their performance in the LT and their subsequent performance in the MRT to 

inform potential inferences in regards to possible neurophysiological processes 

underpinning the MRT performance.  
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4.3 Materials and methods 

4.3.1 Animals and management 

The animals, training, care and management and details of the experimental locations have 

previously been described in Chapter Three.  Horses (n=41:18 mares, 1 stallion, 23 geldings, 

age range 3 to 20 years, mean 8.5 years, ±5.1 years, Table 3.1), were sourced from seven 

private owners.  The data were collected at three separate professional horse training 

facilities.  After an inactive basal period of 20 minutes, horses were exposed to one of three 

treatments and immediately afterwards, underwent the LT, the full details of which can be 

found in Chapter Three.  The treatment duration was 22 minutes and involved either 

remaining tied up with a companion horse (Inactive, I), exposure to various stressors (Stress, 

S) or a period of ridden work in walk, trot and canter (Exercise, E).  The LT which followed 

required them to make two sideways steps including one full crossing of the right hindleg 

over the left hindleg, in response to a visual cue of a dressage whip held in position but not 

applied to the horse or taps from the whip which were applied to the right hindquarter.  The 

learning criterion was three correct responses in response to two or less whip taps in a row.  

The duration of the learning task varied depending on how many trials the horse completed 

before reaching the learning criterion, after which the LT was concluded.   

After reaching the LT criterion the horses underwent a recovery phase in which they were 

tied with a companion horse nearby for 30 minutes. 

4.3.2 Memory retrieval test procedure. 

Approximately 24 hours after the conclusion of the LT, the memory retrieval test of 15 trials 

per horse was conducted.  The horse was collected from its paddock along with a 

companion and led to the preparation area.  A heart rate monitor (HRM) (Polar© V800 with 

equine electrodes, Polar Electro Oy, Finland) was fitted using an elasticised racing over girth 

to secure the electrodes.  The horse was then led to the same area where the LT had taken 

place.  The start time was noted and the HRM set to record. The test consisted of 15 

individual trials per horse and was conducted as follows.  The handler stood on the right 

hand side of the horse with the dressage whip held in the left hand and the lead rope 

attached to the halter in the right hand.  The dressage whip was held in a horizontal 

position, in the same position as the original learning cue, in close proximity to the horse so 
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that the horse could respond to the visual cue of the whip.  If the horse did not respond to 

the whip within 1-2 seconds, a single tap was applied to the same region as the LT (the hip 

region) for a maximum possible total of 15 taps per horse.  The handler called out the 

response score (no response, correct or incorrect) and the number of taps applied (0 or 1) 

and a research assistant recorded the data.  This procedure was repeated 15 times with a 

break of 5 seconds between trials.  The end time was noted and HRM turned off.  The same 

person undertook the LT and MRT at each location.  

4.3.3 Data 

The MRT was filmed with a Sony CX625 camera (Sony Corporation, Tokyo, Japan) mounted 

on a tripod. The video footage of each session was reviewed, and the responses were 

scored again by the same experimenter using the system described in Table 4.1. 

Response 
score 

Description of response to whip 
presentation 

Comment 

No 
locomotory 
response (NR) 

Horse remains stationary Horse has not responded to the cue 

Incorrect Horse makes a half or single step not 
involving crossing of right hind leg over 
the left hind leg OR Horse makes three or 
more steps involving crossing of right 
hindleg over the left hind leg 

Horse has made an incorrect response to 
the cue 

Correct Horse makes a one to two steps involving 
crossing of the right hind leg over the left 
hind leg  

Horse has responded correctly to the cue 

Table 4.1. Description of locomotory responses during the memory retrieval test 

The HR data stored in the Polar V800 computer were transferred via Bluetooth to the 

Polar© Flow app at the conclusion of the retrieval test.  Thereafter individual text files were 

extracted from the Polar© Flow website (www.polarflow.com) and individually imported 

into the Kubios application (Kubios HRV Premium, ver. 3.2.0, Kubios Oy, Kuopio, Eastern 

Finland).  The automatic artefact correction filter was applied and the resultant data were 

exported to MS Excel files using the Kubios export function.  The relevant data from the MS 

Excel files was manually imported into SPSS for analysis.  
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4.4 Statistical analysis 

The statistical analysis was undertaken using SPSS (IBM, Armonk NY, Releases 26 and 27).  

To compare the intra-observer reliability of the scoring of responses during the MRT and the 

video review, an interclass correlations test was conducted.  The counts of the different 

categories of response during the MRT to assess memory consolidation/retrieval were 

evaluated.  Of 41 horses, five made no locomotory response of any kind during the MRT (15 

x NR).  These horses were assessed as having failed to consolidate or retrieve any memory 

of the learning task and consequently, two analyses of the learning category data were 

undertaken.  The first with all subjects included and the second with the non-responding 

subjects removed to assess if, among the horses who evidenced consolidation of the 

memory, the pre-learning treatments had an effect.  The number of taps applied, the 

duration of the MRTs and the HRs of all horses (responders and non-responders) were also 

assessed to evaluate if there were other factors during the MRT that could have contributed 

to the response performance during the MRT.  The counts of retrieval responses and the HR 

data were normally distributed (Shapiro-Wilk, p>0.05); however, the duration of the tests 

and number of taps were not (Shapiro-Wilk, p<0.05).  The counts of the response categories 

and mean HR were analysed with a General Linear Model (GLM) with response category as 

the dependent variable and treatment, location and treatment*location as explanatory 

variables.  The non-parametric data were analysed with Kruskal Wallis independent samples 

tests (KW) with duration and number of taps as dependent variables and treatment or 

location as the explanatory variable.  

The MRT consisted of a maximum of one tap per trial, meaning that the consequence of not 

responding when the whip was shown to the horse was a single tap.  This meant that it was 

possible the response could undergo extinction because other than the single light tap, no 

further aversive consequence followed non responses, unlike during the LT, where the 

consequence for non-responses was further taps.  To evaluate whether there was evidence 

of extinction during the test, the 15 trials were grouped into three sets containing 5 trials 

each (set 1: trials 1-5, set 2: trials 6-10 and set 3: trials 11-15).  A Generalised Linear Mixed 

Model (GLMM) was used to assess these data, with correct response as the model target 

and with trial set and treatment*trial set as fixed effects and horse as random factor to 
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compare differences in the performance of the correct response based on the trial set and 

identify if there was an interaction of treatment*set. 

I was also interested if there were associations between the number to trials horses 

completed to reach the learning criterion in the LT and their MRT response accuracy 

whether there LT physiology (salivary cortisol, mean and maximum HRs) was associated 

with their response accuracy in the MRT to potentially inform assessment of potential 

inferences of LT physiology on putative consolidation of the LT memory as tested in the 

MRT.  Accordingly two separate Pearson’s correlations were generated, the first for the 

count of LT trials to criterion and MRT response accuracy and the second for the counts of 

the correct MRT responses and LT physiology.  SPSS’s Bonferroni correction calculation was 

used in KW post hoc tests to correct for multiple comparisons (IBM Support, Accessed 29 

May 2021) and Tukey’s HSD was used for all parametric post hoc tests. The significance level 

for all tests was set at p< 0.05.  Data are presented as mean± SD or mean ±SEM for HR data. 

4.5 Results 

4.5.1 Intra observer reliability 

A high degree of reliability was found between the behavioural scoring during the retrieval 

test and the rescoring carried out using the video analysis.  The average interclass 

correlation was 0.894 with a 95% confidence interval from 0.875 to 0.909 (F1,614 =5.78, 

p<0.0005) and consequently the video scores were used in the analysis.  

4.5.2 Retrieval duration and number of taps 

The duration of the retrieval test did not differ significantly between the treatments (I: 

2.486 ± 1.02 min, E: 3.077 ± 3.01 min, S: 2.214 ± 0.82 min (X2(2) =0.16, p=0.92) and the 

number of taps applied during the test did not differ significantly (I: 8.143 taps ± 5.23, E: 

6.00 taps ± 5.64, S: 6.643 taps ± 5.96, X2(2) =1.60, p=0.450).  

4.5.3 Descriptive statistics 

Of 41 horses, 88% (n=36) successfully performed at least one correct response during the 

retrieval test and correct responses constituted 44% of all responses (Fig. 4.1).  The 
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remaining five horses did not make any locomotory response during the MRT, meaning they 

scored 15 x NRs during the test.  This group comprised two I horses and three E horses.   

 

 

 

Figure 4.1 Mean count of all responses from all horses (responders and non-responders) during the memory 
retrieval test. NR=non locomotory response, Incorrect=incorrect locomotory response, Correct=correct response 

  

Inactive 
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4.5.4 Number of Responses scores achieved be each treatment group 

There was no difference between treatments for the number of responses performed in any 

response category when the data for all horses (responders and non-responders) were 

analysed (Table 4.2). 

Response score Treatment group Mean 95% Confidence 
Interval for Mean 

F statistic P value 
   

Lower 
Bound 

Upper 
Bound 

  

Non locomotory 
responses 

Inactive 5.43 1.97 8.88 
0.74 0.49 

 Exercise 4.00 0.16 7.83 

 Stress 2.85 0.63 5.09 

Incorrect locomotory 
responses 

Inactive 
5.00 2.40 7.60 1.60 0.22 

 Exercise 3.62 1.08 6.15 

 Stress 4.43 3.04 5.82 

Correct responses Inactive 4.57 2.40 6.74 2.06 0.14 

 Exercise 7.38 4.10 10.67 

 Stress 7.71 5.68 9.75 

Table 4.2: Mean response scores and GLM results for each treatment group during the memory retrieval tests-

all horses. 

When the non-responders were removed from the analysis, there was a significant 

treatment difference for number of correct responses performed, with exercise horses 

performing more correct responses than inactive horses, but not stress horses (Table 4.3).  

There was no difference between the inactive and stress horse. There were no treatment 

differences for any of the other response categories.  
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Response 
score 

Treatment group Mean 95% Confidence Interval for 
Mean 

F statistic P 

Lower Bound Upper Bound 

No 
locomotory 
response 

Inactive 3.83 0.79 6.87 2.00 .152 

Exercise 0.70 -.13 1.53   

Stress 2.86 .63 5.09   

Incorrect 
locomotory 
response 

Inactive 5.83 3.09 8.58 0.52 .602 

Exercise 4.70 1.68 7.72   

Stress 4.23 3.04 5.82   

Correct 
response 

Inactive 5.33 3.11 7.56 3.80 .033 

Exercise 9.60 6.75 12.45   

Stress 7.71 5.68 9.75   

Table 4.3. Mean response scores and GLM results for each treatment group during the memory retrieval tests - 
responding horses only (n=36 of a total 41 subjects).  

4.5.5 Comparison of results across experimental locations. 

There were no significant differences in the count of the NR and correct responses across 

the three locations; however, there was a significant difference in the number of incorrect 

locomotory responses, with post hoc tests revealing that horses at location 2 performed 

significantly more incorrect responses than horses at location 1 (p=0.008) and location 3 

(p=0.00095), whereas there was no difference between horses at location 1 and 3 (p=0.39). 

There were no significant differences for the other response categories and test locations 

(Table 4.4). None of the treatment*location interaction effects on learning were significant.  

Response score 
  

Location Mean 
  

95% Confidence Interval 
for Mean 

F statistic P value 

Lower 
Bound 

Upper 
Bound 

Non locomotory 
responses 

1.00 2.83 0.05 5.62 3.426 .045 
 

2.00 1.25 -0.36 2.86   
 

3.00 3.67 0.99 6.34   

Incorrect 
responses 

1.00 4.58 2.53 6.64 12.203 .0.0001 

 
2.00 1.33 0.24 2.43   

 
3.00 1.25 0.48 2.02   

Correct 
responses 

1.00 6.33 4.03 8.64 1.806 .181 

 
2.00 7.25 4.78 9.72   

 
3.00 8.75 6.09 11.41   

Table 4.4. Response score for each experimental location 
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There was a significant location based difference for the duration of the MRT (Test statistic 

X2(2) =7.56, p=0.023) with Bonferroni adjusted post hoc tests revealing that horses at 

location 3 took significantly less time to complete the test than horses at location 2 

(X2(2)=10.17, p=0.043); (Location 1 mean duration: 2.58 min ± 0.100; Location 2 mean 

duration: 3.42 min± 3.12; Location 3 mean duration: 1.94 min ± 0.43).   

There was no significant difference in the number of taps applied during the MRT between 

the experiment locations, (Loc. 1: 9.92 ± 5.82, Loc. 2: 5.0 ± 5.69, Loc. 3: 7.59 ± 5.10), (X2(2)= 

5.16, p=0.08). 

4.5.6 Change in responding during the test-extinction 

There was a significant difference in the number of correct responses performed during 

each of the three trial sets with significantly fewer correct responses in the second set of 

five trials than during the first and final sets (Set 1-5: 2.12 ± 1.68, Set 6-10: 1.80 ± 1.42, Set 

11-15: 2.54 ± 1.82, F2,114 =6.63, p=0.002) demonstrating no overall extinction of the 

response.  There was no significant difference between the treatments (F2,114 =2.25, p=0.11) 

or a treatment* set interaction (F2,114 =0.56, p=0.69, Fig. 4.2 ). 

 

Figure 4.2. Mean correct responses over sets of five trials for all horses, including non-responders. I= Inactive  
E= exercise, S= stress.  

4.5.7 Heart rates during the retrieval test 

There were no significant differences in the mean HRs between treatments (Mean bpm ± 

SEM-I: 46.57 ± 10.05, E: 47.47 ± 13.91, S: 49.47.47 ± 13.16, F32,2 =0.33, p=0.74).  There was a 

Treatment 
___ Inactive 

___ Exercise 

___ Stress 
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significant effect of location (F32,2 =37.56, p<0.000001) with horses at Location 1 having 

significantly lower mean HRs compared to locations 2 (Mean difference bpm ± SEM: -25.06 

±2.90, p<0.000001) and 3 (Mean difference bpm ± SEM -11.29 bpm ±2.68, p=0.001, and 

horses at location 2 having higher mean HRs than horses at location 3 (Mean difference 

bpm ± SEM: 13.78 bpm ±2.68, p=0.00004).  However, there was no significant 

treatment*location interaction effect on learning performance (F32,2 =2.39, p=0.07). 

4.5.8 Pearson’s Correlations-Learning task and memory retrieval results 

There was a significant negative correlation between number of trials to reach the learning 

criterion during the LT and correct responses during the MRT, and a significant positive 

correlation with LT trials to criterion and number of NRs during the MRT (Table 4.5).  There 

was no relationship between HR and correct responses.  NRs were negatively correlated 

with both incorrect and correct locomotory responses.  The mean and maximum HRs were 

positively correlated but there was no correlation between LT physiology and correct 

responses in the MRT (Table 4.6) 

Factor Non responses Incorrect 
responses 

Correct 
responses Trials to Criterion(LT) 

Non responses 
Pearson 
correlation 

_ 
-.593** -.730** .356* 

Sig. (2-tailed)  0.000044 <0.000001 0.022 
Incorrect 
responses 
Pearson 
correlation 

 

_ -0.118 -0.097 

Sig. (2-tailed)    0.464 0.548 
Correct 
responses 
Pearson 
correlation 

 

 _ -.365* 

Sig. (2-tailed)     0.019 
Trials to 
Criterion (LT) 
Pearson 
correlation 

 

  _ 

Sig. (2-tailed)      

Table 4.5. Pearson's correlations: MRT performance and LT trials to criterion. MRT= Memory Retrieval Test, LT= 
Learning Task. 
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Factor Correct MRT 
response 

Mean LT HR Max LT HR Mean LT 
Cortisol 

Correct MRT response 
Pearson’s correlation 

1 0.101 -0.011 -0.287 

Sig. (2-tailed) 
 

0.529 0.946  0.073 
Mean LT HR 
Pearson’s correlation 

 
1 .928** -0.034 

Sig. (2-tailed) 
 

  P<0.00001 0.833 
Max LT HR 
Pearson’s correlation 

  
1 0.075 

Sig. (2-tailed) 
  

  0.647 
Mean LT Cortisol 
Pearson’s correlation 

   
1 

Sig. (2-tailed) 
   

  

Table 4.6.. Pearson's correlations: Memory retrieval task (MRT) performance and Learning Task (LT) mean and 
maximum (max) HR and salivary cortisol concentration.  

4.6 Discussion 

Although a majority of horses performed at least one correct response during the MRT, this 

study did not find conclusive evidence of the effect of pre-learning related physiological 

arousal on the consolidation of a negatively reinforced learning task in horses.  However, 

some of the data suggests that where memories are successfully consolidated,  

simultaneous increases in HR and salivary cortisol concentrations around the time of 

learning and immediately afterwards may be beneficial for memory consolidation compared 

to increased cortisol alone.  Not all horses evidenced consolidation of the learning task 

memory, with five horses making no response to the training stimulus at all during the MRT.  

When the data was reanalysed without these horses, the E horses performed significantly 

more correct responses than the I horses, but not the S horses and there remained no 

significant differences between the latter two groups.  This suggests a possible failure of 

memory consolidation underlies the lack of differences between the treatment groups 

when the non-responding horses were included in the analysis.  Of the NR horses, none 

were from the stress group and consequently this , in combination with the results of the 

analysis without the NR horses, suggests a possible role for pre-learning physiological 

arousal as indicated by simultaneous HR and cortisol elevations in memory consolidation in 

horses, as has been demonstrated in other species (Okuda et al., 2004; Roozendaal et al., 

2006b).  Further research would be necessary to confirm these preliminary suggestions.   

The lack of significant differences between the treatment groups during the MRT was 

contrary to my hypothesis.  When all horses were analysed, the pre-learning treatments 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
135 

(exercise, stress and inactivity) did not affect the horses’ ability to retrieve and perform 

correct responses and nor were there differences in the performance of non-responses or 

incorrect responses.  It is possible that the method used to evaluate performance in the 

MRT was insufficiently sensitive to capture differences in performance, particularly of the 

different locomotory responses (too few steps, correct number of steps, too many steps).  

The majority of responses in the MRT were locomotory suggesting that the consolidation of 

a locomotory response to the whip successfully occurred in a majority of horses.  However, 

given that no further consequences followed the single tap application irrespective of the 

horse’s response, the lack of additional stimulus presentation may have confounded the 

horses’ expectations about the relationship between the stimulus and the correct response 

and consequently, their motivation to make correct responses.  There were also no 

significant correlations between the horses’ salivary cortisol levels, mean and maximum HRs 

during the original learning task the day before, and the number of correct responses in the 

MRT.  It is also plausible that although the pre-learning treatments did significantly influence 

the acquisition of the learning task (Chapter Three), the increased cortisol concentrations 

and HRs of the E and I horses, and the increased cortisol concentrations of the inactive 

horses were not significantly different enough to affect the overnight consolidation of the 

learning task or consequently, retrieval of the LT memory during the MRT.  The lack of 

significant correlation between correct responses in the MRT and the horses’ LT mean HR, 

maximum HRs and salivary cortisol concentrations provides weight to this explanation.  

Not all horses showed evidence of consolidation of the LT memory, and the results of the 

second analysis without the data from those horses provides clues as to some possible 

effects of the pre-learning treatment on memory consolidation, where such consolidation 

has actually occurred.  The E horses performed significantly more correct responses than 

the I horses, but not the S horses, and there was no difference between the inactive and 

stress horses.  However, all of the S horses performed at least one locomotory response 

whereas not all of the inactive or exercise horses did.  Collectively this suggests that, while 

pre-learning physiological arousal as measured in this study by combined HR and salivary 

cortisol concentration does not guarantee memory consolidation, (as indicated by the non-

responding exercise horses), it may facilitate consolidation compared to a lack of 

physiological arousal or elevated cortisol alone, as was observed in the I horses.  These 
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preliminary data is in agreement with findings published in other species, that a level of 

physiological or emotional arousal prior to and during learning enhances memory 

consolidation (Roozendaal, 2002; Pare, 2003). 

The MRT elicited a moderate increase in HR that was not significantly different between 

treatment groups and is unlikely to be associated with increases in catecholamines or 

cortisol during the test which was a few minutes duration for the majority of horses 

(Kurosawa et al., 1998).  Snow et al., (1992) reported only small increases in peripheral 

noradrenaline at HRs >100 bpm during treadmill exercise.  Heart rates did not differ 

significantly between the treatment groups, which suggests that re-exposure to the original 

learning stimulus (the whip) was not associated with a strong physiological response.  Stress 

or strong emotional/physiological arousal prior to retrieval testing has been shown to impair 

memory retrieval (Guenzel et al., 2013); however, the lack of a strong cardiac response to 

the retrieval test in this study suggests that the differences in performance during the test 

are not due to influences on retrieval per se, but reflect differences in the consolidation of 

the memory.  Likewise, the individual sensitivity to the whip did not affect the MRT 

performance overall, as there were no significant group differences in the number of taps 

applied or the duration to complete the either the LT or the MRT.  However, the failure of 

five horses to make any locomotory response at all during the MRT may reflect individual 

characteristics for those particular horses which are not apparent when all horses are 

analysed as a group and which will be discussed below. 

The findings of the analysis of the responding horses are in agreement with those in other 

species, namely that a degree of physiological arousal immediately before, during or in the 

hours after a learning experience facilitates successful memory consolidation, and that a 

lack of such arousal during learning impairs the successful consolidation of the memory 

(Okuda et al., 2004).  However, the likely influence of noradrenaline (for which HR is the 

proxy in this study) and cortisol on memory consolidation in this study is not clear.  Research 

in other species suggests that successful memory consolidation requires moderate 

elevations of both cortisol and noradrenaline (Schwabe et al., 2012) and that increases in 

one without concomitant increases in the other impair memory consolidation (Roozendaal 

and McGaugh, 2011).  Kurowasa et al, (1998) reported that peripheral concentrations of 

noradrenaline and adrenaline returned to basal within minutes of the cessation of high 
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intensity exercise in horses; however, Baragli et al., (2010) reported that plasma 

concentrations did not return to basal until 20 minutes post high intensity exercise in unfit 

Standardbreds.  Pagliari and Peryn (1995) reported that brain (frontal cortex) and peripheral 

concentrations of noradrenaline remained elevated for up to 80 minutes after two hours of 

treadmill exercise in rats but returned to baseline within minutes after cessation of a 60 

minute exercise session.  There is no current data on the time course of noradrenaline 

decrease in brain regions responsible for learning after exercise in horses.  The exercise and 

stress treatments were 22 minutes in duration and the HRs of both groups were sufficiently 

elevated to elicit peripheral noradrenaline and cortisol release and likely to influence brain 

concentrations (Kurosawa et al., 1998; McMorris, 2016).  At no time were the I horses’ HRs 

sufficiently elevated to elicit noradrenaline release, yet their cortisol concentrations were, 

like the S horses, highest immediately after the LT.  Given the dissociations in the timing of 

HR and cortisol peaks in the E and S horses and between HR and cortisol in the inactive 

horses during the LT, it is not clear what specific contribution cortisol and noradrenaline 

may have had on MRT performance.   

Memory consolidation processes commence during learning under the influence of non-

genomic activities of glucocorticoids and continue for several hours, including overnight 

under the influence of cortisol mediated genomic processes (Joëls, 2018).  Based on 

research in other species, brain and peripheral concentrations of noradrenaline and cortisol 

are correlated, so it is likely that the horses in this study also experienced changes in brain 

concentrations of these neuromodulators in line with their HRs and salivary cortisol 

measurements (Snow et al., 1992; Pagliari and Peyrin, 1995; Kurosawa et al., 1998a; Chen 

and Williams, 201.  It is possible that post learning BDNF release arising from the physical 

activity of the exercise and stress horses may have had an effect on consolidation (Arango-

Lievano et al., 2019) that was not evident during the LT where the E horses’ learning 

acquisition was enhanced compared to the S and I horses.   

There are a range of possible reasons for the failure of the five NR horses to make any 

locomotory responses during the MRT and they are likely to differ depending on which of 

the two treatment groups they were from.  The first possible explanation, is that there was, 

as previously discussed, a failure of consolidation of the LT memory. That is, the temporary 

non-genomic glucocorticoid and noradrenaline mediated changes to relevant brain regions 
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that occur during learning acquisition were not stabilised via genomic processes overnight 

(McIntyre et al., 2012) to create a durable memory to inform responding to the whip cue 

during the MRT the following day.  In the case of the non-responding I horses, they 

experienced minimal physiological arousal prior to learning, with low HRs compared to the E 

and S horses, and low but increasing cortisol concentrations.  At the conclusion of learning, 

the HRs of the I horses were lower than the S and E horses; however, their cortisol 

concentrations had increased substantially.  In humans, high salivary cortisol concentrations 

resulting from an acute stressor exposure immediately prior to a motor learning task were 

negatively associated with memory consolidation 24 hours later (Dolfen et al., 2019).  It is 

possible that the high cortisol concentrations of the I horses in the absence of concomitant 

adrenaline increases impaired the consolidation of the LT task (Joëls et al., 2011).  In 

contrast the E horses commenced the learning phase with the highest cortisol 

concentrations as well as elevated HRs; however, at the conclusion of learning, their cortisol 

concentrations had fallen to slightly higher than basal.  This suggests that during the initial 

learning trials, they experienced both increased noradrenaline and increased cortisol at 

levels which mediated early consolidation processes (Joëls et al., 2011).   

A second reason for the non-responses of the E horses is the possible role of fatigue from 

the exercise treatment the day before.  Of the E horses that made no locomotory response 

to the whip stimulus during the MRT, two were from location 1 and one was from location 

3.  The horses at these two locations were leisure horses which were in low to moderate 

intensity work prior to taking part in the study.  In comparison some of the horses at 

location 2 were in moderate intensity work in the month prior to the study and may have 

been less fatigued at the conclusion of the exercise treatment and during the LT.  Evidence 

from other species suggests that fatigue during learning impairs memory consolidation due 

to a lack of resources to support neurogenesis and synaptic plasticity processes which 

support the potentiation of memories (Tomporowski, 2003; Gold and Korol, 2012).  Further 

research could investigate if memory consolidation in horses is influenced by fatigue such as 

via the measurement of blood parameters including lactate, creatine kinase, aspartate 

amino transferase and blood glucose which have been interpreted as indicators of the 

intensity of the exercise as well as correlated with fatigue (Hodgson et al., 2014).  Based on 

the preliminary evidence presented here, it is possible that learning that occurs during 
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fatigue may not be consolidated effectively and consequently may present as a failure of the 

horse to learn when tested in subsequent training sessions.   

It is also possible that the single whip tap applied during the MRT was insufficiently aversive 

to motivate a response from the non-responding horses, as each non-responding horse 

received 15 taps in succession without making a locomotory response.  Visser et al., (2003) 

reported that some horses failed to respond to aversive air puffs applied during a 

locomotory learning test and that the lack of response remained stable when tested over 

multiple time periods, suggesting a lack of motivation to respond to the cue, similar to what 

may have occurred in this study.  However, although the S horses appeared to be the most 

motivated to respond during the MRT, with all making at least one locomotory response 

during the MRT, the accuracy of their performance was no different to the other two 

treatment groups.  This indicates that the stress induced pre-learning physiological arousal 

conferred no particular benefit in regards to accuracy in the MRT.   

Lastly, another possible explanation for the NR horses’ lack of responses is that they had 

habituated to the whip stimulus and consequently, there was a decrease in associative 

strength between the stimulus and the locomotory response that resulted in its 

termination. However this is unlikely to be the case as all horses achieved the learning 

criterion (three correct -two step, responses in a row to two or less taps).  The correct 

application of negative reinforcement should mitigate against habituation because the 

stimulus is terminated by the correct response, maintaining the associative strength 

between the stimulus and the response.  In contrast, habituation leads to a decrease in 

associative strength and is associated with similar neural changes as occur during the 

extinction of responses that are accompanied at the behavioural level by decreases in 

responses to the stimulus (Furlong et al., 2016).  During the LT, all horses made three 

correct responses in a row to a maximum of two taps per trial for those three trials and this 

suggests a lack of habituation to the whip stimulus during the LT.  It is therefore unlikely 

that habituation accounts for their lack of responsiveness in the MRT. 

Interestingly, the number of trials to reach the LT learning criteria was associated with 

poorer performance in the MRT, with horses requiring more trials to reach the LT learning 

criterion demonstrating lower accuracy during the MRT as well as being more likely to 

perform NRs.  This suggests that slower learning acquisition is associated with less effective 
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acquisition and consolidation of the learning task memory.  In this study, even though the 

stimuli were not sufficiently motivating to elicit responses in the slow or non-responding 

horses, perhaps due to differences in tactile sensitivity (Lansade et al., 2008b), they were 

still perceived as aversive as evidenced by the higher HRs of horses who received the most 

taps.  In industry settings this phenomenon is likely to result in horses experiencing higher 

exposures to aversive stimuli.  Horses which fail to acquire responses during training may be 

labelled as lacking intelligence though work by Valenchon et al, (2013b; 2017) has shown 

that propensity to learn and some tasks in the context of stress exposures for example, is 

dependent on temperament factors as well as type of learning task that collectively that 

influence the horse’s motivation to respond or not.  The results of this study results suggest 

that the longer it takes to acquire a negatively reinforced response, the less likely it is that 

the response will be consolidated effectively.  Where horses appear to be failing to acquire a 

response during training, adapting the technique such as changing the reinforcement 

model, say from negative reinforcement to positive reinforcement may assist to improve 

the horse’s motivation to respond, and consequently, their task acquisition and 

consolidation of the learning.  The neural processes that facilitate positive reinforcement 

learning differ significantly to negative reinforcement learning, particularly as regards to 

patterns of dopamine release that affect both motivation to acquire responses as well as 

learning related synaptic plasticity in regions such as the basal ganglia and prefrontal cortex 

(Gentry et al., 2016).  For example, the addition of positive reinforcement to the type of 

light whip tap used in the LT could increase the salience of the cue and increase the value to 

horse of responding to it because doing so is rewarded with food as well as the cessation of 

the tapping (Oleson and Roberts, 2019).  This could enhance both learning acquisition as 

well as consolidation of the learning memory.  

Alternatively, as studies in humans have demonstrated, exercise after learning can also 

enhance memory consolidation (Wanner et al., 2020), so including short exercise drills in 

learning tasks that do not themselves elicit physiological arousal or which do not already 

include an exercise component may assist learning where it appears the horse is failing to 

acquire the task.  In addition, acute and long term exercise programs have been shown to 

enhance memory consolidation in humans (Erickson et al., 2011; Roig et al., 2016) and it 
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would be interesting to compare the effects of various equine conditioning programs on 

learning and memory in horses.  

Other factors that can influence consolidation include sleep after learning (Diekelmann and 

Born, 2010), or stress or excise that occurs after learning but within the peak consolidation 

window.  A lack of sleep after learning can impair consolidation whereas acute physical 

activity (Roig et al., 2016), or stress (Uwaya et al., 2016) can enhance consolidation when 

tested as a standalone intervention (that is in the absence of stress or exercise before 

learning).  All of these horses in this study were returned to their group or single paddocks 

after their LT session and other than feed provision were not handled until the MRT.  

However, as their behaviour was not monitored during this period, it is not possible to 

determine if factors such as sleep, voluntary physical activity in the paddock or exposure to 

unknown stressors during the period between the LT and the MRT influenced memory 

consolidation.  Greening et al.,(2021) reported no effects of sleep duration or quality on 

horses’ consolidation of a spatial memory task.  Further research that was able to control 

for factors such as voluntary exercise or unplanned stress exposures during the short and 

long term consolidation time windows could tease out these potential effects, particularly 

on industry type learning such as the one used in this study.  Research in humans has found 

that exercise and stress effects can differ depending on the type of memory or cognitive 

task (Luethi et al., 2009; Delancey et al., 2019; Wanner et al., 2020). 

4.7 Conclusion 

The results of this study suggest pre-learning physiological arousal as indicated by HR and 

salivary cortisol does not guarantee consolidation of a negatively reinforced memory in 

horses, but where consolidation is successful, such pre-learning arousal in the form of 

elevated HRs and salivary may exert beneficial effects on consolidation, compared to pre-

learning arousal states.  This preliminary finding is in partial agreement with the results of 

studies in other species, but further research is necessary to confirm it.  Among the horses 

that did show evidence of consolidation of the learning memory, it is not clear that the 

stress and exercise treatments prior to learning exerted differential effects on memory 

consolidation despite the differences in timing of cortisol peaks during the learning phase 

and further research could explore this issue further.  The effects of factors such as learning 
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related physiological or emotional arousal as well as fatigue on memory consolidation are 

not well characterised in horses. As the findings of this study demonstrate, they may 

influence consolidation of learning memories and by extension, the availability of training 

memories for retrieval which could in turn influence how horse performance in memory 

retrieval tasks is perceived and managed by owners and trainers, potentially affecting horse 

welfare.  Provided horses are not fatigued prior to or during learning, exercise related 

physiological arousal could be incorporated into pre-learning routines to enhance both the 

acquisition of negatively reinforced learning tasks and consolidation of the task to prime 

performance of the task in the future.  To facilitate effective consolidation of training 

memories, trainers should aim for moderate physiological arousal of neutral valence, such 

as the ridden exercise workout that the exercise horses completed prior to learning.  

Further research could elucidate further the optimal level of exercise to facilitate learning 

efficiency as well as memory consolidation. 
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Note on Chapters Five and Six 

These chapters analyse data collected from a single experiment (described in detail in 

Chapter Five) to explore two separate factors and hypotheses: 

Chapter Five - Habit formation and the effect of chronic stress exposure on cognitive 

flexibility in horses 

This chapter evaluates the effect of the ethological salience of a negative reinforcement 

learning task on speed, response accuracy and evidence of habit development during the 

learning acquisition and the effect of a chronic stress exposure on horse’s cognitive 

flexibility and memory consolidation and retrieval of learning memories.  The translational 

neuroscience approach detailed in Chapter Two is used to interpret the results.   

Chapter Six - Relationship between stress-related behaviours and avoidance learning in 

horses 

This chapter explores the effect of the ethological salience of the learning task and the 

cognitive flexibility task, as well as the effect of the stress treatment on the latter, on the 

acquisition of avoidance responding (avoidance of the aversive training stimulus) and 

behavioural indicators of affect during learning.  This chapter is focussed on applied 

ethology and horse welfare in the context of the human-horse interaction.  Where relevant 

neuroscience findings are cited to inform the interpretation. Each chapter analyses a unique 

data set.  
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Chapter Five - Habit formation and the effect of chronic stress exposure on 

cognitive flexibility in horses 

5.1 Abstract 

Domestic horses readily form habits and while the performance of desirable habits is highly 

valued, undesirable habits can be a source of frustration for owners and can lead to poor 

welfare outcomes for horses.  The retraining of undesirable habits in horses is widely 

practiced and during retraining, horses need to show cognitive flexibility to learn novel 

responses to previously conditioned cues by extinguishing the old response so the new 

response can be learned.  This study tested whether exposure to chronic stress biased 

learning towards habits and impaired cognitive flexibility in horses.  Twelve adult horses 

were given 100 trials of original learning (OL) in four sessions over two days where, after 

being shown or tapped on their right hindquarter with a dressage whip, they were 

negatively reinforced for making two sideways steps to the left (towards whip -L) or right 

(away from whip-R).  They were randomly allocated to one of two treatments (T) so that six 

horses per OL direction were in each group: Stress (six daily stress exposures of 15 min/day 

S) or control (C). The day after the last treatment session, horses were given a 30 trial 

response shift (RS) session in which the direction of movement in the locomotory task was 

reversed.  The next day and seven days later, a free choice memory retrieval test (MRT) of 

30 trials was conducted to assess their accuracy and direction of movement when presented 

with the whip (correct response/OL or RS direction).  Correct responses increased across the 

four OL sessions (F3,1192 =61.23, p<0.001).  During the RS, the horses shifting from L to R 

performed more correct responses than those shifting from R to L (F1,356 =9.60, p=0.002).  

The stress treatment did not affect the learning of the RS task (F1,356 =0.27,p=0.606) and the 

majority of locomotory responses during the MRTs were in the RS direction, demonstrating 

successful acquisition and consolidation of the new response.  The S-L OL direction horses 

performed more responses in the OL direction than the C or S-R OL direction horses (Wald-

X2(1) 16.43, p<0.001).  HRs during OL declined over the sessions (F1,10 =8.17,, p=0.017) and 

increased during the RS but did not differ between treatment or direction groups.  During 

treatment, salivary cortisol concentrations significantly increased in the S compared to the C 

horses (F1,50 =4.85, p=0.032) whereas there were no treatment differences in serum brain 
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derived neurotropic factor concentrations (F1,40 =0.63, p=0.432).  This study suggests that 

the combination of a learning task that is perceived as ethologically difficult and chronic 

stress may impair the retrieval of training related extinction memories, leading to more 

errors in later training sessions.  In industry settings this may be viewed as a lack of 

intelligence or disobedience but likely represents a cognitive flexibility deficit.  These 

preliminary findings suggest that chronic stress should be avoided during re-training difficult 

tasks to maximise the horse’s ability to reliably repeat the new learning without reverting to 

the unwanted responses.   

Abbreviations 
BDNF Brain derived neurotropic factor 
BLA Basolateral amygdala 
C Control treatment group 
C-L Control-Left direction group 
C-R Control-Right direction group 
COV Coefficient of variation  
DMS Dorsomedial striatum 
DLS Dorsolateral striatum 
GLM General linear model 
GLMM General linear mixed model 
GLMM-BLR General linear mixed model binary logistic regression 
KW Kruskal-Wallis 
L Left direction 
MRT Memory retrieval test (1 and 2) 
MS Multimodal stress treatment 
NO Novel object stress treatment 
OL Original learning task 
PFC Prefrontal cortex 
PT Pre-test phase 
R Right direction  
rOL Response in OL direction during MRTs 
rRS Response in RS direction during MRTs 
RS Response shift learning task 
S Stress treatment group 
S-L Stress-Left direction group 
S-R Stress-Right direction group 
SI Social isolation stress treatment 
T Treatment phase 
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5.2 Introduction 

Domestic horses readily form habits that make their behaviour predictable during riding and 

handling.  However, the propensity with which horses can learn unwanted habits or when 

the horse is used for a new discipline, means they are often expected to unlearn responses 

to cues and develop new habits.  In order to learn new instrumental contingencies, cognitive 

flexibility is required-the process by which organisms modify their behavioural responses 

when contingencies or environmental characteristics change (Audet and Lefebvre, 2017).  

Evidence from a range of studies using appetitive instrumental learning protocols has 

demonstrated that, exposure to chronic stress can impair cognitive flexibility (Bondi et al., 

2008; Hurtubise and Howland, 2017; Jett et al., 2017); however, far less is known about 

cognitive flexibility in aversive learning.  Horses are routinely exposed to acute and chronic 

stressors during their interactions with humans, including during common training practices, 

some of which can impair learning (Budzynska, 2014; Padalino, 2015; Bartolome and 

Cockram, 2016; König von Borstel et al., 2017; Fortin et al., 2018).  Experimental evidence 

for cognitive flexibility in horses has been reported (Hemmings et al., 2007; Lansade et al., 

2017; Briefer Freymond et al., 2019) and there is also emerging evidence that equine 

cognitive flexibility during appetitive instrumental learning is impaired by prior exposure to 

stress (Fortin et al., 2018).   

The common practice of ‘retraining’ in which horses learn new responses to cues is a form 

of cognitive flexibility.  Because the stimuli used in many retraining practices are likely to be 

aversive, the horse will be exposed to positive punishment of the unwanted response until it 

has successfully learnt the new response, which is then reinforced with termination of the 

stimulus (Henshall, 2021).  Depending on the skill of the trainer and whether the unwanted 

behaviour has become resistant to extinction, the horse could be exposed to strongly 

aversively or sustained applications of punishing stimuli, a situation that may have negative 

consequences for the welfare of the horse.  Nothing is currently known of the effects of 

stress on equine cognitive flexibility in industry standard aversive instrumental learning 

tasks, despite the prevalence of retraining services and advice currently available to owners.  

This study therefore evaluated the effects of a chronic stress treatment on an industry 

standard cognitive flexibility task involving an aversive instrumental contingency. 
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5.2.1 Neural circuits for instrumental learning and cognitive flexibility 

In the common scenario in which horses are sent to a trainer to undergo retraining, the 

desired goal of the training is that unwanted habitual responses to cues are extinguished 

and new (desired) habitual responses are learned, so that the horse ‘automatically’ offers 

the (new) desired response and the unwanted response is no longer performed at all.  In 

order for this to occur there must be a shift in the activity of the neural networks controlling 

behavioural responses to training stimuli.   

Behavioural responses to stimuli such as occur during horse-human interactions are 

believed to be under the regulation of one of two simultaneously competing and 

cooperative networks, the flexible, goal-directed network and a less flexible but more 

cognitive efficient, stimulus-response (SR) or habit network (McBride et al., 2017).  In simple 

terms, the goal directed network comprising the prelimbic portion of the prefrontal cortex 

(PFC), hippocampus, basolateral amygdala (BLA) and dorsomedial striatum (DMS) region of 

the basal ganglia (Yin et al., 2005; Balleine et al., 2009; Corbit et al., 2013) are responsible 

for the acquisition of instrumental learning, in which actions and their consequences 

determine whether behaviour is repeated (beneficial consequence) or supressed (adverse 

consequence).  With repetition, the SR neural network assumes control via a circuit 

mediated by the dorsolateral striatum (DLS) portion of the basal ganglia and BLA (Izquierdo 

et al., 2017; Yaple and Yu, 2019) at the expense of activity in goal-directed regions (Poremba 

and Gabriel, 1999; Killcross and Coutureau, 2003; Castro-Alamancos, 2004; Goldfarb and 

Phelps, 2017).  When the SR network is dominant, behaviour is said to be habitual, because 

antecedent stimuli automatically trigger responses.  Consequently, even when the response 

may no longer deliver the expected outcome, it will continue to be elicited by the stimulus 

and can be resistant to extinction (Solomon et al., 1953; Quinn et al., 2013).  It should be 

noted that the evidence for this shift has been obtained from appetitive instrumental 

learning tasks and although there are suggestions that aversive instrumental learning is also 

underpinned by similar patterns of activity in these networks (reviewed in Manning et al., 

(2020) Cain , (Cain, 2019) LeDoux and Daw, (2016) there is a scarcity of experimental 

evidence in this area.  

During a retraining procedure requiring cognitive flexibility of the horse, the trainer alters 

the contingency, so that previously reinforced behaviour is punished in order to motivate 
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the horse to learn a new response to the specific cue.  If the horse is to adapt to this 

changed contingency, it is essential that its flexible goal-directed network is able to reassert 

primacy over learning to enable novel behaviours to be trialled and learnt (Audet and 

Lefebvre, 2017).  This form of cognitive flexibility requires the generation of two memories- 

inhibition of the old response (extinction of the existing SR association) and the new goal-

directed response memory (Quirk and Mueller, 2008).  In order for the new response to be 

reliably repeated, the old SR association must be inhibited (Bouton et al., 2021) so that the 

new response can be performed and with repetition, become the new habit. 

5.2.2 Prediction errors and cognitive flexibility 

During the period in which the demand for cognitive flexibility is greatest, where the dual 

extinction of the old response and new contingency learning occurs, the horse is likely to 

experience conflict about the appropriate behavioural choice to achieve a beneficial 

outcome because its previously learned predictions about how to achieve this outcome no 

longer hold.  In particular, it will be exposed to aversive training stimuli from which its 

previously learned response no longer delivers safety or escape (Manning et al., 2020).  The 

introduction of this error, conceptualised as a prediction error is believed to drive learning 

in situations of where the behavioural solution to a conflict is not clear (Trapp et al., 2018).  

The neurotransmitter dopamine released from the ventral tegmental area (VTA) and the 

substantia nigra nuclei to projection targets within the basal ganglia, BLA and PFC is critical 

for signalling the valence (better or worse than expected) and value (high or low) of 

prediction errors to generating the motivational drive to adapt to the changed contingency 

(Lammel et al., 2014; Schultz, 2016; Peters et al., 2017).  Worse than expected outcomes are 

signalled by a reduction in dopamine activity, such as when an aversive stimuli is 

experienced, whereas better than expected outcomes, such as the omission of an aversive 

stimulus, are signalled by an increase in dopamine release (Oleson et al., 2012).  Where the 

error is large and the value of the consequence signalled by the error is high, the animal will 

be highly motivated to trial novel responses in order to achieve a beneficial outcome.  In an 

aversive context such as the retaining scenario involving unexpected punishment of a 

previously reinforced response, that outcome will be to learn to escape and then ideally 

avoid the punishment.  The pattern of dopamine release resulting from prediction errors 

drives synaptic plasticity changes in the goal-directed and SR networks to facilitate the 
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learning and memory of the instrumental response that delivered the beneficial outcome 

(Lovinger, 2010; Morita and Kawaguchi, 2015).  

A failure or impairment of the updating of prediction errors when contingencies change can 

mean the animal preserves in unrewarded or indeed punished response, known as a 

perseverative error.  Perseverative errors have been reported in horses with oral 

stereotypies in appetitive instrumental learning (Hemmings et al., 2007).  In the context of 

industry-based horse training, perseverative errors, particularly after extensive retraining, 

may appear as deliberate disobediences, inviting punishment or an increase in the intensity 

or frequency with which aversive training are applied and which may constitute a welfare 

risk to the horse.  The elucidation of factors that could underpin the spontaneous recovery 

or renewal of perseverative errors in retrained horses could therefore benefit both owners 

and horses. 

5.2.3 Stress effects on cognitive flexibility 

Cognitive flexibility can be impaired where external or internal states such as stress 

adversely affect the release of neurotransmitters or impair activity in brain regions that 

facilitate behavioural adaptation (Hermans et al., 2014; Shields et al., 2015).  Consequently, 

the animal may persist in habitual behaviour that prevents it from adapting to the changed 

contingency (Schwabe and Wolf, 2013; Hurtubise and Howland, 2017).  This has been 

demonstrated in via appetitive learning tasks in some but not all horses with suspected 

dopaminergic dysfunction in the ventral and dorsolateral striatum who display oral 

stereotypies (Hemmings et al., 2007; Parker et al., 2009b; Briefer Freymond et al., 2019) but 

has not been experimentally tested in normal horses via aversive instrumental learning 

tasks.  However, there is considerable anecdotal evidence from industry that horses 

exposed to stressors such as at a competition or when experiencing separation anxiety, may 

persevere in habitual type behaviour during riding or handling. 

Unpredictable chronic stress has been shown to impair cognitive flexibility in some but not 

all appetitive learning tasks in rodents (Hurtubise and Howland, 2017).  Chronic stress exerts 

a range of effects on brain regions involved in learning via a multiplicity of mechanisms 

some of which are still being elucidated (Conrad, 2010; Musazzi et al., 2017).  Broadly, in the 

period where chronic stress results in increased glucocorticoid activity, this can exert 
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genomic effects on a range of targets including the release patterns and activity of the 

neurotrophin BDNF and its receptors (Li et al., 2007; Jeanneteau and Chao, 2013), VTA 

dopamine neurons (and many others) (Douma and de Kloet, 2020) ultimately leading to 

network scale changes to the size and dendritic complexity of brain regions responsible for 

goal-directed and SR learning (Dias-Ferreira et al., 2009).   

In particular, chronic stress has been shown reduce dendritic complexity and excitability in 

regions such as the PFC, DMS, nucleus acumbens core, and hippocampus serving flexible 

goal-directed learning, whilst having a hypertrophic effect on amygdala and DLS neurons 

which serve SR-habit learning (Vyas et al., 2002; Dias-Ferreira et al., 2009; Holmes and 

Wellman, 2009; Taylor et al., 2014).  This bias towards SR network control of learning is 

believed to occur as a result of stress induced inhibition of the activity the goal-directed 

network (Schwabe and Wolf, 2011; McKlveen et al., 2016), with the behavioural result that 

animals can fail to adapt to changed contingencies and persevere in unrewarded responses.  

Stress that persists for extended periods (in the laboratory settings this may be for a week 

to several months) or stress which is very intense even if of a short duration, can elicit these 

changes (Conrad, 2005; Conrad et al., 2017).  Horses may be exposed to situations that elicit 

stress responses over extended periods (Nogueira and Barnabe, 1997; Alexander and Irvine, 

1998; Padalino et al., 2017a; Lesimple, 2020); however, there is relatively little data on the 

effects of repeated or extended exposures to stressors on equine behaviour or physiology 

during long duration stressors (Nogueira and Barnabe, 1997; Padalino et al., 2017a; 

Lesimple, 2020).  The intensity of chronic stressors to which horses are exposed is likely to 

be lower than those used in studies with rodents, such as the examples reviewed by 

McCarty (2016).  In addition, in adult animals, the chronic stress effects detailed above are 

generally reversed after stressor termination, though the effects may linger for extended 

periods (Vyas et al., 2004; Conrad, 2010; Soares et al., 2012). 

The vast majority of what is currently known about cognitive flexibility, the relative 

contributions of goal directed versus habit networks and the effects of stress is based on 

appetitive learning protocols and there is evidence of heterogeneity in dopaminergic activity 

during the signalling of aversive versus appetitive prediction errors to striatal projection 

targets as well as the BLA and PFC (Barberini et al., 2012; Lammel et al., 2014; Gentry et al., 

2019).  Very few studies have explicitly explored cognitive flexibility using aversive protocols 
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and there is scant data on the effect of stress on aversively motivated cognitive flexibility.  In 

a rare example, O’Malley and Brunning (1969) exposed rats to a spatial reversal learning 

task in which the compartments of a maze associated with exposure to shock and safety 

from shock were reversed.  Rats exposed to more training sessions were slower to learn the 

reversal and made more perseverative errors when tested in an extinction test than rats 

exposed to fewer sessions. 

5.2.4 Cognitive flexibility and extinction learning in horses 

Cognitive flexibility in horses has been explored using appetitive spatial and visual 

discrimination instrumental learning tasks in horses with (Hemmings et al., 2007; Roberts et 

al., 2015; Briefer Freymond et al., 2019) and without stereotypies (Fortin et al., 2018).  In 

non-stereotypy horses, those assessed as having a fearful temperament (Lansade et al., 

2017) or horses previously exposed to a stressor in the learning context (Fortin et al., 2018), 

were shown to have impaired flexibility in contingency degradation extinction or simple 

extinction tests respectively.  There are no current studies specifically exploring the 

retraining type cognitive flexibility scenario, but several have explored the specific extinction 

of industry relevant habits such as unwanted trailer loading avoidance reporting that both 

positive and negative reinforcement training can extinguish trailer loading avoidance 

(Ferguson and Rosales-Ruiz, 2001; Hendriksen et al., 2011).  Loftus et al.,(2016) examined 

cardiac and HRV responses of a convenience sample of horses with behavioural problems 

subjected to a particular training method claimed to facilitate the extinction of the 

unwanted behaviour.  It is not clear that long term extinction of the unwanted responses 

occurred as a result of the training intervention, that is whether the extinction memory and 

new response memories underwent consolidation to inform future responding or whether 

spontaneous recovery of the original responses occurred later on.  Anecdotally, many 

trainers report difficulties retraining unwanted habits as well as the spontaneous recovery 

or renewal of habits that have undergone extensive extinction training (McGreevy and 

McLean, 2010).  

5.2.5 Physiological correlates of neural activity in horses 

While it is not currently possible or feasible to measure concentrations of neurotransmitters 

of interest in specific brain regions during equine learning, there are direct and indirect 
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proxies for the activity of the well-studied glucocorticoids, noradrenaline and also more 

recently, the neurotrophin BDNF.  Salivary cortisol is a validated measure of systemic HPA 

axis activity in horses (Peeters et al., 2011), and although it does not provide granular 

information about glucocorticoid influences on specific brain regions (Goldfarb, 2019), can 

provide evidence that a physiological response to stress exposure has occurred.  Likewise, 

HR can provide a proxy for sympathetic nervous system activity, where particularly at high 

heart rates, peripheral adrenaline and noradrenaline concentrations increase (Kurosawa et 

al., 1998; Baragli et al., 2010; Barman and Yates, 2017).  BDNF is an abundantly expressed 

neurotrophin which along with its receptors facilitates learning acquisition and memory 

consolidation through a range of synaptic plasticity and neurogenic processes (Und and 

Lessmann, 2014; Bathina and Das, 2015; von Bohlen und Halbach and von Bohlen und 

Halbach, 2018; Zagrebelsky et al., 2020).  In mice, the genetic enhancement of BDNF TrkB 

receptors activity in the DMS facilitated goal-directed behaviour, whereas enhancement in 

the DLS facilitated habit behaviour (Malvaez, 2020).  Adequate levels of BDNF in 

hippocampus and PFC are necessary for extinction learning in spatial and avoidance learning 

(Sakata et al., 2013; Rosas-Vidal et al., 2018).  There is growing evidence that glucocorticoid-

BDNF interactions also affect learning, including under conditions of stress (Pluchino et al., 

2013; Jeanneteau et al., 2019; Linz et al., 2019), with high levels of glucocorticoids 

truncating TrkB receptor expression, impairing BDNF activity, leading to the persistence of 

SR behaviour at the expense of AO learning (Barfield et al., 2017).  BDNF has been isolated 

in equine serum using western blotting (Kongoun et al., 2015) and serum and brain BDNF 

concentrations have been shown to correlate in rodents and swine (Elfving et al., 2010; 

Klein et al., 2011).   

This study induced habit like responding to a visual conditioned stimulus paired with an 

aversive stimulus in one of two industry standard negatively reinforced locomotory tasks.  

Next, the effect of a short term chronic stress exposure or control condition on the 

acquisition of a cognitive flexibility task which included an extinction and new learning 

component in a design modified from the aversive reversal design developed by O’Malley 

and Brunning (1969) was examined.  The consolidation and retrieval of the extinction/new 

learning memory was tested in two memory retrieval tests (MRT) 24 hrs and seven days 

after the cognitive flexibility session.  For the cognitive flexibility task, the direction in which 
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the horses were required to move was reversed, a form of response shift learning (RS).  

Heart rate, salivary cortisol and serum BDNF concentrations were analysed to evaluate 

horses’ physiological responses  to the original learning, treatment and cognitive flexibility 

learning experiences and to determine if HR, cortisol or BDNF concentrations corelated with 

learning acquisition, cognitive flexibility or performance in memory retrieval tests.  I 

hypothesised that the stress treatment would impair the acquisition of the cognitive 

flexibility task as well as the consolidation and/or retrieval of the task as a result of stress 

induced alterations to brain networks or regions responsible for cognitive flexibility. 

5.3 Materials and methods 

5.3.1 Animals and management 

Twelve horses of a range of breeds (Table 5.1), age range 7-17 years, (mean 12.08 ±3.67 

years SD), eight mares and four geldings were recruited.  All but one of the horses had been 

trained for riding but none had been ridden in the six months prior to the study.  Externally 

owned horses were brought to the experiment location 14 days prior to the 

commencement of the study.  The horses were pastured in mixed sex groups.  All horses 

were maintained on pasture with their diet supplemented with daily cereal and lucerne hay.  

The diet of the stress treatment (S) horses was supplemented with a small ration of pellets, 

oats and mixed chaff after each stress exposure.  At the conclusion of the first memory 

retrieval test, the horses were combined into a single herd and pastured in a 50 ha paddock 

with supplementary hay feeding maintained.  The horses were not otherwise handled until 

the second memory retrieval test.  
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Horse Group 
Original 
Learning 
Direction 

Sex Age Breed 

1 Stress Right Mare 7 Thoroughbred 

2 Control Left Mare 7 Thoroughbred 

3 Control Right Mare 14 Thoroughbred x Riding pony 

4 Stress Left Mare 17 Quarter Horse 

5 Stress Right Gelding 13 Welsh Pony 

6 Control Left Gelding 16 Australian Stockhorse 

7 Control Right Mare 9 Welsh pony 

8 Stress Left Mare 13 Welsh Pony 

9 Control Right Mare 7 Thoroughbred 

10 Stress Left Gelding 11 Pony 

11 Stress Right Mare 14 Australian Stock Horse 

12 Control Left Gelding 17 Paint/Quarter Horse 

Table 5.1. Horse details 

5.3.2 Infrastructure/stimuli 

All data collection and horse management activities occurred in the open air.  The horses 

were prepared for each daily activity in or next to a small yard adjacent to the holding 

paddocks which was also the location for the Pre-Test phase (PT) and the Control (C) 

treatments. The learning and memory testing area was a 12 m x 6 m rectangle bordered by 

coloured jump poles located adjacent to the preparation yard.  

There were three stressor types: social isolation (SI), novel object (NO) and multimodal 

stressor (MS).  The SI was a 10 m x 4 m yard, located 300 m from the preparation area and 

visually isolated from other horses.  The NO and MS exposure occurred in a 20 m rubber 

lined roundyard located 50 m from the PT area.  The NO was a trio of exercise balls ranging 

in diameter from 70 cm to 1.5 m diameter which were manipulated by an experimenter 

inside the roundyard.  The MS comprised a combination of aversive sounds (dogs barking, 

gunshot, sirens, applause and human shouting which were amplified by a portable amplifier 

on the maximum volume setting) and a radio-controlled car (RCC).  The sounds and RCC 

were manipulated by two experimenters standing outside the roundyard.   

5.3.3 Data collection 
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5.3.3.1 Collection technology 

All sessions with the exception of the PT session were recorded with a Sony CX650 video 

camera (Sony Corporation, Tokyo, Japan).  A Pixio Move’n See robot (Move ‘n See, Brest, 

France) was used to control the camera for the recording of the S treatments.  During the 

learning phases, the handler verbally advised the research assistant of the response score 

and number of taps applied during each trial and this was recorded onto a note pad during 

the session and then transcribed into Excel.  Cardiac data were collected for all phases and 

sessions within phases via a Polar V800 heart rate monitor (HRM) set to the R-R mode, with 

a Polar H10 sensor attached to Polar equine electrodes (Polar Electro Oy, Finland).  Two 

identical kits were used to allow simultaneous recording of pairs of horses during the PT 

phase and C treatment, and the data was uploaded daily to Polar Flow via the Polar Sync 

interface (www.polarflow.com).  

5.3.4 Physiological sample collection 

Saliva and venous blood samples were collected throughout the experiment (sampling 

schedule Table 5.2).  Saliva samples were collected with a Salivette saliva collection device 

(Sarstdet, Nümbrecht, Germany) as described in Schmidt et al., (2010c). Samples were held 

on ice after collection and then centrifuged at 1000 g for 10 minutes and aliquoted into 1.5 

ml EppendorfTM tubes, after which time they were frozen at -20 oC until analysis.   

Serum samples were collected via venepuncture into BD SSII VacutainersTM.  During the PT 

phase two horses showed extreme reactions to venepuncture (one from each treatment 

group) and were excluded from further blood sampling.  Samples were clotted for 

approximately one hour before centrifuging at 1300 g after which 1 ml was aliquoted for 

storing on dry ice.  The ambient temperature during clotting ranged from 18-30  oC.  At the 

conclusion of the experiment the samples were transferred to a -80 oC freezer until analysis.  
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Phase Number of 

collection points 

and sessions 

Sample Number of 

horses sampled 

Pre-test 1 Venous blood (BDNF) 10 

1 Saliva (cortisol) 12 

OL 2 

(OL 1 and OL4 

Venous blood (BDNF) 10 

 Saliva (cortisol) 12 

T 4 

(T1,T3,T5,T6) 

Venous blood (BDNF) 10 

 Saliva (cortisol) 12 

RS 1 Venous blood (BDNF) 10 

 Saliva (cortisol) 12 

Table 5.2 Sampling frequency and number of horses sampled.  OL=original learning sessions, T= treatment 
sessions, RS= response shift, BDNF= brain derived neurotropic factor 

5.3.5 Experimental Sequence 

Daily preparation  

The horses were brought in from their large home paddocks as a group at the 

commencement of the day and remained with their group in one of two smaller paddocks 

adjacent to the testing area for the duration of the daily testing period, after which they 

were returned to their home paddock overnight.  Horses were prepped in pairs to reduce 

separation anxiety prior to testing.  Each horse was given a light grooming and the HRM was 

attached.   

Day 1 Pre-test (PT) 

Each pair of horses was tethered in visual and tactile contact with each other and left for 15 

minutes. At the conclusion saliva and serum samples were collected.  Samples were 

collected between 7.30 am and 11 am. 

Days 2 -3 Learning 

Training procedure-original learning  

The horses were randomly assigned to right (R) or left (L) groups to ensure that of the mares 

(n=8 ) and geldings (n=4) there were equal numbers per learning direction.  The handler 

stood on the right side of the horse, level with its shoulder, with the leadrope attached to a 
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nylon halter, held in the right hand.  A 1.10 m dressage whip was held in their left hand.  The 

whip was raised to the tapping position (level with the right hip joint) and held in position 

next to but not touching the horse for 2 seconds. If the horse did not respond, it was gently 

tapped in a steady rhythm until the horse made an attempt to move the hindquarters to the 

right (away from the handler) or to the left (towards the handler).  The same intensity and 

frequency of taps was maintained until the horse made a locomotory response.  The next 

trial commenced immediately the horse came to a standstill after making the locomotory 

response.  In the first session the tapping ceased immediately the horse lifted a hindleg 

towards the midline, even if the movement was small.  In the second and subsequent trials 

the tapping continued after the first step to encourage the horse to perform a second step 

which was the target response.  The requitement to make two full steps was chosen as the 

target response to facilitate the development of habit like responding.  The tapping ceased 

and the whip tip lowered to ground level, when in the opinion of the handler the second 

step was in the process of being performed.  In some instances, the horse did not make a 

full second step by the time the tapping had ceased or the horse made more than two steps.  

Responses were initially scored from 1 to 3, with a score of 1 denoting no or one sideways 

step, 2 denoting two sideways steps and 3 denoting three or more sideways steps.  The 

number of taps applied per trial was also recorded.  

There were four original learning (OL1-4) sessions of 25 trials per session with the same 

horse order per session beginning with an R horse followed by a L horse.  Sessions were held 

twice daily (AM and PM) for two days with an approximate four hour gap between sessions.  

Serum samples were collected at the conclusion of the OL1 and OL4 and saliva samples 

were collected 10 minutes later as per the physiology of cortisol release (Charmandari et al., 

2005). 

At the conclusion of the OL, the number of taps each horse received was compared as a 

measure of the learning efficiency of the horse to ensure the treatment groups contained a 

representative sample of efficient and inefficient learners.  The higher the number of taps, 

the lower the learning efficiency.  The total number of whip taps applied to individual horses 

during the four OL sessions was pooled into a single count per horse and analysed with a 

Kruskal-Wallis Independent samples test (KW), with taps as the dependent variable and 

horse as the explanatory variable.  A Kruskal Wallis independent samples test with horse as 
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the grouping variable was used as the data were not parametric (p<0.05).  There were no 

significant differences between the horses and they were then randomly allocated into the S 

or control C treatment with three horses from each learning direction for total of six horses 

in each treatment group. 

Days 3-8: Treatment 

There were six daily treatment events (T1-6) of 15 minutes in duration as detailed in Table 

5.3.  Data collection for the C horses was undertaken with pairs of horses and S horses 

individually. At the conclusion of sessions 1, 3,5 and 6 saliva and serum samples were taken.  

Treatment 
group 

Day Treatment type Description of treatment type   

Control 1-6 Control Pairs of control horses were tethered in visual contact with 
each other and were left alone for the 15 minutes of the 
treatment. They were observed by an experimenter from a 
distance of approximately 50 m.  The control horses could see 
the observer.   

Stress 1 and 3 Social Isolation  The horse was led to SI location on its own and released into 
the yard.  The handler retreated to a location that enabled 
visual contact with the horse but was shielded from the view 
of the horse.   

2 and 4 Novel objects  The horse was released into the roundyard and the NOs were 
introduced and manipulated by an experimenter inside the 
yard. They were manipulated in response to the horse’s 
behaviour (looking, moving away, moving towards them, 
speed of movement, postural indicators of stress) and moved 
towards, away or kept stationary.  The balls were rolled, 
bounced and tapped.  The timing and intensity of the ball 
manipulation was such that the horse was not reinforced for 
any specific behaviour and to reduce the likelihood of 
habituation. Fig. 5.1.1. 

Days 3 
and 6 

Multimodal 
stressors  

The horse was released into the roundyard and the handler 
exited.  The experimenters stood outside the roundyard to 
manipulate the RCC and amplifier.  The MS exposure involved 
five minutes of RCC, three minutes of sounds, five minutes 
RCC and two minutes of the sounds.  During the playing of the 
sounds the RCC was driven to the side of the roundyard and 
remained stationary.  The movement of the RCC was 
manipulated in response to the horse’s behaviour using the 
same criteria as the NOs. Fig.5.1.2. 

 

Table 5.3. Description of stress and control treatments 
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Figure 5.1.1. Novel object stress treatment 

 

Figure 5.1.2. Multi-modal stress treatment-radio controlled car 

Day 9: Response shift  

On the day after the last treatment, the horses underwent RS training in the learning area.  

The training method was identical to the first OL session, however, the direction the horse 

was required to move was reversed.  Pressure on the leadrope was used where required to 

prevent the horse from trialling forward movement instead of the new sideways direction.  

The tapping was ceased when the horse made a single step in the new direction.  At the 

conclusion of the first 15 trials the horse was given a 120 second break during which time 

the handler stood near the horse but did not interact with it and the second set of 15 trials 

then commenced.  Serum samples were taken at the conclusion of the session and due to 

an error, the saliva samples were also collected immediately after the end of the session 

rather than 10 minutes afterwards as per the OL collection schedule. 
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Day 10 and 18: Memory Retrieval Tests  

To evaluate if there were any effects of the OL treatment and RS on the consolidation and 

retrieval of the two learning memories (OL and RS) two MRTs were conducted. The first 

MRT occurred on the day following the RS session and the second MRT took place seven 

days following MRT1.  Based on the findings from the experiment detailed in Chapter Three, 

it was decided to include a single tap during the first half of the MRT and two taps during 

the second half because some horses had not responded at all during the MRT in 

Experiment One.  

Each test consisted of 30 trials.  In the first 15 trials, the handler stood in the training 

position and held the whip in the tap position but did not apply a tap for 1-2 seconds.  If the 

horse did not respond a single tap was applied.  After a 60 second break, the testing 

continued except that up to two taps were applied if the horse did not respond to the visual 

cue.  The second tap was only applied if the horse did not respond to a single tap.  The 

response direction (R or L) and number of taps was recorded. This procedure was repeated 

for MRT2.  

5.3.6 Biochemical analysis 

5.3.6.1  Salivary cortisol 

Undiluted saliva samples were analysed with a Salimetrics Salivary Cortisol ELISA kit (State 

College, PA, USA).  The minimum analytical sensitivity of the kit is 0.07 ng/ml. Briefly, 

samples were thawed at 40 0C, centrifuged at 1500 g at room temperature for 15 minutes 

and then assayed in an undiluted form as per the kit instructions.  The plates were read in a 

BioTek BTK-800TSI plate reader (BioTek, Winooski, VT) with 450 nm and 490 nm correction 

filters.  Samples were assayed in duplicate with an intra-assay coefficient of variation (COV) 

range of 2-5% and an inter-assay COV of 3.3±1.25%.  Samples with a COV of >10% were re-

assayed (n=4).  A standard curve was generated after calculating the percent bound (B/B0) 

for each standard, control and sample by dividing the average optical density (OD) B by the 

average OD for the zero (Bo), using the elisaanalysis.com online software.  Concentrations in 

ng/ml were calculated.  
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5.3.6.2  Brain derived neurotropic factor 

Samples were assayed with a Total BDNF Quantikine ELISA (R&D Systems Inc, Catalogue 

item DBNT00, Minneapolis, MN) as per the kit instructions.  Pilot testing with samples from 

Experiment One (Chapter Three) was undertaken to determine the optimum sample 

dilution, at 0, 2,4 and 8 x dilutions and to compare equine BDNF levels with rat and human 

sera.  The concentrations of equine BDNF were found to be substantially lower than 

concentrations in the pooled human and rat samples.  At dilutions greater than 4 x BDNF 

concentrations were lower than the minimum detectable concentration of the kit (0.997 

pg/ml).  Samples diluted at 0,2 and 4 x were within 0 and the lowest standard (15.6 pg/ml).  

Based on this exploration the samples were assayed undiluted. Samples were thawed at 40 C 

and assayed immediately.  The plates were read with a BioTek BTK-800TSI plate reader 

(BioTek, Winooski, VT) at 540 nm with a 570 nm correction filter.  Samples were assayed in 

duplicate with an average intra-assay COV of 6% and inter assay COV of 6%.  A standard 

curve was generated using the same approach as the cortisol assay and concentrations in 

pg/ml were calculated.   

5.3.6.3  Heart rate data. 

The raw HR data were extracted from Polar Flow as text files and imported to Kubios HRV 

Premium, ver. 3.2.0, (Kubios Oy, Kuopio, Eastern Finland).  The automatic correction filter 

was applied (Tarvainen et al., 2019) and the resultant data then exported to a MS Excel file.  

5.3.7 Statistical analysis 

The data were analysed with SPSS (IBM, Amarok, NY release 27, and SAS Online (Cary, NC).  

For all analyses, the direction the horse was trained to move during the OL (right or left) was 

taken as the reference direction (referred to as ‘direction’ in the discussion that follows).  

The learning efficiency of individual horses as determined by the number of taps applied 

during the OL sessions was assessed to facilitate allocation of horses to the treatment 

groups, to ensure that, if there were significant individual differences in learning efficiency, 

each treatment group contained a balance of efficient and inefficient learners.  The higher 

the number of taps, the lower the learning efficiency.  The total number of whip taps 

applied to individual horses during the four OL sessions was pooled into a single count per 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
162 

horse and analysed with a Kruskal-Wallis Independent samples test (KW), with taps as the 

dependent variable and horse as the explanatory variable.   

The learning response variables during the OL, RS and MRT (listed in Table 5.4) were not 

normally distributed and not amenable to normalisation.  Consequently, they were 

converted to binary variables to facilitate analysis using a mixed model approach which 

enabled consideration of a range of factors and interactions that are not available in non-

parametric tests and the predicted probabilities of a response occurring were calculated to 

inform the discussion.  The biological variables of HR, salivary cortisol and serum BDNF were 

analysed to assess if the OL task, treatments and RS task affected concentrations of these 

measures as well as if they were associated with learning acquisition or cognitive flexibility 

in the RS task.  

Phase(s) or 
session 

Variable Description Code “0” Code “1” 

Original Learning 

Response shift 

Response correctness Presence or absence of a 
correct response  

Absence of correct 
response 

Presence of correct 
response 

Size of locomotory 
response  

Presence or absence of a 
locomotory response of any 
kind >1 step 

Absence of a 
locomotory 
response >1 step 

Presence of a 
locomotory 
response  >1 step 

Original Learning 
session 1 versus 
Response Shift  

Response correctness Presence or absences of a 
correct response  

Absence of correct 
response 

Presence of correct 
response 

Size of locomotory 
response 

Presence or absence of a 
locomotory response of any 
kind (correct/incorrect) >1 
step 

Absence of a 
locomotory 
response  

>1 step 

Presence of a 
locomotory 
response  

>1 step 

Memory 
Retrieval Tests 

Presence of locomotory 
response 

Presence or absence of a 
locomotory response to 
whip taps or visual cue 

Absence of a 
locomotory 
response 

Presence of a 
locomotory 
response 

Direction of locomotory 
response 

Response in Response Shift 
direction  

Response in Original 
Learning direction 

Response is in the 
direction of the 
Response Shift task 
(rRS) 

Response is in the 
direction of the 
Original Learning 
task (rOL) 

Table 5.4. Definition of binary codes used in Generalised Linear Mixed Models with binary logistic regression.  
OL=original learning, RS=response shift, MRT=memory retrieval test, >1 step=greater than one step locomotory 
response during a trial, rRS=locomotory response in the new (response shift direction), rOL=locomotory 
response in the old (original learning direction). 

These data were analysed with Generalised Linear Mixed Models with either linear (GLMM) 

or binary logistic regression (GLMM-BLR) for multi-phase comparisons as per Table 5.5.  A 
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phase represents different phases of the experiment, sessions represent different sessions 

within a phase.  The experiment included five separate phases-PT, OL,T,RS and MRT.  Within 

the OL, T and MRTs there were individual sessions as per the details included in Sec. 5.3.5.  

For the statistical analysis involving comparisons that included single session phases (PT and 

RS) and multi-session phases (OL, T and MRT) the single phase and multiple sessions within 

the relevant phase are examined as repeated measures. 
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Phase (s) 
included in 
the model 

Target/dependent variable Model Fixed factors/explanatory variables 

PT HR, cortisol, BDNF GLM Direction 

Treatment 

Original 
learning 

Binary learning response GLMM-BRL Session 

Direction 

Phase*direction 

Pre-test and 
Original 
Learning 

HR, cortisol, BDNF, taps, 
duration(s) 

GLMM Phase/session 

Direction 

Phase*direction 

Pre-test and 
treatment 

HR, cortisol, BDNF, taps, 
duration(s) 

GLMM Phase/session 

Treatment 

Phase*Treatment 

Response 
Shift 

Binary learning response GLM Direction 

Treatment 

Direction*treatment 

HR, cortisol, BDNF, taps, 
duration(s) 

GLM Direction 

Treatment 

Direction*treatment 

Original 
Learning 
session 1 
versus 
Response 
Shift 

(last 5 trials 
removed to 
balance 
comparison) 

Binary learning response 
(correct/incorrect) 

GLMM-BRL Phase 

Direction 

Phase*direction 

HR, cortisol, BDNF, taps, 
duration(s) 

GLMM Phase 

Direction 

Phase*direction 

Response 
Shift and 
Memory 
Retrieval 
Tests (x 2) 

HR GLMM Session 

Direction 

Treatment 

Session*direction 

Session*treatment 

Session*treatment*direction 

Table 5.5. Summary of models for analysis. *Direction of locomotory responses during the MRT were analysed 
separately as detailed below.  
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The OL1 session and the RS phase both involved novel learning tasks (original acquisition of 

the response-OL1 and the change in response direction during the RS and consequently, 

they were compared to evaluate if there were differences in the learning outcomes as well 

as physiological responses and the last five trials of the RS were removed from the variable 

to ensure an identical number trials were compared.  The MRTs underwent additional 

analyses.  Firstly, whether the horse made any locomotory response or not  during the MRTs 

(irrespective of the direction of the response) was evaluated to assess if the OL direction, RS 

or the treatments affected the horse’s propensity to respond during the MRTs.  The count of 

locomotory and non-locomotory responses during the MRTs were normally distributed and 

analysed with a paired samples t-test.   

Secondly, during the MRTs, the horse could choose the direction in which it moved (OL 

direction-rOL or RS direction rRS).  The choice of movement direction provides an indicator 

of the consolidation/retrieval of the cognitive flexibility task -rRS).  rOL responses suggest 

impaired cognitive flexibility consolidation/retrieval, whereas movement in the RS direction 

provides evidence of the cognitive flexibility memory consolidation/retrieval.  As the C- L 

horses did not make any rOL response (movement in the L direction) during either MRT, the 

data from the two MRTs was pooled and counts of rRS (0) and rOL (1) for each horse were 

calculated.  These data were analysed in SAS using a PROC logistic regression with Firth 

penalty and direction, treatment and direction*treatment terms fitted to the model which 

identified that the direction*treatment interaction was significant.  Odds Ratios with Wald 

Confidence limits were then calculated.  Spearman’s rank correlations were performed to 

assess if there were associations between the physiological indicators and learning 

performance in the OL and RS and between physiological indicators during T.  Statistical 

significance was set at p<0.05.  Data are presented as Means ± SD or Means + [95% 

Confidence Intervals-CI].  

5.4 Results 

5.4.1 Learning 

There were five dimensions of the original learning task that were assessed-the change in 

number of correct responses over the four sessions, the effect of the learning direction on 

the acquisition of the correct responses, the size of the locomotory response, duration of 
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sessions and change in number of taps applied over the sessions.  In addition, the effect of 

individual horse learning efficiency as measured by the number of taps received in total 

across the four session was analysed.  The physiological responses during the PT were 

compared to OL learning sessions and comparisons between the first and fourth OL sessions 

were assessed to provide evidence of potential learning induced stress-system activity.   

The number of correct responses significantly increased in the later sessions compared to 

the early phases (F3,1192 =61.90, p<0.000001, Fig. 5.2).  The R horses had a significantly 

higher probability of performing correct responses than the L horses overall (F1,1192 =14.98, 

p=0.000114) and significantly higher probability during the first three, but not the fourth 

session (F3,1192 =9.26 p<0.00001). 

 

Figure 5.2. Mean predicted probability of a correct responses per trial during the original learning sessions. OL 
1-4 = individual original learning sessions. 

The duration of the first OL session was significantly longer than the other three OL sessions 

(F3,40 =33.52, p<0.000001, Fig. 5.3).  The direction did not significantly influence the duration 

of learning (F,1,40 =0.69, p=0.410) and there was no significant session*direction interaction 

(F3,40 =0.55, p<0.110).   

Error bars 95%CI 
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Figure 5.3. Mean original learning session durations, OL= original learning. Letters differ significantly at 
p<0.0001, between sessions. 

As noted elsewhere (Sec. 5.3.5), individual horse learning efficiency was assessed to 

facilitate allocation of horses to the treatment groups to ensure that, if there were 

significant individual differences in learning efficiency, each treatment group contained a 

balance of efficient and inefficient learners.  There were no significant differences between 

individual horses in their learning efficiency as assessed by the total number of taps each 

horse received across the four OL session (KW:X2 (11), 8.61, p=0.66).  The number of taps 

applied decreased across the OL sessions (F3,1192 =167.09, p<0.000001, Fig. 5.4).  The L 

horses had more taps applied but the difference was not significant (R: 151.58 ± 21.48/all 

OL sessions, L 227.67±239.82/ all OL sessions F1,1192 =3.51, p=0.06) and there was no 

session*direction interaction (F3,1192 =1.49, p=0.22).   
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Figure 5.4. Mean taps/trial per original learning session.  Letters which differ, differ significantly at p<0.0001 
between sessions. 

There was a significantly higher probability of a >1 step response in the later OL sessions 

than the first two sessions (F3,1190 =87.58, p<0.000001) and R horses had a significantly 

higher probability of making >1 step responses than L horses across the four sessions (F1,1190 

=8.27, p=0.004); however, by the final session, the probabilities were equal 

(session*direction F3,1190 =6.06, p=0.0004 Supplementary Fig. SF5.1). 

During PT, the HRs were not significantly different based on treatment group or direction 

(treatment: F1,9 =0.67, p=0.43, direction: F1,9 =0.20, p=0.7).  The HRs increased during OL 

compared to PT, with HRs increasing in OL1 and OL2 and decreasing in OL3 and OL4, though 

not to the level of PT, (F4,50 =6.45, p=0.0003, Fig. 5.5).  There were no differences between 

the HRs based on learning direction across the four learning sessions (GLMM: F1,50 =2.05, 

p=0.159).  However, the HRs of the L horses were significantly higher than the R horses 

during the first learning session but not the other three sessions (GLM: OL1: F1,10 =8.17 

p=0.017, OL2: F1,10 =0.03 p=0.87, OL3: F1,10  =0.34 p=0.57, OL4: F1,10  =0.07 p=0.8).  The 

session*direction interaction was not significant. (GLMM: F4,50 =2.12, p=0.92).   
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Figure 5.5. Mean HRs during the original learning sessions. OL= original learning. Letters that differ, differ at 
p<0.05. 

The mean salivary cortisol concentrations during PT were 0.939±09 ng/ml and there were 

no significant differences between direction (F1,9 =0.28, p=0.61,) or treatment groups (F1,9, 

=0.63, p=0.63).  During the OL1 and OL4 there was no difference in salivary cortisol 

concentrations between the direction groups (F1,30 =0.01, p=0.94), or a session*direction 

interaction (F4,30 =1.18, p=0.34, Fig. 5.10). 

The mean BDNF concentration during PT was 11.62 ± 5.29 pg/ml and were no significant 

differences in the levels of BDNF during the PT between the direction groups (F1,7  =0.16, 

p=0.7) or treatment groups (F1,7 =0.53, p=0.49).  During the OL (sessions 1 and 4), there were 

no significant differences between the BDNF concentrations of the direction groups (R: 

10.615 ± 1.60 pg/ml, L: 13.727 ± 8.33 pg/ml, F1,2 =0.52, p=0.48) and there was no significant 

session*direction interaction (F4,24 =1.50, p=0.24).   

5.4.2 Treatment 

The effects of the two treatments on HR, salivary cortisol and serum BDNF were analysed to 

assess if the treatments exerted different effects on these factors compared to pre-test as 

well as within treatment sessions and to determine if there was significant evidence of 

treatment induced stress system activity.  HR data was collected for all treatment sessions 

and salivary cortisol and serum BDNF for sessions 1,3,5 and 6. 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
170 

During the treatment, the S horses’ HRs were significantly higher than the C horses (F1,60 

=256.18 p<0.000001 Fig. 5.6).  The treatment*session interaction was also significant (F10,60 

=13.37, p<0.000001): the S horses had lower HRs during the social isolation sessions 

(sessions 1 and 4) compared to the other sessions and the C group horses had higher HRs 

during the third treatment session compared to the other sessions (Fig. 5.6).  

 

Figure 5.6. Mean heart rates during the six treatment sessions 

The stress treatment significantly increased the S horses’ salivary cortisol concentrations 

compared to the C horses (F1,50 =4.85, p=0.03-Fig 5.10).  There was also a significant 

treatment*session interaction with S horses’ levels higher than PT levels and higher during 

T3 and T5 than T1, whereas the C horses’ levels were lower than PT for all days except T5 

where they were higher (F8,50 =3.52, p=0.003). 

The S group horses’ BDNF concentrations were higher than C group horses but the 

difference was not significant (F1,40 =0.63, p=0.43), but there was a significant 

treatment*session interaction (F8,40 =5.78, p=0.00007, Fig. 5.7) with S horses having 

significantly higher concentrations during T1 compared to the C horses.   
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Figure 5.7. Concentrations of BDNF during the treatment. PT= pre-test phase, T=treatment session 

5.4.3 Response shift learning 

The effects of the change in task type during the RS, the treatments and the interaction 

between them on the same set of learning and physiological variables that were assessed 

during the OL were analysed.  The horses that shifted from L to R performed significantly 

more correct responses than horses shifting from R to L (L-R: 8.5±4.85, R-L: 3:3.83±5.27, 

F1,356 =9.60 p=0.002, Fig. 5.8).  The C horses performed more correct responses than the S 

horses but the difference was not significant (C: 6.83± 6.18, S: 5.50± 5.01, F1,356 =0.27 

p=0.606) and nor was there a significant treatment*direction interaction (F1,356 =0.60 

p=0.44).   

 

Figure 5.8. Mean correct responses during the response shift. OL=original learning direction.  In the response 
shift, horses that were in the OL Left group, were trained to move to the right and vice versa.  Letters that 
differ, differ significantly at p<0.01 between phases. 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
172 

C horses had significantly more taps applied per trial than the S horses (C: 15.056± 

16.92/trial, S: 13.810± 16.92/trial (F1,356 =7.88, p=0.005, Fig. 5.9), and the L-R horses had 

significantly fewer taps applied than the R-L horses (R-L: 15.750 ± 16.90/trial, L-R: 12.631 ± 

16.81/trial; F1,356 =19.82, p<0.000011.  The treatment* direction interaction was not 

significant (CR-L: 22.200 ± 16.26/trial, CL-R:11.344 ± 11.08/trial, SR-L: 14.167 ± 17.78/trial, 

SL-R: 9.744 ± 11.08/trial, F1,356 =3.51, p=0.06). 

 

Figure 5.9. Mean taps/trial during the response shift. OL=original learning direction, L= horses who shifted from 
left to right during the response shift, R=horses who shifted from right to left during the response shift.   

During the RS, the horses shifting from R to L performed significantly fewer >1 step 

responses than the horses shifting from L to R (R-L: 6.17 ±7.52, L-R: 19.93 ± 8.45, F1,356 

=18.68,  p<0.000001).  The treatment did not have a significant effect, (C: 13.17 ±11.97, S: 

12.83 ± 9.83 ,F1,356 0.06, p=0.81) but there was a significant direction*treatment interaction 

with CR-L horses making fewer >1 step responses than the SR-L horses whereas the SL-R 

horses made fewer >1 step responses than the CL-R horses (CR-L:4.67 ± 7.23, CL-R:21.67 ± 

9.45,SR-L:7.67 ± 9.07,SL-R:18.00 ± 8.89, F1,356 =5.76, p=0.02). 

The duration of the RS sessions was similar for direction (R: 476.10 ± 121.53 s, L: 419.60 ± 

36.00 s, F1,20 =2.21, p=0.153), and treatment (C: 458.90± 236.77 s, S:436±38 s, F1,20 =0.34, 

p=0.57). The direction*treatment was also non significant (F1,20 =0.01, p=0.9).   

The HRs were not significantly different for the direction (R-L: 48.22 [37.58-58.87 bpm 95%CI 

], L-R: 49.60 [38.78-60.42 bpm 95%CI] F1,8 =0.07, p=0.8) and treatment groups (C: 45.64 
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[36.20-55.08 bpm 95%CI ], S: 52.19 [41.50-62.87 bpm 95%CI ] F1,8 =1.15, p=0.25) and there was 

no significant direction*treatment interaction (F1,8 =2.77 ,p=0.13).  Cortisol concentrations 

were significantly lower than PT (F1,19 =15.26, p=0.001, Fig. 5.10), but there were no 

significant differences in cortisol concentrations between the treatment groups (C: 0.73 

[0.57-0.89 ng/ml 95%CI ], S: 0.71 [0.49-0.93 ng/ml 95%CI ], F1,19 =0.003, p=0.96) or the direction 

(R: 0.77 [0.66-0.89 ng/ml 95%CI ], L: 0.67 [0.43-0.90 ng/ml 95%CI ], F1,19 =1.42, p=0.25) or 

significant treatment*direction interaction (F1,19 =2.01, p=0.17).  There were no significant 

differences in BDNF concentrations based on treatment group (C: 10.80 [8.06-13.54 pg/ml 

95%CI,], S: 12.64 [3.60-21.68 pg/ml 95%CI ], F1,6 =0.207 p=0.67), direction (R: 11.26 [9.68-12.84 

pg/ml 95%CI ], L: 12.18 [2.74-21.63 95%CI ], F1,16  =0.02, p=0.88), or treatment group* direction 

interaction (F1,16  =0.71, p=0.43). 

 

Figure 5.10. Mean salivary cortisol concentration. PT=pre-test phase, T1-T6=individual treatment sessions, 
RS=response shift. 

5.4.4 Comparison of Response Shift to Original Learning session 1 

The OL1 session and the RS phase both involved novel learning tasks (original acquisition of 

the response-OL1 and the change in response direction (RS) and consequently, they were 

compared to evaluate if there were differences in the learning outcomes as well as 

physiological responses.  During the RS, the predicted probability of a correct response was 

slightly higher compared to the first OL session but not significantly different, (F1,596 =1.41, 
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p=0.24, Fig. 5.11), demonstrating that the horses reached the same basic level of 

performance as occurred in OL1 (Mean count of correct responses: OL1: 4.5± 5.42 correct 

responses/phase, RS: 5.250± 4.69 correct responses/phase).  There was a significant 

difference in the probability of a correct responses based on direction, with the R horses 

having a higher probability of performing more correct responses across the two sessions 

than the L horses (F1,596 =7.14, p=0.008 Fig. 5.11).  There was a significant phase* direction 

interaction (F,1,596 =51.53, p<0.000001), with R horses having a higher probability of 

performing correct responses in OL1 than L horses, whereas the situation was reversed in 

the RS, with horses shifting from L to R having a higher probability of performing more 

correct responses than horses shifting from R to L.  There was no difference between the 

two phases (F1,596  =1.41, p=0.24). 

 

Figure 5.11. Comparison of the mean predicted probability of a correct response during the first original 
learning session (OL1) and the response shift (RS).  The direction label (R or L) refers to the OL direction.  During 
the RS, the response direction was shifted so responses in the RS were in the opposite direction to the OL 
direction. Y-axis-mean predicted probability of correct response. 

There was a higher probability of >1 step responses during the RS compared to OL1 (F1,596 

=25.71, p=0.000005 Fig. 5.12), and the L-R horses had a significantly higher probability of 

performing a >1 step responses in the RS than the R horses during OL1 and the RS (F1,596 

=96.29, p<0.000001).  The direction was not significant (F1,596 =0.48, p=0.49).  The OL1 

session was a similar duration to the duration of the first 25 trials in the RS (F1,20 =0.13, 

p=0.72), and there was no difference based on direction (F1,20 =0.056, p=0.81) or 

phase*direction (F1,2 =2.996, p=0.10).  
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Figure 5.12. Mean predicted probability a > 1 step response occurring in the OL1 session compared to the 
response shift session. OL=original learning, RS=response shift, Y-axis-mean predicted probability of > 1 step 
response. 

There were significantly fewer taps per trial applied during the RS, than in the OL1, (OL1: 

20.65 [18.06-23.24 95%CI ], RS: 15.69 {13.69-17.70 95%CI], F1,596 =9.19, p=0.002, Fig. 5.13) but 

no significant differences based on direction (R: 18.43 [14.91-21.95 95%CI] L: 22.76 [19.78-

25.72 95%CI], F1,596 =1.73, p=0.19) meaning the number of taps applied during OL1 and the 

number of taps applied during the RS did not differ in spite of the direction change. 

However, the direction of the shift significantly influenced the number of taps applied in the 

RS for the OL-L horses, who then shifted to the R direction in the RS.  They had less than half 

the number of taps applied in the RS compared to OL1, whereas the number of taps applied 

to the R horses who shifted to L during the RS, did not differ between OL1 and the RS 

direction* phase interaction (F1,656 =19.27, p=0.000008).  
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Figure 5.13. Mean taps/trial comparing the first original learning session to the response shift session.  
OL1=original learning 1, RS= response shift. During the RS, L horses shifted to the R and R horses shifted to the 
L. Letters which differ are significant at p<0.01 between phases.* different at p<0.001 between 
phase*direction.  Bars without letters are not significantly different between treatment or direction groups. 

HRs were not significantly different between OL1 and the RS, (F2,19 =0.96, p=0.18) and nor 

were there were significant differences in between the learning directions (F1,18, 1.72, 

p=0.21) or a significant direction*phase interaction (F1,18 =2.14, p=0.16, Supplementary table 

ST5.1). 

During OL1 salivary cortisol concentrations were higher than during the RS (Mean-OL1: 0.99 

[0.93-1.04 95% CI ] RS: 0.72 [0.61-0.83 95% CI ] F1,20 =23.54, p=0.0001) but there was no 

difference between the direction (F1,20 =0.07, p=0.80) or a significant phase*direction 

interaction (F1,20 =2.66, p=0.12). 

The L horses had higher BDNF concentrations than the R horses during OL1 compared to the 

RS session when levels were similar for both directions (F1,16 =4,92, p=0.041, Fig. 5.14).  The 

phase and direction were not significantly different between OL1 and RS (phase: F1,16 =1.87, 

p=0.19, direction: (F1,16 =0.35, p=0.19).   
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Figure 5.14. Mean BDNF concentrations (pg/ml) between the first original learning session and the response 
shift session.  OL=original learning, RS= response shift. Letters which differ, differ significantly at p<0.05 
between directions.  

5.4.5 Memory retrieval tests 

There were two dimensions to the MRTs that were of interest: whether the horses made 

any locomotory response at all which provides evidence of memory consolidation and the 

direction of locomotory responses (whether in the RS direction-rRS or the OL direction-rOL) 

which provides evidence of cognitive flexibility, that is, could the horse remember to move 

in the new direction and inhibit the old response.  

Of the total responses during the MRTs, 72% were locomotory (Mean: 21.50±8.66/phase 

and 28% were non locomotory (Mean: 8.50 ± 8.66/phase, a difference that was significant, 

(t 3.68, p=0.01).  There was no significant difference in the probability of a locomotory 

responses in the first and second MRTs (MRT1:20.916±8.73/horse, MRT2:22.083 ± 

8.92/horse, F1,712 =1.35 p=0.25).  The S horses had a higher probability of a locomotory 

response in total compared to the C horses, but the difference was not significant (C: 

19.92±10.09/phase; S: 23.08±7.38/phase, F1,712 =1.98 p=0.16) and there was also no 

significant difference between the probabilities of the R and L horses (R: 21.83± 8.10/phase; 

L: 21.67± 9.53/phase, F1,712 =1.53 p=0.22).  The probabilities of the L and R horses’ 

locomotory responses were similar for during MRT1 but during MRT2 the probabilities of 

the L horses increased while the probabilities of the R horses fell (F1,712 =38.01 p<0.000001, 
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Fig. 5.15).  Likewise, there were differences in the probabilities of locomotory responses 

between the treatment groups, where during MRT2, the S horses’ probabilities significantly 

decreased but the C horses’ probabilities significantly increased (F1,712 =16.83 p=0.0005).  

The treatment*direction and treatment*direction*phase interactions were not significant 

(Treatment*direction: F1,712 =0.98 p=0.32; Treatment*direction*phase: F1,712 =0.81 p=0.37).  

 

 

Figure 5.15. Mean predicted probability of a locomotory response (response present or absent) during the 
MRTs. OL=original learning. Y-axis=mean predicted probability of a locomotory response. 

Of the locomotory responses, 86.24% were rRS (Mean: 18.54± 9.94) and 13.76% were rOL 

(Mean: 2.96±3.82).  Of the C horses’ responses, 95% were rRS (mean: 21.92±10.31) and 5% 

were rOL (mean: 1.25±2.18). whereas 76.5% of the S horses locomotory responses, were 

rRS (mean: 15.17±8.70) and 23.5% were rOL (mean: 4.67±4.40).  The R horses made 89.3% 

rRS (mean: 19.67±10.93) and 14.3% rOL (mean: 2.92±3.58) and the L horses made 86.8% rRS 

(mean: 17.42±9.20) and 13.2% rOL responses (mean: 3.00±4.20). The C-L horses made no 

rOL whereas the C-R, S-R and S-L horses performed a small number (Fig. 5.16). 
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Figure 5.16. Count of the direction of responses during the two memory retrieval tests. rRS= response was in 
the direction trained during the response shift. rOL=the response was in the direction of the original learning, 
OL=original learning.   

There was a significant treatment*direction interaction (Wald-X2(1) 16.43, p<0.001). Odds 

ratios are in Table 5.6.   

Odds Ratio Estimate Wald 95% Confidence Limits 

Direction L vs R at 

Treatment=C 

0.143 0.005 4.261 

Direction L vs R at 

Treatment=S 

1.523 0.199 11.661 

Treatment C vs S at 

Direction=L 

0.111 0.004 3.176 

Treatment C vs S at 

Direction=R 

1.185 0.144 9.721 

Table 5.6. Odds ratio estimates for treatment*direction effects on performing an rRS compared to an rOL in the 
memory retrieval tests. 
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HRs were similar during RS and MRT1, but were significantly lower during MRT2 (F2,24 

=19.61, p=0.000009, Fig. 5.17).  Neither the treatment group, direction or any of the 

interactions were significant (treatment; F1,24 =2.34, p=0.14, direction: F1,24 =0.15, p=0.70, 

treatment*phase: F2,24 =1.38, p=0.27, Direction*phase: F2,24 =0.55, p=0.59, 

treatment*direction*phase: F3,24 =2.43, p=0.09). 

 

 

Figure 5.17. Mean HRs during the response shift and memory retrieval tests. RS= response shift, MRT=memory 
retrieval test, OL=original learning. 

5.4.6 Spearman’s Correlations 

Spearman’s rho correlations were conducted to explore if there were associations between 

learning outcomes and physiological indicators, an approach that is frequently used in 

studies of human cognition, where in common with the study reported here, it is not 

possible to measure brain concentrations of neurotransmitters, necessitating a reliance on 

correlations between peripheral concentrations and cognitive outputs (reviewed in Roig et 

al, (2016).  Higher HRs were associated with higher BDNF concentrations during OL (rs 0.584, 

p=007) but none of the physiological indicators was significantly associated with learning 

performance.  During T, higher cortisol concentrations were associated with higher BDNF 

concentrations (rs 0.442, p=0.004) and higher HRs (rs 0.301, p=0.036).  During the RS, HR and 

cortisol concentrations were positively associated (rs=0.608, p=0.036).  None of the other 

relationships were significant (supplementary tables ST5.2-5.4).  
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5.5 Discussion 

This study presents preliminary evidence that the combination of a challenging learning task 

and a short-term chronic stress treatment may impair the retrieval of an industry type 

cognitive flexibility learning task memory in horses.  These horses were more likely to make 

perseverative errors during the free choice MRT, making more responses in the original 

learning direction than the other horses.  They also received more aversive stimulus 

presentations and made fewer correct responses during OL than the horses learning the 

easier task.  Contrary to expectations, the chronic stress exposure did not affect the 

acquisition of the cognitive flexibility task, though it did sensitise the stress treated horses to 

the aversive characteristics of the training stimulus during the RS, as they received fewer 

taps suggesting they were more motivated to respond to it than the C horses.  However, this 

did not translate into more correct responses during the RS.  The direction of the shift 

during the RS was the differentiating factor for the acquisition of the RS learning task, which 

mirrored the results from the OL: moving towards an aversive stimulus is learned more 

slowly than moving away from it.  The stress treatment significantly increased salivary 

cortisol concentrations and HRs compared to controls; however, neither the relative 

difficulty of the OL or RS tasks or the stress treatment significantly affected serum BDNF 

concentrations.  Salivary cortisol and BDNF concentrations were positively correlated, 

though none of the physiological measures correlated to any learning output.  While 

preliminary, this finding suggests that chronic stress exposure combined with recent 

experience of learning tasks that include a prolonged or consistent exposure to aversive 

training stimuli may have an impairing effect on the consolidation or retrieval of cognitive 

flexibility memories.  Possible neural correlates for the results are discussed below.  

5.5.1 Lack of stress effects on acquisition of the response shift learning task 

There are a number of possible reasons for the apparent lack of effect of the stress 

treatment on acquisition of the RS task.  The first is the possible role of dopamine driven 

aversive prediction errors (Iordanova et al., 2021).  The activity of prediction coding 

dopamine neurons (de Jong et al., 2019) is attenuated when an unexpected aversive 

outcome is registered (Oleson et al., 2012; Gentry et al., 2019; Stelly et al., 2019).  During 

the RS, responses that had previously enabled the horses to either escape or increasingly 
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avoid the aversive training stimulus were punished, representing an unexpected aversive 

consequence.  Dopamine efflux during aversive learning is believed to register both the 

valence (positive or negative) (Gentry et al., 2019) and value (low to high) (Pultorak et al., 

2018) of avoiding aversive stimuli.  During the RS session, the likely decrease in dopamine 

release from neurons that code aversive prediction errors and the high value of rapidly 

learning to escape the whip stimulus would have generated a strong teaching signal (Trapp 

et al., 2018) to motivate the trialling of novel responses to the whip cues, facilitating the 

acquisition of the response.  Wendler et al., (2014) successfully extinguished well trained 

avoidance responses in rats by presenting conditioned and unconditioned aversive stimuli 

non-contingently to the avoidance responses of the subjects.  They used selective lesioning 

of regions of the basal ganglia that are sensitive to dopamine signalled aversive prediction 

errors (nucleus acumbens core, DMS and DLS) to identify differential roles for these regions 

in the early and late extinction of the avoidance response.  Chronic stress has been 

implicated in attenuated dopamine signalling from reward sensitive VTA neurons and 

impaired learning, (Douma and de Kloet, 2020).  However, based on the behavioural 

evidence presented here, it does not appear that the stress treatment caused a decrement 

in the RS learning acquisition and consequently, it is plausible that aversive dopamine 

prediction errors contributed to the acquisition of the task irrespective of the stress 

treatment. 

A second possible explanation relates to the potential role of metaplasticity or memory 

priming (Hulme et al., 2013).  Metaplasticity or priming processes within learning related 

dendritic spines associated with prior learning can facilitate the acquisition of new learning.  

This effect is mediated by factors such as the type of learning and the temporal proximity of 

the original and new learning periods, although the precise mechanisms are still to be 

elucidated (reviewed in Parsons, 2018).  Consequently, it is possible that OL related synaptic 

plasticity in the relevant neural ensembles facilitated the acquisition of the RS, task, 

specifically, the making of some kind of locomotory response to the whip stimulus.  There 

were significantly fewer taps applied and significantly more >1 step responses in the RS than 

the OL1 even though the number of correct responses did not differ.  Because responses in 

the OL1 and the RS were not shaped, any sideways movement, however small, was 

reinforced with whip stimulus termination and consequently, the sooner the horse made a 
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sideways movement, the fewer taps it received for that trial.  This finding differs from 

Fenner et al.,(2017) and Ahrendt et al.,(2015) who both reported no benefit of prior 

learning on the acquisition of a subsequent task within the same training session.  The data 

reported in Fenner et al.,(2017) shows no difference in the acquisition of a task by horses 

that had been exposed to a pre-training task immediately prior to the learning session 

compared to horses that were not pretrained.  Ahrendt et al.,(2015) also reported no 

apparent transfer of the learning about a similar negative reinforcement task as used in this 

present study when the pressure cue was applied on different sides of the horses body, that 

is, learning on the left side did not translate to enhanced acquisition of the response when 

the pressure was applied to the right side of the body.  The lack of learning facilitation 

reported in Arendt et al.,(2015) and Fenner et al.,(2017) could be due to the timing of the 

second tasks in these studies, which took place during the very early consolidation 

processes of the first task when synaptic plasticity changes are still labile and vulnerable to 

disruption (Bailey et al., 2015) and consequently may not have been in a sufficiently robust 

state to contribute to the learning of the second task.  In the study reported here, the RS 

session occurred after the memories of the original task were consolidated via durable, 

glucocorticoid mediated genomic protein synthesis (Joëls et al., 2013) and consequently, 

possibly via the contribution of metaplasticity processes, the acquisition of the RS was 

facilitated.  

A third factor may be due to the timing of the RS learning task relative to the stress 

exposure. In Experiment One (Chapter Three) the learning task commenced immediately 

after the stress exposure, and thus the acquisition of the task took place under the influence 

of high cortisol concentrations that can impair learning about tasks unrelated to the stressor 

(Joëls et al., 2006).  In comparison, in this study, there was a 24 hour gap between the final 

stress exposure and the RS session, meaning that any potential impairment of acute, non-

genomic cortisol activity had on learning had dissipated prior to the learning of the RS task 

(Quaedflieg and Schwabe, 2018).  Indeed, cortisol concentrations immediately after the RS 

were in fact lower than PT, though this is possibly an artefact of the collection timing which 

may have missed any RS related increases that may have occurred after the sampling 

period.  Regardless, there was no lasting effect of the stressor on peripheral cortisol 

concentrations of the S horses, suggesting the stressor duration and intensity was 
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insufficient to elicit more the types of widespread organisational or functional changes to 

learning regions such as have been reported in rodent studies and which can impair 

cognitive flexibility in appetitive instrumental and spatial learning tasks (Dias-Ferreira et al., 

2009; Conrad, 2010; Taylor et al., 2014; Hurtubise and Howland, 2017).   

Collectively, these results suggest that the chronic stress treatment implemented in this 

study, while eliciting sympathetic nervous system and HPA axis activation, did not impair or 

facilitate cognitive flexibility acquisition during the RS.  

5.5.2 Chronic stress effects on extinction memory consolidation and retrieval 

In comparison to the apparent lack of stress effects on the acquisition of the RS task, there 

is preliminary evidence that the stress treatment and the type of OL task affected the 

subsequent memory dynamics underpinning the horses’ responses in the MRTs.  The S-L 

horses, were surprisingly, the direction*treatment group most likely to make preservative 

errors during the MRTs.  The structure of the experiment was designed to create habit-like 

responding during the OL, in which the horses’ responses could come under the control of 

the SR neural network by the final OL session.  Behavioural evidence for this was strongest 

in the R horses who reached asymptote in the final two sessions.  The RS was designed to 

re-engage the goal-directed network to learn the new response, because the previously 

learned stimulus-response contingency was reversed and horses had to update their 

behaviour in order to escape or avoid the training stimuli.  The RS was a single session of 

only 30 trials compared to the four OL sessions of 100 trials and consequently, it was 

hypothesised that during the MRT, responses in direction of the horse’s RS task would 

reflect the ongoing influence of the goal-directed network and responses that were in the 

direction of the horse’s OL task, the influence of the stimulus-response network.  The 

preliminary evidence presented here suggests that the cumulative effect of the stressors 

experienced across the experiment did lead to a bias towards the SR network for the S-L 

horses. 

Several lines of evidence using appetitive conditioning protocols suggest that exposure to 

multiple stressors can bias appetitive behaviour towards inflexible habits at the expense of 

adaptive goal-directed behaviour (Ferragud et al., 2010; Braun and Hauber, 2013).  This bias 

is believed to occur as a result of stress-induced activity in distributed brain regions 
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(Hermans et al., 2014; Schwabe and Bolam, 2017), which in simple terms results in an 

inhibition of activity in the goal-directed networks with a corresponding disinhibition of 

activity in the SR networks and a bias towards SR responding (Rosenkranz et al., 2010; 

Gruber and McDonald, 2012; Arnsten, 2015).  The same behavioural outcome has also been 

observed as a result of overtraining in appetitive tasks (Coutureau and Killcross, 2003).      

Consequently, in this experiment it would be expected that if the stress treatment did bias 

behavioural choice towards the habitual responses in this study, it would be more likely 

demonstrated by S-R horses as their behaviour during the OL was habit-like by the third and 

fourth sessions.  However, it was the S-L horses who were most likely to make perseverative 

errors during the MRTs despite that they did not reach asymptote in habit like responding 

during the OL.  It is possible that their cumulative stress exposure across the experiment 

underpins this finding. 

The cumulative stress exposure of the S-L horses was likely to be the greatest when they 

commenced the first of the two MRTs.  Their L learning task was more difficult to learn and 

they took longer to reach the same level of performance as the R horses.  It induced higher 

HRs than the R task in the first OL session, and HRs stayed high for the second OL session, 

along with the R horses whose HR’s peaked in this session, before plateauing in common 

with the R horses.  Next, there was the stress treatment, followed by the RS which induced 

HRs that were similar to the first OL session, suggesting it was also perceived as a 

psychosocial stressor.  In comparison, the C-L horses did not experience the stress 

treatment, and the although the S-R horses did experience it, they commenced the 

treatment without prior exposure to the more difficult OL task.  Based on the HR evidence, 

both direction groups experienced the RS as a stressor, even though the S-L and C-L horses 

had arguably the easier direction shift to make, (learning to move away from the stimulus) 

and consequently they achieved more correct responses.  In the RS, compared to the other 

direction*treatment groups, the S-L horses accumulated greater stress exposure across the 

experiment and commenced the MRTs under the influence of nine days of moderate to high 

stress, compared to the lower accumulated stress of the other groups.  The possible neural 

effects of the individual stressors and their cumulative effects are discussed below.  

There is evidence that stress enhances learning, particularly where it is relevant to the 

stressor (Joëls et al., 2006; Trapp et al., 2018). For the L horses during the OL, the aversive 
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characteristics of the whip stimulus and possibly the mismatch between the horse’s 

ethology and the task requirement to move towards the stressor would be highly relevant 

for learning the task (discussed in more detail below and in Chapter Six).  Consequently, it is 

possible memories for the L task and L learning context (location, whip stimulus, trainer) 

were very strongly consolidated making the task memory and associated context more 

resistant to extinction.  Being so, these memories may have been better able to compete 

with the goal-directed network mediated memory of the RS learning (inhibition of OL 

response + new RS response) with the consequence that in the free choice context of the 

MRT, in which the two memories could compete for behavioural expression, (OL vs RS) the 

SR network mediated OL memory was sometimes dominant.  The RS procedure involved 

two phases-extinction of the OL task via punishment, followed by learning of the new task 

via negative reinforcement.  This required the creation of two new memories- inhibition of 

the OL response and a memory for the RS response.  In order for the new response to be 

performed, the old one must be inhibited, which over time, leads to the degradation but not 

but not complete disappearance of the synaptic architecture of the original response 

memory (Bouton et al., 2021).  It is possible the effect of the cumulative stress exposure of 

the S-L horses impaired expression of the extinction memory or that that strong 

consolidation of the OL memory outcompeted the extinction memory to inhibit it, enabling 

the OL memory to be preferentially retrieved in those trials.  

Furthermore, HRs for all horses in the first MRT were as high as the RS despite that far fewer 

taps were applied.  This suggests that the horses were retrieving a stressful context, 

amygdala-hippocampal based memory of the RS procedure.  This memory may have 

included perceptions of a lack of control over their exposure to the stimulus, uncertainty 

about the correct response as evidenced by signs of behavioural conflict (discussed in 

Chapter Six), as well as large dopaminergic mediated prediction errors associated with the 

initially inescapable worse than expected outcomes (OL responses no longer successful in 

escaping or avoiding the stimulus), especially during the early trials.  Stress prior to memory 

retrieval can impair retrieval (Wolf, 2017), and in humans high stress-induced cortisol 

concentrations prior to retrieval were associated with larger deficits in a stimulus-response 

based task (Guenzel et al., 2013).  Cortisol concentrations were not collected after the MRTs 

due to the short duration (> 5 minutes); however, Fortin et al., (2018) also reported 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
187 

impaired cognitive flexibility in fearful horses who underwent learning acquisition in an 

environment in which they had previously been exposed to stressors.   

Lastly, the cumulative stress exposure experienced by the S-L horses may have increased 

their perceptions of uncertainty about the correct behavioural choice to make during the 

MRT to escape or avoid the stimulus.  In a situation of uncertainty about appropriate 

behavioural responses where the expected outcome of the behaviour can’t be accurately 

predicted, the reversion to previously learned responses that were associated with accurate 

predictions may be beneficial as it may prompt the animal to respond quickly to resolve the 

situation (Peters et al., 2017).  Because the RS response was not extensively trained, the 

aversive prediction error may have still been large, and in the MRT situation in which the 

horse received no further feedback about the consequences of its choice of response 

direction after the single or double whip taps were applied, it may have experienced a large 

but erratic prediction error from the relevant dopamine neurons.  That is, it could not 

always accurately predict which of the two responses rOL or rRS would enable escape or 

avoidance of the whip.  This potential blurring in the clarity of the dopamine teaching signal 

could have led to the behavioural conflict about the choice of direction to move in.   

As noted above, chronic stress exposure has been associated with an network scale 

reduction in dopaminergic activity (Douma and de Kloet, 2020) and impaired learning in 

other species, and although the stress treatment did not impair the acquisition of the RS 

learning, and it was sufficiently consolidated to comprise the majority of responses in the 

MRTs for all horses, the cumulative stress exposure experienced by the S-L horses appears 

to have had an influence on the neural networks mediating the expression of SR and goal-

directed behaviours in this experiment.  This is a novel finding for a cognitive flexibility task 

involving an aversive instrumental learning protocol.  Further research perhaps using 

spontaneous eyeblinks as a proxy for dopaminergic activity in the striatum could shed 

further light on whether the behaviour observed in this study is indeed accompanied by 

increased or decreased eyeblink rates/dopamine activity.  

This preliminary finding does require replication.  For instance, the 100 trials during the OL 

are likely to be considerably fewer repetitions than a horse sent for retraining would have 

experienced in the behaviour that requires modification in and it is also likely that any 

retraining procedure would involve considerably more repetitions of the new response.  
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Further research could omit the stress treatment and examine the effects of different 

numbers of acquisition and RS trials on perseverative errors.  Nonetheless, this study 

provides novel data on the effect of the ethological salience of a learning task and exposure 

to ethologically salient stressors on cognitive flexibility in horses in an aversive learning task. 

In an industry training context, the renewal or spontaneous recovery of responses the 

trainer believed had undergone extinction can be interpreted as signs of disobedience or 

non-compliance.  Depending on the attitudes and beliefs of the trainer, this can result in the 

horse receiving strongly aversive or even punitive punishment if it persists in the unwanted 

behaviour or be a source of frustration to owners who have paid for the services of a trainer 

to extinguish the old responses.  Due to the small sample size which was a function of 

implementing a ‘Reduction’ approach to the number of horses to be exposed to the stress 

treatment (NHMRC, 2013), it is possible that the perseverative errors observed in the S-L 

horses during the MRTs are the result of individual variability and consequently the findings 

of this study require replication.  However, this preliminary evidence suggests that some 

contextual or learning task related factors may influence the likelihood of renewal or 

spontaneous recovery of previously extinguished responses in horses.  The identification of 

factors that contribute to extinction memory consolidation failures, failures to retrieve 

extinction memories or failures in consolidation or retrieval of new response memories 

could provide significant benefit to horse owners and trainers by making horse responses 

more predictable and safer for their humans.  

5.5.3 Differential acquisition of the original learning responses 

The OL response direction significantly affected horses’ learning efficiency and likelihood of 

learning the correct response, with horses moving towards the whip showing impaired 

efficiency and accuracy.  The learning performance of both direction groups improved over 

first three OL sessions in common with other reports (Ahrendt et al., 2015; Fenner et al., 

2017) but the L horses’ progress was slower than the R horses until the final session.  The 

learning occurring between the first and second sessions (first day of OL) was likely the 

result of non-genomic synaptic plasticity consolidation processes that occur in the period 

immediately after a learning experience and are less durable (Joëls et al., 2013), whereas 

the increase in correct responses in the third OL session is likely to have been facilitated by 

genomic consolidation processes occurring overnight, which make the memory traces much 
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more robust (Miyashita et al., 2008) and could account for the improved performance in 

OL3.  The behaviour and welfare implications of this difference in the rate of learning 

acquisition is discussed in Chapter Six.  The possible neurobiology underpinning the 

difference is discussed below.  

The slower acquisition of the OL task by the L horses may be due to the inherent conflict 

between the task and the ethology of horses, that is, they were required to approach an 

aversive stimulus.  Horses are frequently described as “flight animals” whose species 

specific defence response (SSDR) (Bolles, 1970; Faneslow, 1997) when presented with 

threats or potential threats is to escape or avoid such stimuli (Waring, 2003).  Learning tasks 

which require horses to approach these stimuli, for example, loading into transport vehicles 

or noisy crowds during police work require extensive training, with training failures 

commonly reported (Hendriksen et al., 2011; Munsters et al., 2013).  During exposure to 

aversive learning contexts, a thalamus-amygdala-periaqueductal grey loop controls innate 

behavioural responses to fear or aversion, precipitating defensive behaviour such as 

freezing, flight or aggression (Tovote et al., 2015; Deng et al., 2016).  A related component 

of heightened activity in defensive circuits is simultaneous inhibition of activity in PFC and 

dorsomedial striatal regions that mediate flexible selection of actions, such for example 

learning novel behaviours to escape/avoid aversive stimuli such as in this study (Arnsten, 

2015; Maier and Seligman, 2016).  It may be that the L horses experienced conflict between 

the SSDR (PAG mediated, to move away from the whip-a response that was punished) and 

the response it had to perform to actually escape or avoid the whip (PFC-DMS mediated-

move towards it) that interfered with quickly learning the response.  

In active avoidance learning studies in rodents, high levels of defensive behaviour such as 

freezing may completely prevent the animals learning the avoidance task (Fernández-Teruel 

and Tobeña, 2020) because the defensive behaviour (freezing), is incompatible with the 

active avoidance behaviour (locomotory).  The greater likelihood of the L horses performing 

smaller locomotory responses also suggests a reluctance to make an approach response to 

the whip, despite receiving punishment for not doing so.  In comparison, the R horse’s 

response aligned with their ethology so was acquired more efficiently and they reached 

higher levels of accuracy.  Because the stimulus was applied to the right side of the horse 

only, differences in performance are not likely to be due to variability associated with brain 
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laterality or differences in familiarity with handling on different sides as reported elsewhere 

(Ahrendt et al., 2015; Fenner et al., 2017; Byström et al., 2020).  

The decline in HRs in the final two sessions of the OL provides evidence that as the horses 

gained control over the US, there was a reduction in sympathetic nervous system activation 

(Barman and Yates, 2017).  Collectively, the OL data suggest that tasks requiring approach 

towards an aversive stimulus are more difficult to learn as they involve inhibition of SSDRs, 

likely inducing conflict between circuits controlling both SSDRs and non-SSDR behaviours 

(Tovote et al., 2016; Fernández-Teruel and Tobeña, 2020).  This mirrors finding in other 

species (Theios and Dunaway, 1964; Cain, 2019).  The behavioural and welfare implications 

of the differences in ethological salience of learning tasks in horse training are discussed in 

more depth in Chapter Six. 

5.5.5 Physiological proxies for neurotransmitter activity  

There were no correlations between any physiological indicator and learning output for any 

state of the experiment, in contrast to the positive correlation between cortisol and 

decreased learning acquisition reported in Chapter Three.  The stress treatment did increase 

salivary cortisol concentrations which were positively correlated with both HR and BDNF; 

however, there was no treatment effect on BDNF concentrations when assessed in isolation.  

Compared to BDNF concentrations during the RS, the BDNF concentrations of the L horses 

were higher during OL1 when they also had significantly higher HRs than the R horses.  

Higher concentrations of BDNF in the amygdala are associated with higher concentrations of 

cortisol in this region in other species (Lakshminarasimhan and Chattarji, 2012), and it 

appears that horses experiencing a stronger activation of the HPA axis as indicated by 

cortisol concentrations had also had higher BDNF concentrations which is a novel finding in 

horses.  

BDNF release and activity in response to stress exposure is heterogeneous and its specific 

roles in individual brain regions involved in learning as well as adaptation to stress continues 

to be elucidated (Bennett and Lagopoulos, 2014).  Jeanneteau et al.,(2013) suggested that 

BDNF and glucocorticoid activities are calibrated and that at high concentrations, 

glucocorticoids can impair the activity of the BDNF TrkB receptors with associated effects on 

learning; however, there were no correlations between learning and BDNF or cortisol 
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concentrations in this study.  Little is known about BDNF in horses.  Kongoun et al.,(2015) 

analysed serum BDNF using the Western Blotting technique and reported that a 12 month 

exercise program increased resting serum BDNF concentrations compared to sedentary 

horses.  In this study, ELISA was used to analyse the serum invalidating any direct 

comparison with the results from Kongoun et al.,(2015).  Both acute and chronic exercise 

are associated with increased BDNF release in humans and rodents  (Adlard and Cotman, 

2004; Ferris et al., 2007; Kongoun et al., 2015; Szuhany et al., 2015).  BDNF is released from 

neurons in an activity dependent manner and concentrations in humans and rodents, levels 

in serum increase rapidly at the commencement of exercise as well as in brain regions in 

response to brain activity during exercise, whereas BDNF increase induced by energetic 

stress peaks between 1-5 hours afterwards (Rasmussen et al., 2009; Walsh and Tschakovsky, 

2018).  The S horses were physically active but also experiencing considerable psychosocial 

stress as indicated by their significantly elevated HRs and salivary cortisol concentrations, so 

it is not clear that the BDNF samples were collected at the most opportune time to capture 

changes in BDNF in response to the stress treatment.   

The BDNF concentrations reported here are considerably lower than those reported via 

ELISA analyses in humans, mice and rats (Trajkovska et al., 2007; Elfving et al., 2010) and at 

the lower end of the ranges reported in pigs (Rault et al., 2018).  Higher BDNF 

concentrations are associated with positive mood in rodents and humans and enhanced 

learning.  However as there were no significant correlations between serum BDNF and any 

of the learning factors, there was no evidence of this association in this study, which is in 

alignment with some human studies (Szuhany et al., 2015).  BDNF levels in serum were 

chosen for analysis, which are believed to be reflective of longer term changes in systematic 

BDNF release (Elfving et al., 2010), rather than plasma which are believed to reflect shorter 

term changes due to the limits of analysing the analytes in the field (Elfving et al., 2010).  

Rault et al., (2018) reported a tendency for increased serum BDNF in weaner piglets 

provided with environment enrichment and further studies could assess whether BDNF in 

plasma or serum is a useful biomarker for cognition or welfare state in horses.  

In this study, the stress protocol did result in substantial HR and salivary cortisol increases, 

but it did not impair acquisition of the RS task, in comparison to some chronic stress 

protocols in rodents (Conrad et al., 2017).  Chronic stress of more than 10 days duration 
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which leads to elevated cortisol, is associated with impaired learning and structural brain 

changes (Vyas et al., 2002; Conrad, 2010) and decreased glucocorticoid receptors in key 

brain regions such as the BLA which is essential for extinction learning (Maroun et al., 2013).  

Six days of daily stress exposure was chosen for this study to as reflect of a typical working 

week for horses in training and stressors were chosen to mimic the kinds of stressors that 

horses may encounter in their daily lives such as being socially isolated, encountering 

unfamiliar human made objects and being exposed to loud unfamiliar human made sounds 

such as when attending a competition.  However, as noted above, the duration and intensity 

of stress exposure in this study did not impair the acquisition of the RS task or when 

considered in isolation from the learning direction, the likelihood of perseverative errors in 

the MRTs. Conversely, the stress exposure did not improve performance in the RS task.  

5.6 Conclusion 

This study provides novel evidence that , in a common industry type cognitive flexibility 

learning task, exposure to a difficult original learning task that is not aligned with the horse’s 

ethology combined with exposure to chronic stress may impair the consolidation or retrieval 

of the new learning.  To trainers, the resulting perseverative errors that may appear as 

disobedience.  This study also provides empirical evidence that learning tasks requiring 

horses to suppress SSDRs and approach inherently aversive stimuli take longer to learn than 

tasks that align with the horse’s ethology and consequently, trainers should be prepared to 

adapt their training methods, even when the learning task is biomechanically simple.  This 

study is also the first to report that serum BDNF and salivary cortisol concentrations are 

correlated in horses.   
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Supplementary materials 

 

Supplementary Figure SF.1 Estimated probability of a greater a >1 step response during the original learning 
sessions. OL=original learning.  

 

Phase OL 
Direction 

Mean HR 
(bpm) 

95.0% 

Lower CL 

95.0% 

Upper CL 

OL1 Left 48.47 41.07 55.86 

Right 40.65 38.30 42.99 

RS Left 49.97 35.70 64.23 

Right 48.22 37.58 58.87 

Supplementary table ST5.1.  Comparison of heart rates during the first original learning session and the 
response shift. OL=original learning, RS= response shift 

 

  BDNF (pg/ml) Cortisol (ng/ml) HR (bpm) 

Correct 
Responses  

(OL1 & OL4) 

BDNF (pg/ml) Correlation Coefficient 1.000 -.247 .584** .218 

Sig. (2-tailed) . .294 .007 .357 

Cortisol (ng/ml) Correlation Coefficient  1.000 -.092 -.277 

Sig. (2-tailed)  . .668 .190 

HR (bpm) Correlation Coefficient   1.000 -.327 

Sig. (2-tailed)   . .119 

Correct Responses 
(OL1 & OL4) 

Correlation Coefficient    1.000 

Sig. (2-tailed)    . 
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Supplementary table ST5.2 Spearman’s Correlations-Original Learning. Spearman’s correlations- Original 
learning.  Correct responses for sessions 1 and 4 to align with collection of BDNF and salivary cortisol. 
OL=original learning.** Significant at p=<0.01. 

 

  
BDNF 

(pg/ml) 
Cortisol 
(ng/ml) HR (bpm) 

BDNF 
(pg/ml) 

Correlation Coefficient 1.000 .442** .039 

Sig. (2-tailed) . .004 .811 

Cortisol 
(ng/ml) 

Correlation Coefficient  1.000 .301* 

Sig. (2-tailed)  . .037 

HR (bpm) Correlation Coefficient   1.000 

Sig. (2-tailed)   . 

Supplementary table ST5.3 Spearman’s Correlations-Treatment Spearman’s correlations- Treatment** 
Significant at p=<0.01, * significant at p=<0.05. 

 

  
BDNF 

(pg/ml) 
Cortisol 
(ng/ml) HR (bpm) 

Correct 
Responses 

BDNF (pg/ml) Correlation Coefficient 1.000 .212 .297 .542 

Sig. (2-tailed) . .556 .405 .106 

Cortisol (ng/ml) Correlation Coefficient  1.000 .608* -.392 

Sig. (2-tailed)  . .036 .208 

HR (bpm) Correlation Coefficient   1.000 -.353 

Sig. (2-tailed)   . .261 

Correct 
Responses 

Correlation Coefficient    1.000 

Sig. (2-tailed)    . 

Supplementary table ST5.4 Spearman’s Correlations-Response shift * significant at p=<0.05. 

  



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
195 

Chapter Six - Relationship between stress-related behaviours and avoidance 

learning in horses.  

6.1 Abstract 

During training, horses can learn to escape the unpleasant consequences of unconditioned 

aversive stimuli (US) by performing the response desired by the trainer or avoid them 

altogether by responding to innocuous conditioned stimuli (CS) paired with the US, known 

as an avoidance response.  In other species, sustained avoidance responding is associated 

with a reduction in behavioural, physiological and neurochemical indicators of negative 

affect; however, little is known if the same is true of horses.  This study analysed 

behavioural data collected during the experiment described in Chapter Five to assess 

horses’ acquisition of avoidance responses and associated behaviours during an initial 

learning task and subsequent cognitive flexibility task and whether a chronic stress exposure 

affected these factors.  Horses (n=12) were trained to avoid a US by responding to a CS in 

one of two biomechanically similar, but ethologically dissimilar, negative reinforcement 

learning tasks.  Horses could escape taps from a whip (US) applied to their right hindquarter 

by making two sideways steps to the right (away from the whip, R) or to the left (towards 

the whip, L), or avoid the taps by making the response to a visual whip cue (CS) where no 

taps were applied.  Next horses were exposed to the stress treatment (S) or control (C) of six 

daily sessions and then underwent a single cognitive flexibility learning session in which the 

direction of movement was reversed.  Avoidance responses and behaviours were recorded 

by continuous sampling.  Only behaviours indicative of an a negative emotional state (NOR) 

were detected and these included pressure on the halter, (P) handler-directed head (HD 

Head) and oral (HD Oral) behaviours, reactions to the whip (WSR), and non-handler directed 

head and oral behaviours.  The L horses were less likely to perform avoidance responses 

during learning than R horses, reaching 54% probability compared to R horses’ 84%, (F1,1192 

=11.66, p=0.001).  In the cognitive flexibility task, horses shifting from left to right made 

more avoidance responses than those shifting from right to left (F1,356 =32.47, p<0.000001).  

The NORs varied between learning sessions with WSR decreasing in the L horses as they 

learned to avoid it more often, whereas the rates of the R horses, who had fewer reactions 

in total, did not change between sessions (F6,1192 =5.36, p=0.00002).  In the final learning 
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session, L horses increased their frequencies of P (F6,1192 =8.42, p<0.0001) and agonistic head 

movements directed at the handler (F6,1192  =6.52 p<0.0001).  During the cognitive flexibility 

task, S horses performed significantly more WSR (F1,356 =37.357, p<0.000001) and HD Head 

movements, (F1,356 =18.50, p=0.00018).  These data demonstrate horses can learn to avoid 

aversive stimuli used in training, but their success depends on the ethological salience of the 

task.  Exposure to stress may sensitise horses to the aversive characteristics of training 

stimuli and in spite of learning to avoid aversive stimuli in training, horses may still 

experience negative emotions.  

Abbreviations 
BDNF Brain derived neurotropic factor 
C Control treatment group 
CS Conditioned stimulus 
HD Head Handler directed head movements 
HD Oral Handler directed oral movements 
HM Head movements 
HR Heart rate 
ISES International Society for Equitation Science 
L Left direction 
NOR Non operant response 
OL Original learning task 
Oral  Oral behaviours 
R Right direction 
RS Response shift learning task 
S Stress treatment group 
T Treatment 
US Unconditioned stimulus 
WSR Whip stimulus response 

6.2 Introduction 

In many countries, horses are primarily used for recreational activities and there is 

increasing scrutiny of the potentially negative welfare impact of many common training 

practices (Fiedler et al., 2019).  The aversive characteristics of stimuli used in training and 

the frequency with which they are applied during training sessions has been identified as a 

source of potential welfare compromise by a number of researchers as well as industry 

practitioners (Lethbridge, 2009; König von Borstel et al., 2017; McGreevy et al., 2018; 

Hausberger et al., 2019).  Consequently, in the context of horse training methods that rely 

on aversive stimuli, the horse’s compliance with a trainer’s cues or even the trainer’s use of 

training methods labelled humane may not guarantee horse welfare (McGreevy et al., 2018; 

Christensen et al., 2021).  Indeed, behaviours indicative of a negative affective state are 
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frequently reported of horses exposed to aversive training practices or equestrian activities, 

even when trainers are skilled (Williams and Warren-Smith, 2010; Kienapfel et al., 2014; 

Williams and Tabor, 2017; Christensen et al., 2021).  In recent years, a range of training 

methods have been developed incorporating evidenced based practice to safeguard horse 

welfare during training; however, the majority are still underpinned by aversive techniques 

(McGreevy and McLean, 2010).  While there is a growing body of literature exploring equine 

affective state and welfare during various training and equestrian activities (König von 

Borstel et al., 2017) there is still a need for more data evaluating the mechanics of the 

effects of many common aversive training techniques on equine affective state and welfare. 

6.2.1 Aversive training processes in equine training 

The aversive training techniques applied in horse training mirror those of the rodent 

research literature (Henshall and McGreevy, 2012) and involves two overlapping phases. In 

the first phase, the horse learns to escape the stimulus by performing a response to 

terminate the stimulus, known as escape learning. In the second phase, the horse may  

respond to antecedent ‘conditioned stimuli’ (CS) that predict the onset of the aversive 

unconditioned (US) stimuli, and so avoid the effects of the US entirely, known as avoidance 

learning (LeDoux et al., 2016).  In successful escape learning trials, although ultimate 

outcome is that the animal terminates the US, it is still exposed to the aversive effects which 

are likely to induce a negative affective state, that however transient, makes learning to 

escape the US rewarding.  In contrast, successful avoidance trials eliminate the sensations 

associated with the US and consequently, the negative affect(s) associated with US 

characteristics, such as pain or discomfort are not experienced for that trial.   

The rate at which avoidance responses are acquired varies (Cain, 2019) and this has 

implications for affective state and consequently the welfare of animals undergoing 

avoidance learning.  A failure to rapidly acquire an avoidance response means subjects will 

experience more prolonged or frequent exposures to aversive US that have the potential to 

impair welfare due to sensations of pain or discomfort as well as emotions such as fear, 

anxiety, panic or distress (Mellor, 2017).  Avoidance tasks that align with species specific 

defence reactions (SSDR) of the individual species are learned very rapidly because in real 

world situations they have evolutionary benefit such as escaping or avoiding predators 

(Theios and Dunaway, 1964; Bolles, 1970; Fanselow, 1997).  Tasks lacking ethological 
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salience such as approaching aversive stimuli, are learned slowly or not at all (Cain and 

LeDoux, 2007).  Many activities horses are used for lack ethological salience and this 

misalignment with their ethology has been identified as source of welfare risk and training 

failures (McGreevy et al., 2009).  

When subjects reach high levels of avoidance learning, behavioural indicators of fear and 

anxiety decrease (Cain, 2019; Manning et al., 2020) and gaining control over aversive stimuli 

is associated with beneficial neurophysiological outcomes (LeDoux et al., 2016). These 

include decreased anxiety due to inhibition of serotonin release (Amat et al., 2006; Amat et 

al., 2010) and increased phasic dopamine release, which occurs when an aversive stimulus is 

avoided but not when it is escaped (Oleson et al., 2012; Dombrowski et al., 2013; Stelly et 

al., 2019).  Dopamine release in basal ganglia structures is also associated with positive 

affective states as it is thought by some researchers that dopamine release associated with 

successful avoidance generates sensations of relief when aversive stimuli are avoided 

(Burgdorf and Panksepp, 2006; Dombrowski et al., 2013; Pignatelli and Bonci, 2015; Lloyd 

and Dayan, 2016; Bergado Acosta et al., 2017; Gentry et al., 2019).  Consequently, it is likely 

that the wider adoption of avoidance learning opportunities during aversive training in 

horses could provide welfare and cognitive benefits.  

6.2.2 Avoidance learning in horses 

Avoidance learning has been observed in horses where protocols mimic rodent designs, 

pairing auditory or visual CS with electric shock or aversive air puffs (Haag et al., 1980; Rubin 

et al., 1980; McCall et al., 1993; Visser et al., 2003; Lansade and Simon, 2010; Valenchon et 

al., 2013b) and as with the rodent studies, the rate and success of avoidance learning is task 

and stimulus dependent.  Tasks with higher ethological salience such as moving forwards to 

avoid the US are learned more quickly than tasks with less salience, such as moving 

backwards (Rubin et al., 1980) but some of the horses in Visser at al.,(2003) failed to learn 

the avoidance task at all.  There is also indirect evidence of avoidance learning in other 

studies where responses to common types of aversive US used in training, such as pressure 

from bits or stimuli applied to body regions are assessed (Ahrendt et al., 2015; Fenner et al., 

2017).  For example, Fenner et al.,(2017) reported that horses had appeared to learn to 

avoid bit pressure in a backing task, as instances in which rein tension meters were trigged 

decreased with increasing numbers of trials.  Despite increasing industry awareness and 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
199 

application of the instrumental phase of aversive conditioning in horses (Preshaw et al., 

2017), there is less focus on the processes and potential welfare benefits of incorporating 

the avoidance phase in aversive conditioning techniques (Henshall and McGreevy, 2012). 

6.2.3 Behavioural responses to aversive training techniques 

During standard equine aversive training activities, horses routinely perform a range of 

behavioural responses in addition to the operant or Pavlovian response (s) desired by the 

trainer.  A wide range of these non-operant responses (NOR) have been identified across 

many studies and have been interpreted as communicating emotional states, most 

commonly negative states (König von Borstel et al., 2017; Hall et al., 2018).  They are 

believed to arise from “conflicts” (Zeigler, 1964) in the cognitive or emotional status of the 

horse due to an inability to escape, avoid or achieve predictability during aversive straining 

sessions or equestrian activities (McLean and Christensen, 2017).  Their absence or presence 

has been used to distinguish the putative welfare impacts of training methods and 

equestrian activities on equine welfare (Fureix et al., 2009b; Visser et al., 2009; Christensen 

et al., 2021) and activities that result in higher frequencies of NORs are deemed to have to 

have a higher adverse welfare impact (Hausberger et al., 2009; Kydd et al., 2017).   

Although there are no complete validated ethograms of stress-related behaviours, there are 

validated ethograms for equine behaviours indicative of many negative affective states 

including discomfort and pain behaviour in ridden and unridden horses and these are being 

applied to range of equestrian activities (Dalla Costa et al., 2014; Gleerup et al., 2015; Dyson 

et al., 2018; Dyson and Ellis, 2020; Dyson and Pollard, 2021; Torcivia and McDonnell, 2021).  

Ethograms of stress-related NORs developed for individual studies include similar 

behaviours across studies (Hall and Heleski, 2017), including head tossing and head 

movements (König von Borstel et al., 2009; Fenner et al., 2017), pawing (Minero et al., 2006; 

Nagy et al., 2009), biting and pushing handlers or objects with the mouth, nose or head 

(Nagy et al., 2009; Fureix et al., 2010; Carroll et al., 2020), tail swishes (Górecka-Bruzda et 

al., 2015), defecation (McCall et al., 2006), ears back (Dalla Costa et al., 2017), kicking, 

threats to kick (Fureix et al., 2010; Kydd et al., 2017), non-nutritive licking and chewing 

(Henshall and McGreevy, 2014; Klose and Berg, 2019) and many others (De Santis et al., 

2017; König von Borstel et al., 2017; Hall et al., 2018).   
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In alignment with the extensive aversive learning literature, the International Society for 

Equitation Science (ISES) has developed evidence based training principles to assist horse 

owners to minimise the application of aversive US, including the recommendation to reduce 

aversive US to their lightest possible analogues or remove them all together by using 

Pavlovian conditioning principles similar to avoidance learning protocols in other species 

(International Society for Equitation Science, 2018a).  However, relatively little is known 

experimentally about equine stress responses and stress-indicative NORS when horses 

reach high levels of avoidance learning and few studies have set out to specifically evaluate 

whether horse NORs during avoidance learning align with the decrease in fear-related 

behaviours observed in rodent studies.  Visser et al,(2003), reported that NORs did not 

decrease as horses increased their rates of avoidance responding; however, Fenner et al 

(2017), reported incidences of a head tossing NOR decreased as the number of trials 

increased, during which the number of apparent avoidance responses also increased.   

In addition, there is considerable variability in the skills, knowledge and beliefs of trainers in 

regards to the accurate identification and interpretation of behavioural of signs of negative 

affective state and likely compromised welfare when aversive training techniques are used 

(Williams and Tabor, 2017).  Rider influences have been shown to increase NORs, with some 

riders inducing higher levels of NORs and rating their horses as less compliant than other 

riders working the same horses and completing the same workouts  (König von Borstel et 

al., 2011; Christensen et al., 2021).  Several studies have identified high prevalence of NORs 

indicative of negative affect during competition, training and equine assisted therapy 

activities (Williams and Warren-Smith, 2010; Kienapfel et al., 2014; Górecka-Bruzda et al., 

2015; De Santis et al., 2017; Jastrzębska et al., 2017; Kydd et al., 2017).  Consequently, it 

could be argued that the presence of such NORs in ridden and handled horses is normalised 

by many in the horse industry (Hausberger et al., 2021).   

Consequently, this analysis evaluated avoidance and behavioural data collected during 

Experiment Two (see Chapter Five for details) to assess whether the application of an 

evidence based training method that specifically provided opportunities for horses to learn 

to avoid aversive training stimuli would be accompanied by a reduction in behavioural 

indicators of negative affect.  Horses were given the opportunity to avoid aversive training 

US in one of two industry standard aversive learning tasks that were biomechanically similar 
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but differed in their ethological salience.  After the initial learning sessions, horses were 

exposed to either a control or stress treatment for six days and underwent a reversal of the 

learning task in which the ethological salience of the task also changed.  Based on the 

avoidance literature, I hypothesised that as horses acquired the avoidance response, NORs 

indicative of negative affective state would decrease and that after the reversal, they would 

increase as the horses had to learn a new response in order to escape or avoid the aversive 

US.  I also hypothesised that the rate of avoidance acquisition would differ based on the 

ethological salience of the tasks. I also hypothesised that the stress treatment would 

sensitise the horses to the aversive characteristics of the stimulus as has been reported in 

other species  In addition, studies of behaviours indicative of negative affect in horses have 

identified that horses may express multiple behaviours during negative affect (Torcivia and 

McDonnell, 2021). I was interested to assess if there were associations between specific 

individual behaviours and between avoidance response performance and specific 

behaviours and whether the stress treatment sensitised the horses to the aversive 

characteristics of the stimulus as has been reported for other species.   The welfare and 

practical implications of the findings are discussed.   

6.3 Materials and Methods 

6.3.1 Animal care, management and training 

The experimental design, training method and treatment descriptions have been previously 

described in Chapter Five.  Briefly, 12 horses of mixed breeds, eight mares and four geldings, 

aged from 7-17 years (mean 12.08 ±3.67 SD) were used (Table 5.1).  During testing the 

horses wore a nylon halter and leadrope.  The day prior to the commencement of the 

testing activities, basal samples of resting heart rate (HR), saliva and serum samples were 

obtained after 15 minutes of inactivity in the presence of a familiar companion horse.  

Thereafter horses underwent one of two negatively reinforced learning tasks over two days 

(original learning -OL), after which they were exposed to six once daily stress exposures or a 

control condition.  On the day after the final treatment session, horses underwent a 

response shift (RS) session.  The OL consisted of four x 25 trial sessions over two days (two 

sessions per day, AM and PM) and sessions took place on a flat grassed area of 6 m x 6 m, 

bordered by coloured jump poles. The mean OL session duration in minutes was 6.16 
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±1.23SD (“left” task) and 5.86 ±1.74SD (“right” task) and the mean RS duration was 7.00 

±2.03 SD (“left to right” task) and 7.94 ±0.6 SD “right to left” task). 

For the OL, horses were negatively reinforced for sideways movement of their hindlegs in 

one of two directions- to the left (towards the trainer, n=6, L) or to the right (away from the 

trainer, n=6, R) after the method described by McLean and McLean (2008).  An US and CS 

paired in time to the US was used to create an association between the CS and the onset of 

the US.  The US was light taps from a 1.1 m dressage whip applied to the gluteal region of 

the right hindquarter, level with the hip joint.  The CS was the visual cue of the whip being 

raised to level with the hindquarter but not applied to the horse.  The horse was given an 

opportunity to respond to the CS for 1-2 seconds, after which the US was applied.  The US 

taps were continuously applied at the same speed and force until the horse made the 

correct response after which they immediately ceased.  The sideways hindleg movement 

enabled the horse to escape the US taps.  If at any time the horse responded to the CS by 

making a sideways movement of a single step or more in OL1, or two or more steps in OL2-

4, no tap was applied to the horse for that trial.  This enabled the horse to avoid being 

tapped at all for that trial and was labelled an “avoidance” response because the horse 

successfully avoided the US. The CS came to predict the onset of the US (taps) and the 

horses responded to the CS alone (sight of whip raised to hindquarter level but not applied 

to the horse) with repeated pairings.  In the first OL (OL1) and the RS session, all sideway 

steps were reinforced with termination of the US (no further whip taps, whip tip lowered to 

ground level) even if the movement was small (e.g., <1 full step).  In the remaining OL 

sessions (2-4), the tapping was continued until the horse commenced making a second step 

as two full steps was the target response as per McLean and McLean (2008).   

During the OL and the RS, if the horse attempted to walk forward during the whip taps 

rather than responding with a lateral hindleg movement, the trainer applied pressure to the 

nose piece of the halter via the lead rope which had the effect of punishing the forward 

attempts.  This was followed by immediate release of the pressure on the lead rope when 

the horse ceased attempting to move forward, negatively reinforcing the cessation of 

forward movement.  The US whip taps were continuously applied even during forward 

movement attempts until the horse made the lateral hindleg response to ensure that 

forward movements were not reinforced with cessation of whip taps.  During the OL, the 25 
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trials per session were conducted without a break and during the RS, there was a 120 

second break between the first 15 trials and the second 15 trials.  

After the four OL sessions, the horses’ learning efficiency (number of taps applied) was 

compared with a Kruskal-Wallis test with total number of taps as the dependent variable 

and individual horses as the explanatory variable as detailed in Chapter Five.  There were no 

significant differences between horses, after which they were randomly assigned to either 

the control (C) or stress (S) treatment.  The full details of the S treatment are described in 

Chapter Five.  Briefly it consisted of six once daily uncontrollable stress exposures of 15 

minutes which included social isolation (days one and four), novel objects (days two and 

five- 1.5 m and 75 cm diameter exercise balls which were bounced, tapped and tossed) and 

multimodal stressor (days three and six-electric radio-controlled car and high-volume 

aversive sounds).  The C treatment consisted of the horse remaining tied with a familiar 

companion horse in visual and tactile proximity.  On the day after the last treatment 

session, the horses underwent a single RS session of 30 trials during which the direction in 

which they were required to move when tapped with the whip was reversed (L to R and R to 

L).  As per the OL1 session, the responses were not shaped, that is, any sideways hindleg 

movement in the new direction was reinforced with immediate termination of the US or if 

the horse commenced movement in response to the CS, even if the movement was small 

(e.g., <1 full step).  Salivary cortisol and venous blood samples were collected after OL1 and 

OL4 and the RS and details of the collection, storage and analysis of these samples as well as 

details of the housing, diet and management of the horses is available at Chapter Five, Sec. 

5.3. 

6.3.2 Behaviour capture 

All sessions of the experiment were videoed with a Sony CX625 HD video camera (Sony 

Corporation, Tokyo, Japan).  Instantaneous sampling via continuous recording of each horse 

was also carried out by the handler and research assistants.  During each of the training 

sessions, the handler scored the lateral hindleg responses after each trial as follows: 1-one 

or less steps, 2-two full steps, 3-three or more steps.  This score, the number of taps applied 

for each trial as well as instances of NORs relating to the horse’s head, mouth and front legs 

were verbally communicated to a research assistant who recorded the details in a 
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notebook.  The research assistant also recorded instances of other NORs not sighted by the 

handler.  The handwritten data were later transcribed to a spreadsheet.   

An ethogram of observed NOR behaviours was developed and behaviours sharing functional 

similarities were combined into categories as detailed in Table 6.1.  The descriptors were 

developed from the observed behaviours.  NORs were performed during the stimulus 

presentation (CS or US), during the response and after the locomotory response had 

concluded but before the next trial commenced.  All behaviours that occurred between the 

application of the CS and US (if applied) and the conclusion of the trial were included in the 

count for that trial.  The minimum number of NOR instances per trial was 0 and the 

maximum was 5.   

Functional category Behaviour Description 

Non locomotory 

responses to the whip 

stimulus 

Pressure  Pressure applied by the horse to the nosepiece of their 

halter requiring the trainer to apply counter pressure to 

prevent the horse from moving forwards (rather than 

making a sideways movement with the hindlegs).   

Whip stimulus responses 

(WSR) 

Tail swishes: lateral and dorsal/ventral movements of the 

tail. 

Leg lifts: lifting one hindleg off the ground via flexion of 

stifle, hock and pastern joints and replacement back in 

same position without sideways movement. 

Kicks: Rostral, lateral or caudal flexion or extension of a 

single hind leg at speed. 

Handler directed 

behaviours 

Handler directed head 

movements (HD Head) 

 

Nose/ head pushes: sharp forward movement of the nose 

and/or head towards or making contact with the handler’s 

torso, arms or hand. 

Head tossing: sharp upward movement of the head in the 

direction of the handler or making contact with the handler 

where the nasal plane is horizontal to the ground. 

Head rubbing: applying pressure on the handler’s torso or 

arms with the nasal bone or other portion of the head with 

upwards/downwards or lateral movements. 
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Handler directed oral 

Behaviours (HD Oral) 

 

Nibbles: opening and closing the lips on the handler’s 

hands, arms or torso without making contact with the 

teeth 

Nips: making contact with the handler’s hands, arms or 

torso with the rostral surface of the incisors 

Bites: making contact with the handler’s hands, arms or 

torso with the full surface of the incisors. 

Behaviours not making 

direct contact or not 

directed towards or at 

the handler 

Head movements (HM) Head lowering: ventral movement of head/neck resulting 

in nasal crest lower than or level with the carpus 

Head shaking: repetitive lateral movement of head from 

the occipital joint. 

Oral Behaviours (Oral) Yawning: opening the mouth, taking a deep inspiration 

followed by a prolonged expiration. 

Licking and chewing: jaw movements accompanied by 

rostral extension of the tongue. 

Licking: extending the tongue rostrally without jaw 

movements. 

Table 6.1. Description of behaviour categories. 

The behaviour “ears back” (ears pointed backwards) was observed for all horses for all trials 

in all sessions which is unsurprising given the stimulus was applied to the hindquarter and 

consequently was not analysed.  Behaviours that were observed in fewer than 20 of the 

1800 OL+RS trials and which did not fit into the functional categories listed in Table 6.1 were 

not analysed.  These included Exit: horse exits the training square with two or more forefeet 

(n=3), Displace: forward movement that displaced trainer requiring trainer to step sideways 

or forwards to avoid losing balance (n=10), Vocalisations: snorts, sighs (n=18), Pawing: 

rostral extension of foreleg with hoof making contact with the ground (n=5), Distraction: 

horse failing to respond to trainer cues due to focus on stimuli unrelated to the learning task 

(n=16) and Defecation (n=2). 

With the exception of Displace and Exit, the handler did not attempt to prevent the 

performance of any NOR; however, they did withdraw their hand or arm during bites, 

nibbles and nips to prevent injury to themselves.  
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6.3.4 Data preparation and statistical analysis 

The avoidance responses were captured by identifying trials that included 0 taps (avoidance 

present) or one or more taps (avoidance absent).  As per Martin and Bateson (2013) these 

were then converted to a binary code in which an avoidance response was coded as “1”= 

avoidance present, or “0” =avoidance absent.  Avoidance trials were those in which with any 

locomotory response (1, 2 or 3) was made. The raw NOR data were not parametric (p<0.05) 

and so were also converted to binary codes to facilitate analysis via mixed models which 

enable consideration of a range of factors not available for non-parametric tests.  Any 

instance of the NOR per trial coded as “1”=behaviour present and non-performance of the 

NOR coded as “0”=behaviour absent.  For the correlation analyses the total counts of the 

following variables across all four OL session were computed: number of avoidance 

responses and counts of NOR categories.  The original direction in which the horse moved 

during the OL session was taken as the reference for the variable “direction” in all analyses.  

Data analysis was conducted with SPSS (Release 27, Amarok, NY).  The ordinal OL avoidance 

and NOR categories were analysed with a Generalised Linear Mixed Model binary logistic 

regression (GLMM-BLR), with session, direction and session*direction interaction as fixed 

factors, avoidance or NOR category as the target and horse as random factor.  The RS data 

were analysed with a General Linear Model with treatment, direction and 

treatment*direction interaction as the explanatory variables and the ordinal variable of 

avoidance or NOR category as the dependent variable.   

The OL1 session and the RS phase both involved novel learning tasks (original acquisition of 

the response-OL1 and the change in response direction (RS) and consequently, to determine 

if there were differences in the performance of avoidance responses between the direction 

groups during the first OL session compared to the RS, the last five trials of the RS were 

removed from the variable to ensure an identical number of trials and a GLMM-BLR was 

conducted with ordinal avoidance as the target, session*direction as fixed factor and horse 

as random factor. Predicted probabilities for all variables in the GLMM-BLR models were 

calculated.  

To assess if there were associations between specific forms of NOR and between specific 

NORs and performance of avoidance responses, Spearman’s rho correlations were 

calculated for the total counts of avoidance and NORs during the OL sessions and RS. 
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Significance for all tests was set at p<0.05.  Results presented as mean per trial for each 

session ±95% confidence interval (CI) 

6.4 Results 

6.4.1 Avoidance learning 

6.4.1.1  Avoidance learning during the Original Learning sessions 

During the OL, The R horses had a significantly higher probability of performing an 

avoidance response compared to the L horses (F1,1192 =11.67, p=0.001), Fig.6.1).  Both the R 

and L horses’ probability of performing an avoidance response increased over the sessions 

(F6,1192 =61.23, p<0.000001) but the direction* session interaction was not significant (F3,1192 

=1.25, p=0.29).   

 

Figure 6.1. Probability of an avoidance response during the original learning sessions (OL) 

6.4.1.2  Avoidance learning during the response shift 

The L-R horses performed more avoidance responses during each trial in the RS session than 

the R-L horses (F1,356 =32.50, p<0.000001, Fig. 6.2.A) and there was a significant 

treatment*direction interaction with the C:R-L horses performing significantly fewer 

avoidance responses (F3,356 =4.41 p=0.036) (Fig. 6.2.B).  The treatment did not influence 

avoidance performance (F1,356 =0.18 p=0.68).   

A 
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Figure 6.2. A Mean counts of avoidance responses during the response shift: Direction and Treatment analysed 
as separate factors. ** significantly different between direction groups at p<0.001. Treatment groups not 
significantly different. 

B Mean counts of avoidance responses during the response shift: Treatment*Direction interaction. ab=letters 
which differ significantly at p<0.05.  

Direction= direction where left is the original direction and the horse shifted to the right during the response 
shift and right is the original direction and the horse shifted to the left during the response shift.  Control or 
Stress L-R =control or stress horse original learning direction of left who then shifted to right movement, 
Control or Stress R-L= control or stress horse original learning direction right who then shifted to left 
movement.  

6.4.1.3  Comparison of OL1 and RS  

The L horses had a significantly lower probability of performing avoidance responses during 

OL session 1 (OL1), but this was reversed during the RS, where they had a significantly 

higher probability of performing an avoidance response than the R horses in either OL1 or 

the RS (F3,356 =14.12, p<0.000001) Fig. 6.3).  In effect, learning the ethologically more 

difficult task of moving towards the whip US during the OL facilitated acquisition of the 

ethologically easier avoidance task, whereas learning the ethologically easier task first did 

not facilitate acquisition of the more difficult task during the RS. 

B A 
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Figure 6.3 Probability of an avoidance response during the first OL session and the RS (y-axis).  OL-1=First 
original learning session, RS=response shift session, y axis=mean predicted probability of an avoidance 
response 

6.4.2 Behaviour 

6.4.2.1  Original learning non operant responses 

During the OL, the L horses were less likely to perform WSR in OL4 compared to the other 

three sessions, but more likely to perform HD Head and Pressure movements in this session.  

(Fig 6.4).  The learning direction was not significant (Table 6.2).  There were no significant 

differences in the predicted probability of the performance of HD Oral behaviours, HMs or 

Oral behaviours for any model factor.  
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Figure 6.4. Predicted probability (y-axis) of the behaviour category being present per trial per session during the 
original learning phase. HD Head=Handler directed head movements, WSR=whip stimulus responses, HD 
Oral=Handler directed oral behaviours, HM=head movements, Oral=oral behaviours y axis=mean predicted 
probability of the NOR category. All figures error bars=95% Confidence Interval. Note differences in y -axis 
scales for each NOR graph.  
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Behaviour Model term df F P 

Pressure Direction 1,1192 0.29 0.59 

Direction*Session 6,1192 8.42 <0.000001 

WSR Direction 1,1192 0.90 0.34 

Direction*Session 6,1192 5.36 0.000018 

HD Head 
behaviours 

Direction 1,1192 0.55 0.46 

Direction*Session 6,1192 6.83 <0.000001 

HD Oral 
behaviours 

Direction 1,1192 1.43 0.23 

Direction*Session 6,1192 1.20 0.31 

HM Direction 1,1192 <0.001 0.99 

Direction*Session 6,1192 1.33 0.24 

Oral behaviours Direction 1,1192 0.55 0.46 

Direction*Session 6, 1192 0.85 0.53 

Table 6.2. Results of general linear model analysis of binary behaviours (present vs not present) during the 
original learning sessions (x 4) WSR=Whip stimulus responses, HD=Handler directed, HM=Head movements 

6.4.2.2  Response shift behaviour 

During the RS, the S horses performed significantly more WSR than the C horses but there 

was no significant difference between the L and R horses (Table 6.3).  The S: L-R horses 

performed significantly more WSR than the C:L-R and the S:R-L performed more than the 

C:R-L (Fig. 6.5 C).  The L horses performed significantly more HD Head movements than the 

R horses (Fig 6.5 B) and the S horses significantly more than the C horses (Fig 6.5 A).  The 

S:L-R horses performed significantly more HD Head movements than the C: L-R, whereas 

there was no difference between the S or C R-L horses.  The L horses had a significantly 

higher frequency of HD Oral behaviours than the R horses, as did the C horses compared to 

the S horses and the C: L-R horses had a significantly higher frequency than the S:L-R, but 

there were no differences between the S:R-L or C:R-L horses.  The S horses had a higher 

frequency of HM than the C horses, but the direction and direction*interaction was not 

significant and there were no differences in the instances of Pressure or either of the two 

types of oral behaviours (Table 6.3). 
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Table 6.3.  Results of general linear model analysis of binary behaviours (present vs not present) during the 
response shift. HD=Trainer directed, D=direction. WSR=Whip stimulus responses, HD=Handler directed, 
HM=Head movements*Means are identical for treatment groups. 

 

Behaviour category Factor df F Sig. 

Pressure Treatment 1,356 0.28 0.60 

Direction 1,356 3.40 0.067 

T * D 1,356 0.07 0.79 

WSR Treatment 1,356 37.36 <0.000001 

Direction 1,356 1.04 0.301 

T * D 1,356 10.96 0.001 

HD Head movements Treatment 1,356 18.95 0.00002 

Direction 1,356 6.00 0.015 

T * D 1,356 10.66 0.001 

HD Oral Behaviours Treatment 1,356 49.72 <0.000001 

Direction 1,356 60.16 <0.000001 

T * D 1,356 31.82 <0.000001 

HM Treatment 1,356 0.40 0.53 

Direction 1,356 0.40 0.53 

T * D 1,356 0.99 0.75 

Oral behaviours* Treatment* 1,356 0.000 1.000 

Direction 1,356 1.909 0.168 

T * D 1,356 3.742 0.054 
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Figure 6.5. Mean behaviours performed per trial during the response shift session (y-axis).   

A Treatment groups =treatment groups of stress or control,  

B OL direction groups=original learning direction of right or left. If the learning direction is right, it means that 
during the response shift, the horse had to reverse the direction and learn to move to the left and vice versa. 

C Treatment*OL direction interaction, C-L=control left, C-R=control right, S-L=stress left, S-R=stress left. 

 ** or * differ at p<0.01 and p<0.05 respectively for all figures. 

6.4.3 Spearman’s correlations-avoidance and non-operant responses during the original 

learning and response shift 

During the four OL sessions, the number of avoidance responses was negatively correlated 

with HD Head movements (Table 6.4).  The count of Pressure instances was positively 

correlated with WSR and HD Head movements.  There were positive correlations between 

WSR, HD Head movements, HD Oral behaviours, HM and Oral behaviours.  During the RS, 

A 
 

C

B
 

C
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the number of avoidance responses was positively correlated with the count of Pressure 

instances.  WSR were positively correlated with HM and Oral behaviours.  None of the other 

correlations were significant (Table 6.5).
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 Avoidance  Pressure Whip stimulus 

response 
HD Head 

movements 
HD Oral 

behaviours 
Head 

Movements Oral behaviours 

Avoidance                   
Cor. 
Coefficient 

1  0.241 0.095 .301* 0.08 0.056 -0.026 

Sig. (2-
tailed) .  0.099 0.521 0.038 0.587 0.705 0.863 

Pressure                      
Cor. 
Coefficient 

  1 .472** .678** 0.225 0.244 0.179 

Sig. (2-
tailed) 

 .  0.001 <0.0000001 0.123 0.094 0.225 

Whip 
stimulus 
responses                    
Cor. 
Coefficient 

   1 .460** .318* .475** .442** 

Sig. (2-
tailed) 

  .  0.001 0.028 0.001 0.002 

HD head 
movements       
Cor. 
Coefficient 

    1 0.186 .296* 0.273 

Sig. (2-
tailed) 

   .  0.207 0.041 0.06 

HD Oral 
behaviours         
Cor. 
Coefficient 

     1 .431** 0.161 

Sig. (2-
tailed) 

    .  0.002 0.274 

Head 
Movements      
Cor. 
Coefficient 

      1 .395** 

Sig. (2-
tailed) 

     .  0.005 

Oral 
behaviours         
Cor. 
Coefficient 

       1 

Sig. (2-
tailed) 

      .  
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Table 6.4. Spearman’s Correlations of counts of avoidance and behaviour responses during the original learning sessions (x4).  WS=Whip stimulus, 
HD=Handler directed. ,*bold=p<0.05,**bold italics=p<0.01 
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  Avoidance  Pressure WS 
responses 

HD Head 
movements 

HD Oral 
behaviours 

Head 
movements 

Oral 
Behaviours 

Avoidance                   
Cor. 
Coefficient 

1 .607* 0.142 -0.016 -0.012 0.251 0.218 

Sig. (2-tailed) . 0.036 0.66 0.96 0.97 0.431 0.496 

Pressure                     
Cor. 
Coefficient 

 1 0.263 0.032 -0.27 0.241 .603* 

Sig. (2-tailed)   0.409 0.921 0.395 0.45 0.038 

WS Responses        
Cor. 
Coefficient 

  1 0.346 0.263 .609* .629* 

Sig. (2-tailed)  .  0.27 0.409 0.036 0.029 

HD Head 
movements 
Cor. 
Coefficient 

   1 0.445 0.561 0.345 

Sig. (2-tailed)   .  0.148 0.058 0.271 

HD Oral 
behaviours 
Cor. 
Coefficient 

    1 0.563 0.171 

Sig. (2-tailed)    .  0.057 0.595 

Head 
movements  
Cor. 
Coefficient 

     1 0.534 

Sig. (2-tailed)     .  0.074 

Oral 
behaviours  
Cor. 
Coefficient 

      1 

Sig. (2-tailed)      .  

Table 6.5. Spearman’s Correlations of avoidance and behaviour factors during the response shift.  WS=Whip stimulus, HD =Handler directed *bold=p<0.05,**bold 
italics=p<0.01 
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6.5 Discussion 

This study provides evidence that horses can successfully acquire avoidance responses in an 

Equitation Science based aversive learning task, but the relative ethological salience of the 

task influences the acquisition and frequency of the response.  Contrary to my hypothesis, 

there was no universal decrease in NORs indicative of negative emotional state during the 

OL, despite the reduction in the horses’ exposure to aversive US as the proportion of 

avoidance responses increased.  While the frequency of some NORs decreased, others 

remained static and some increased. These results suggest that despite horses gaining 

increasing control over their exposure to the US (by responding to the CS they avoided the 

US), they still experienced the learning task or learning context as aversive.  I also found 

evidence that exposure to chronic unpredictable stress may make horses more sensitive to 

aversive training stimuli.  These results suggest the application of a training method that 

conforms to guidelines for ethical and humane application of aversive techniques does not 

necessarily protect horses from negative affect.  Avoidance of the US was associated with a 

reduction in some but not all indicators of an aversive emotional state, providing evidence 

that horse’s experience of an aversive learning context contains several dimensions, not all 

of which are directly linked to nociceptive characteristics of the aversive stimuli.   

6.5.1 Avoidance learning during original learning  

The training technique used in this study was deliberately chosen to reflect a common 

industry practice, including the characteristics of the CS-US pairing and the duration of the 

horses’ exposure to the CS prior to application of the US (McLean and McLean, 2008).  The 

duration of CS exposure used was similar to the duration used by Lansade and Simon (2010) 

but was considerably shorter than the durations used in the equine avoidance studies (1-2 

seconds vs 10-30 seconds) (Haag et al., 1980; Rubin et al., 1980; McCall et al., 1993; Visser 

et al., 2003) and employed a visual rather than auditory CS.  In spite of this, the horses in 

this study successfully acquired the avoidance response, confirming experimentally what is 

observed anecdotally; horses are adept at learning to associate CS with aversive US and 

learn avoidance responses to industry CS-US pairings.   

The difference in the rate of avoidance acquisition between the two learning direction 

groups appears to reflect the different ethological salience of the two tasks despite their 
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biomechanical and energetic similarity.  As reported in Chapter Five, horses trained to move 

away from the stimuli more rapidly developed higher accuracy (correct responses) than 

those trained to move towards it.  These avoidance data show they also rapidly learned to 

avoid it (irrespective of the accuracy of the response).  The species specific defence 

reactions (SSDR) of horses is to flee aversive stimuli or threats rather than approach them 

(Waring, 2003) and consequently, the significantly slower avoidance response acquisition of 

the L horses’ who were required to move towards the US, appears to reflect that lack of 

ethological salience.  This accords with the findings of Rubin et al., (1980), whose subjects 

acquired a backing avoidance response more slowly than a shuttle response, as well as the 

rodent literature (Theios and Dunaway, 1964).  As a consequence of performing fewer 

avoidance responses during the OL, the L horses also experienced a greater number of trials 

in which they were exposed to the aversive US.   

During many equestrian activities that share a similar lack of ethological salience as the L 

horses’ task in this study, horses are at risk of being exposed to US for extended periods or 

at high frequencies as the training will require, firstly that horses’ inhibit their instinctive 

flight SSDR (to move away from the inherent aversive object or place) and secondly that 

they then learn to approach that object or place.  The intrinsic characteristic of aversive 

training methods like the one used in this study, is that all non-performance of the target 

response are punished with application of the US until the response is performed, at which 

point the US is terminated and the response is then reinforced.  Many methods for training 

horses to approach inherently aversive objects or contexts rely on the characteristics of the 

training stimuli being more aversive than the characteristics of the object or place the horse 

seeks to avoid.  Ultimately, to escape or avoid aversive training stimuli, the horse eventually 

learns to approach the innately aversive object or context, though they may also develop 

aversion to the handler administering the training stimulus and seek escape from the 

handler’s influence by bolting or rearing (McLean, 2003).  This common training scenario 

carries inherent welfare risks as the horse may be exposed to long durations or high 

intensities of aversive US and associated negative emotions such as pain, fear or discomfort 

until they learn the approach response.  Indeed, the use of aversive based methods to load 

onto horse transport vehicles (an innately aversive scenario for horses) is associated with 
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higher incidences of transport related injuries as well as post transport health issues 

(Padalino et al., 2017b; Padalino et al., 2018).   

This study shows that a biomechanically simple task that lacks ethological salience will take 

longer to learn and as a result, the horse is exposed to more presentations of the aversive 

US.  Due to the nature of the experiment, it was not possible to adapt the technique to 

account for the slower acquisition of the avoidance response in the L horses.  However, in 

an industry context, the technique could be adapted to facilitate more rapid avoidance 

responding, potentially decreasing the welfare impacts of aversive based training methods, 

particularly in tasks lacking ethological salience.  Potential methods to achieve this are 

discussed below. 

6.5.2 Response shift avoidance learning 

During the RS, the number of avoidance responses dropped sharply indicating that in spite 

of the similarity of the RS task to the OL task, (biomechanically and in term of the operant 

response-making lateral movements of the hindlegs to terminate and then avoid the US), 

the task was partially experienced as new learning.  The reduction in total avoidance 

responding during the RS meant horses were exposed to more of the US than during the 

final OL session where avoidance responding was high.  The L horses, whose RS involved a 

shift from the less ethologically salient task to the more salient task, had a significantly 

higher probability of performing an avoidance response during the RS than the R horses 

who had to learn to approach an US they have previously learned to avoid.  This is mirrored 

in industry settings, where horses that have learned for example, to load onto transport 

vehicles, can rapidly learn to avoid the vehicle, developing into “problem loaders” that can 

be a source of frustration for owners.  Interestingly, the L horses performed more avoidance 

responses in the RS than the R horses did during the OL1, demonstrating that the OL 

facilitated L horses’ more rapid acquisition of the new, more ethologically salient response.  

In comparison, learning to move away from the US during OL, did not facilitate the R horses’ 

acquisition of the more difficult task of moving towards it in the RS.  These data show that 

horses more rapidly learn to avoid stimuli they have previously learnt to approach than they 

can learn to approach stimuli they have previously learned to avoid.  Consequently, in 

situations involving tasks that lack ethological salience, trainers should be cognisant of the 

rapidity with which horses that have previously been trained to approach them can then 
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learn to avoid them.  In addition, they should be aware that prior learning to avoid aversive 

stimuli does not facilitate acquisition of avoidance responses involving approach to an 

aversive stimulus even when the tasks are biomechanically similar and involve the use of 

identical stimuli and reinforcement sequences.  

6.5.3 Assessment of behavioural indicators of affective state during learning 

The Five Domains Model framework Animal Welfare Assessment (Mellor, 2016) applies the 

evidence obtained from the extensive literature on the neurobiological basis of a wide range 

of animal emotional states, such as the model developed by Panksepp (2005) as well as 

experimental work in affective neuroscience, such as for example (Maren, 2001; Beery and 

Kaufer, 2015; Iordanova et al., 2021) to infer the affective state and consequently welfare of 

animals based on their behaviour and other factors (Anderson and Adolphs, 2014).  In the 

absence of a validated ethogram for equine stress-related behaviours, I firstly inferred 

putative affective states of horses in this study based on the behaviours exhibited by the 

horses and then assessed them in relation to the findings from relevant references in 

horses, for example, (Waring, 2003; Christensen et al., 2005; Briefer Freymond et al., 2020). 

The likely emotional states observed in the horses include frustration, discomfort and 

anxiety, though other emotions may well be present. These are discussed in regard to their 

welfare implications and options to minimise them during human-horse interactions are 

canvassed.  

6.5.3.1  Frustration  

Frustration occurs when goal directed behaviour is thwarted (Desire et al., 2002) and Mellor 

(2017) includes frustration as a negative affect that is likely to be experienced in contexts in 

which the behavioural choices of animals are heavily restricted.  NORs indicative of 

frustration in this study included Pressure, HD Head movements, HD Oral behaviours and 

possibly the non-handler directed head movements.  Pressure instances occurred when the 

horses attempted to move forwards rather than sideways during the application of the US 

or immediately after they ceased moving sideways but before the start of the next trial.  HD 

Head movements and HD Oral behaviours involved the horse making movements that were 

in the direction of or made contact with the handler, without accompanying locomotory 

behaviour.  These behaviours were either stable across sessions (R horses) or increased in 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
222 

the final OL session, particularly in the L horses.  This occurred despite that both learning 

direction groups were avoiding the US in a majority of trials, with the R horses avoiding US 

exposure in over 50% of trials by OL3 and in 84% of trials by OL4 and the L horses in more 

than 50% in OL4.  In the RS, despite the L horses having the arguably easier task and having 

a higher probability of avoiding the US, they performed more HD Head movements, HD Oral 

movements and HMs than the R horses.   

Despite the reduction in the horses’ exposure to the aversive US as the OL sessions 

progressed, and the lower exposure to the US by the L horses during the RS, there was no 

concomitant reduction in NORs that were primarily directed at the handler.  It is not clear if 

they were intended to prevent the handler from continuing to apply the US, or if the 

handler simply represented a suitable substate on which to perform them.  Breifer-

Freymond et al., (2020) reported horses with oral stereotypies pushed, bit or nibbled an 

unexpectedly empty bucket or a wooden barrier preventing access to a bucket containing 

grain.  These behaviours were explained as the horse expressing frustration that an omitted 

reward was withheld (Briefer Freymond et al., 2020), and are similar to the Pressure, HD 

Head movements and HD Oral behaviours that were recorded in this study.  Nagy et 

al.,(2009) also reported head tossing in horses denied access to food and Bonnell et al., 

(2016) reported frustration behaviours were negatively correlated with learning efficiency in 

a food rewarded instrumental learning task in semi feral ponies.  In laying hens, lower 

success rates in a positively reinforced visual discrimination task resulted in an increase in 

pecking behaviours directed at the experimenter (Kuhne et al., 2011).   

Handler directed NORs such as head pushes and bites can pose safety risks if the horse 

injures or makes the handler lose their footing or can simply cause handler frustration 

leading to strongly aversive punishments, a recommendation by some trainers to prevent 

further repetitions, particularly of biting or nips (Lyons, 1991).  However, simply preventing 

the horse from performing NORs without also adapting the training method to reduce the 

horse’s motivation to perform them is unlikely to alter the underlying affective state of the 

horse.  While inhibition of flight behaviours leads to habituation during exposure to novel 

objects (Christensen, 2012), there is no data to date to suggest that inhibition of negative 

affect NORs improves affective state.  Indeed Squibb et al., (2018) reported a dissociation 
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between HRs and behavioural indicators of stress in horses completing an aversive handling 

task.  

The learning task in this study mirrors industry practice and is in stark contrast to what 

occurs when horses’ behavioural choices are not restricted by handlers, equipment or 

infrastructure.  That is, they rapidly escape or avoid aversive stimuli to avoid repeat 

exposures and their locomotory behaviour is the primary means by which they achieve this 

outcome (Waring, 2003).  Voluntarily submission to repeated exposure to aversive stimuli is 

unlikely to be adaptive in free ranging settings due to the potential for injury either from 

conspecifics or predators.  During training sessions, even when the horse makes a desired 

response in a trial, the conditioned response does not protect against future and often 

immediate re-exposures to US until the trainer chooses to end the session.  It is plausible 

that the lack of a universal decrease in handler directed NORs in this study is indicative of 

the horses’ frustration at their inability to achieve relief from the US or its predictor in the 

CS until the session concluded.  As frustration is a negative emotional state (Mellor, 2017), it 

has the potential to impair horse welfare if frequently experienced during training or for 

extended periods.  The source of behavioural indicators of frustration during training should 

be addressed to minimise negative emotions horses may experience during training that 

uses aversive stimuli.  

6.5.3.2  Discomfort behaviours 

The non-locomotory responses to the whip stimulus including tail swishes, leg lifts and kicks 

are likely to reflect the noxious nociceptive characteristics of the whip stimulus which 

although applied in a manner designed to be minimally aversive, still facilitated the learning 

of the target response.  The significant decline in the probability of the of the L horses 

performing WSR during the final OL session aligns with the reduction in their exposure to 

the US and provides evidence that, as far as sensations of physical discomfort are 

concerned, reducing horses’ exposure to physically aversive stimuli is beneficial.  Tail 

swishing is frequently reported of dressage horses who are exposed to frequent and 

sustained spurring (Górecka-Bruzda et al., 2015) and tail swishing and leg lifting are also 

associated with pain states in horses experiencing health related issues (Torcivia and 

McDonnell, 2021) and as well as in agonistic aggressive encounters with conspecifics 

(McDonnell, 2003).  Given that WSR were generally lower in the R horses who achieved 
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higher total rates of avoidance than the L horses and declined significantly in L horses when 

they achieved a majority of avoidance responses, reducing horses’ overall exposure to US in 

training minimises their exposure to noxious nociceptive experiences.  The frequency of 

NORs such as the WSR observed in this study can provide a sensitive indicator of the ability 

of trainers to minimise or eliminate aversive stimuli during training.  A lack of decline as 

training progresses should be cause for concern requiring evaluation and the adaptation of 

the training method to minimise their occurrence. 

6.5.3.3  Anxiety proxy behaviours 

At no time during the OL learning sessions did the horses show behavioural signs of strong 

fear or anxiety (rearing, bucking, kicking with both legs or bolting); however, they did 

express oral behaviours such as non-nutritive licking and chewing that are a proxy for 

anxiety.  The performance of Oral behaviours was low for both groups (around 10% 

probability per trial) and did not differ between sessions but they were positively correlated 

with the other NORs.  Oral behaviours such as licking and chewing have been ambiguously 

interpreted in industry and the scientific literature in horses (Henshall and McGreevy, 2014); 

however, recent studies suggest they are evidence of exposure to a stressor that has 

induced a state of anxiety.  Klose (2019) reported licking and chewing was positively 

associated with other behavioural indictors of stress in equine assisted therapy horses and 

Lie and Newberry (2018) reported that in feral horses, non-nutritive chewing occurred after 

tense interactions with other horses and was associated with the horse entering a more 

relaxed state.  They concluded that non-nutritive chewing was evidence of stress reduction 

and that its occurrence during training may be evidence of stressful training methods (Lie 

and Newberry, 2018).  Non-nutritive oral behaviours such lip-licking and mouth licking have 

been widely studied in dogs and several studies report increased instances in response to 

exposure to stressful stimuli (electric shock collar) or angry faces (Schilder and van der Borg, 

2004; Albuquerque et al., 2018).  Tongue protrusion has also been reported in cats during 

exposure to a fear-inducing stimuli (Bennett et al., 2017).  In the context of this study, the 

Oral behaviours provide additional evidence in combination with the WSRs,  that exposure 

to the US was sufficiently aversive to trigger a stress response. 
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6.5.4 Effect of stress treatment on behaviour during the response shift 

The uncontrollable, unpredictable stress treatment sensitised the horses to the whip 

stimulus and resulted in higher rates of HD Head movements and WSRs during the RS 

compared to the C horses.  In comparison to the OL sessions in which the locomotory 

response provided temporary relief from the US during individual trials, during the 

treatment sessions, there was no opportunity for escape or avoidance of the stressors.  This 

meant the horse could not control its exposure to aversive stimuli or the associated 

negative emotions including fear or anxiety of which there was behavioural evidence from 

all treated horses including snorts, defecations, vocalisation, trotting, cantering, bucking, 

spinning and kicking with both hindlegs (Lansade et al., 2008a; Leiner and Fendt, 2011; Dai 

et al., 2015).  In addition, the early trials of the RS exposed the horse to high numbers of the 

US as the OL direction responses were punished with continual application of the whip taps 

until the horse trialled the new response (moving in the new direction).  In this context, the 

avoidance response that had previously given the horse control over its exposure to the US, 

(that is had facilitated avoidance of the US), no longer delivered that control because 

movements in the old direction did not lead to a cessation of the US.  Even when the S 

horses were learning the more ethologically salient response shift (L to R,) they reacted 

more strongly to the US than the C:L to R group.  The C horses performed more HD Oral 

behaviours during the RS than the S horses, which suggests that prior experience may also 

bias the type of frustration NOR expressed during a training session.  Mice who first learned 

to escape or avoid a very mild electric shock by making a nose poking response and were 

then randomly punished for making the same response, subsequently exhibited learning 

deficits in a shuttle box task, demonstrating that their loss of control over even a mild 

aversive stimulus impaired their later learning abilities (Yao et al., 2019).  

The small number of subjects in each direction-treatment group (n=3) makes it possible that 

the differences in NORs during the RS were the result of individual variability rather than the 

effect of the treatment*direction interaction.  Valenchon et al., (2017) reported that a 30 

minute unpredictable, uncontrollable stress exposure prior to a negatively reinforced 

spatial/visual discrimination task involving a pressure based US (applied by the trainer’s 

hands on the horses’ shoulders) impaired task acquisition but only in horses with a fearful 

temperament.  Stress exposure has a sensitising effect on aversive conditioning in other 
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species (Maroun et al., 2013; Robinson et al., 2013) and given the frequency and variation of 

stressors that horses are exposed to in the course of training, transport and husbandry, 

further research could elucidate the effect of common industry stressors unrelated to 

learning tasks on equine affective responses to aversive stimuli used in training.  For 

example, long distance road transport has been identified as a significant stressor and 

includes an uncontrollable component (horses are completely restrained during transport) 

(Schmidt et al., 2010b; Padalino et al., 2018; Padalino and Raidal, 2020).  Horses are 

routinely transported for competition and training but there is currently no data on the 

effect of transport on equine learning or behavioural responses during training.  The 

preliminary evidence from this study suggests that prior exposure to uncontrollable 

stressors sensitises horses to aversive stimuli used in training that could increase the 

perceptions of the aversiveness of the stimuli as has been demonstrated in rodent studies 

(Lucas et al., 2014).  

6.5.5 Avoidance and non-operant responses - why was there no uniform decrease? 

Contrary to my hypothesis, there was no uniform decrease in NORs as the proportion of 

avoidance responses increased and indeed observed increases in some NORs.  The use of a 

fixed number of trials per session, the massed trials protocol or the focus or a single learning 

task may have contributed to the lack of decrease.  The use of a fixed number of trials per 

session meant horses continued to be exposed to the CS or US until the session concluded, 

even when they demonstrated evidence of having acquired the target response.  Fixed 

numbers of trials may not be used in practice where once the horse achieves a training 

criterion, the session concludes, or a new task is introduced.  In addition, it is recommended 

to include breaks in training after three to five correct repetitions to allow the horse to relax 

and to provide periods of safety from US exposure (McLean and McLean, 2008), whereas in 

this study, 25 trials were conducted without a break which explain the lack of decrease in 

some of the NORs even after the avoidance response was learned.  

In addition, this design employed a massed training protocol due to the scheduling of the 

chronic stress study (Chapter Five) and two days is a relatively short period of time to 

implement a training technique, compared to the ongoing training that horses routinely 

experience.  However, horse training programs vary widely in their duration and frequency: 

some studies report training naïve horses to carry a rider within 30 minutes, whereas others 
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take several weeks (Schmidt et al., 2010a; Fowler et al., 2012).  Not all horses in the shuttle 

task used by Visser et al.,(2003) acquired the avoidance response with two daily training 

sessions of between 20 and 30 trials, whereas all horses in this study acquired the avoidance 

response.  McCall et al., (1993) exposed horses to an avoidance learning task of between 5 

and 20 trials per session held every three days with 10 consecutive successful avoidance set 

as the learning criterion.  Horses required significantly more sessions to achieve the criterion 

when receiving 5 trials per session compared to those receiving between 10 and 20 trials 

per session (McCall et al., 1993).  Another factor that could have contributed to the 

expected decline in NORs in this study was that 100 trials was insufficient to achieve a fully 

habitual avoidance response.  In rodents highly habitual behaviour is believed to be 

controlled by a neural network that operates independent of modulation by the amygdala 

and is associated with calm behaviour and stable avoidance response rates (Fernández-

Teruel and Tobeña, 2020).  It would be interesting to test whether additional trials, perhaps 

including breaks between sets or spacing the sessions over longer time periods would result 

in both high rates of avoidance and low rates of NORs indicative of negative affect.  

A weakness of the design of this study is the use of a single trainer and a small sample size. 

This was a function of implementing the principle of ‘reduction’ in the study design 

(minimising the number of horses exposed to a chronic stress treatment) (NHMRC, 2013).  

Some studies have shown that individual horse’s sensitivity to tactile and other training 

related stimuli varies between horses but is stable over time (Lansade and Bouissou, 2008; 

Lansade et al., 2008b).  There were no significant differences between horses in relation to 

the number of taps applied during the OL, suggesting that individual sensitivity to the whip 

alone did not account for the range and frequencies of NORs observed here.  It is also 

possible the way in which the handler implemented the training technique accounts for the 

lack of expected uniform decease in NORs as avoidance responding increased.  Christensen 

et al.,(2021) reported wide variability between riders and the expression of NORs in ridden 

horses.  The handler in this study had extensive experience implementing the training 

technique with a wide range of horses over several decades.  However, given that individual 

trainers do influence the performance of NORs, any instance in which NORs do not decrease 

as training progresses should still be a cause for concern and prompt a revaluation of the 

training technique or training context.  The reported prevalence of NORs indicative of 
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negative affect even in highly trained horses (Williams and Warren-Smith, 2010) suggests 

that the findings reported here reflect industry conditions.  Further research could evaluate 

whether different approaches to the use of aversive stimuli in horse training can result in a 

reduction such behaviours and improve affective state.   

6.5.6 Implications for the implementation of aversive horse training  

The performance of NORs indicative of negative affect observed in this study is suggests the 

horses found the learning experiences as aversive.  The persistence of such behaviours 

during training sessions, even when the horses are performing at high levels of obedience 

and avoiding the majority of aversive stimuli should give pause for thought.  McLean and 

McLean (2008) and Mellor and Burns (2020) have suggested that the affective components 

of aversive behaviour modification techniques used on horses are as much a potential 

welfare risk as the physical sensations caused by the aversive stimuli.  The findings of this 

study suggest that the omission of the US during a training session does not necessarily 

translate to an improvement in the horse’s affective state, though it can reduce NORs 

directly arising from the unpleasant sensations its application creates.  More research is 

needed to explore if the phenomenon observed here is repeated for other types of CS-US 

associations used in horse training, such as bit pressure avoidance, or avoidance of cues 

applied by the rider’s legs.  Behavioural signs of negative emotional state are readily 

observable by owners and trainers (Hall et al., 2008; König von Borstel et al., 2017) and 

where these are performed in response to training stimuli or within a training context, they 

should not be ignored.  The persistence of behavioural signs of negative affective valance 

should be a sign that training stimuli, methods or contexts should be evaluated and adapted 

to reduce the negative impacts on the horse. 

Avoidance behaviour is not always adaptive, as it can develop into a phobia and be 

accompanied by fear or anxiety (Siddle and Bond, 1988).  Whether horses develop phobia 

based avoidance behaviours to stimuli used in training has not been explored 

experimentally but there is anecdotal evidence of this occurring (McGreevy and McLean, 

2010).  Consequently, McLean and McLean (2008) suggest that horses should be prevented 

from developing strongly avoidant responses to training stimuli, particularly during riding as 

these may be accompanied by behavioural indicators of fear or anxiety and may pose safety 

risks to riders.  They suggest the horse be habituated to low intensity applications of the 
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aversive stimuli, such as the passive pressure of the rider’s legs, to eliminate the avoidance 

response and the accompanying anxiety (McLean and McLean, 2008).  However, whether 

habituation to even low intensities of aversive stimuli, particularly in horses with strong 

sensitivity to tactile stimuli reduces the horse’s perception of the stimuli’s unpleasant 

sensations is unknown.  Habituation to light bit pressure is deemed ‘contact’ in equestrian 

texts (McGreevy and McLean, 2010) and there is a wealth of industry advice on the best 

means to train contact.  However, dressage horses who are routinely ridden in a contact, 

often involving stronger rein pressures as measured by tensiometer, are also reported to 

perform a wide range of NORs indicative of a negative affective state (Williams and Warren-

Smith, 2010; Christensen et al., 2014).  During in-hand situations that do not have the 

sensory complication of the rider’s contact with the horse’s body, avoidance focussed 

training methods could provide a mechanism to reduce the quantum and frequency of 

horse exposure to aversive stimuli.  Further research is required to determine the optimal 

techniques that also reduce other NORs of negative affective state during avoidance 

learning. 

6.6 Conclusion 

In spite of acquiring an avoidance response in an aversive instrumental learning task, horses 

still performed behavioural indicators of negative affect, although behaviours directly 

related to the aversive US did decline as the proportion of avoidance responses increased.  

In common with the acquisition of response accuracy (Chapter Five), the ethological 

characteristics of the task influence the rate of acquisition and frequency of avoidance 

responses to aversive training stimuli.  There is also preliminary evidence that chronic stress 

may sensitise horses to the aversive characteristics of training stimuli.  These findings are of 

direct practical relevance to horse owners.  Owners should consistently assess and evaluate 

horse responses to training, even when responses are light and at stable levels of avoidance 

and always be ready to adapt or modify training practices when behavioural responses 

indicate the horse may be experiencing negative emotions.  Trainers should also aim to 

facilitate avoidance learning where practical as when well established, it may minimise 

some of the negative emotions and sensations horses experience during training.  Trainers 

should also be aware that exposing horses to uncontrollable stressors in the days prior to 

learning may sensitise them to aversive stimuli and increase their risk of experiencing 
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negative emotional states as a consequence and consequently, uncontrollable stress 

exposure should be avoided.  



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
231 

Chapter Seven - General Discussion: The translation of cognitive and affective 

neuroscience research to the training and welfare of domestic horses 

7.1 Abstract 

The application of current neuroscience knowledge can provide horse owners and trainers 

with new tools to evaluate their horses’ responses to training as well as implement or adapt 

training techniques to improve training outcomes and horse welfare.  In particular, based on 

the data from these studies, there is evidence that taking a translational approach could 

minimise the use of aversive stimuli to achieve learning outcomes with consequent 

improvements in the affective state of horses during training and therefore, their welfare.  It 

must be noted that current neuroscience research effort continues to reveal just how 

complex brain function is and many mechanisms remain to be fully elucidated and in the 

absence of opportunities to assess brain activity in real time in horses, the analysis is 

necessarily inferential, using methodologies applied in studies of human cognition. 

Notwithstanding these caveats, this work reveals for the first time that a calm ridden warm-

up of moderate intensity and low cognitive demand prior to learning enhances the 

acquisition of the learning, whereas uncontrollable stress exposure or a lack of physiological 

arousal are not facilitative.  It is likely that the benefit of the exercise on learning acquisition 

was a function of moderate simultaneous increases in cortisol and noradrenaline at doses 

sufficient to enhance the synaptic plasticity processes necessary for learning, whereas high 

concentrations of cortisol during learning are impairing.  I can further report that a level of 

physiological arousal may be beneficial for the successful consolidation of learning 

memories and provide evidence of the effect of the ethological salience of a learning task on 

learning acquisition and the development of avoidance responding.  Tasks with low 

ethological salience are learned more slowly and carry greater risks for horse welfare if the 

techniques used to train them are not carefully managed to minimise the horse’s exposure 

to aversive training stimuli.  Chronic stress prior to a cognitive flexibility task did not affect 

the acquisition of the task, likely because of the punishing effects of the stimulus used 

during the task effectively punished the old response.  However the cumulative effect of a 

stressful learning task and the stress treatment did make it more likely that some horses 

would persevere in the old response, which could present as a lack of intelligence or 
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compliance with the trainer.  The physiological evidence underpinning this outcome was 

ambiguous; however, possible neurobiological influences and their relevance to the practice 

of retraining horses are discussed.  This project is an example of the application of a 

neuroscience translational approach to the design and analysis of studies exploring equine 

learning and memory in industry relevant learning tasks that can produce outcomes of 

practical relevance to horse trainers and improve horse welfare. 

Abbreviations 
BDNF Brain derived neurotropic factor 
BLA Basolateral amygdala 
C-L Control-Left direction group 
C-R Control-Right direction group 
DLS Dorsolateral striatum 
DMS Dorsomedial striatum 
ISES International Society for Equitation Science 
MRT Memory retrieval tests 
PFC Prefrontal cortex 
PTSD Post-traumatic stress disorder 
S-L Stress-Left direction group 
S-R Stress-Right direction group 
SSDR Species specific defence response 
TWAA Two way active avoidance 

7.2 Introduction 

The application of current neuroscience knowledge can provide trainers with new tools to 

evaluate their horses’ responses to training as well as implement or adapt training 

techniques to improve learning acquisition, consolidation and retrieval of learning 

memories.  The benefit of such a translational approach is that it can minimise the use of 

aversive stimuli to achieve learning outcomes with consequent improvements in the 

affective state of horses during training and therefore, their welfare.  For example, the 

translation of laboratory findings of research into brain function in relation to learning, 

stress and exercise has led to the development of beneficial pharmacological and 

psychological therapies to treat a range of diseases and disorders such as depression and 

PTSD (Arnsten et al., 2015; Phillips, 2017).  That said, the complexities of brain function in 

response to stress and exercise are continually being unravelled as new investigative 

technologies provide increasing refinement in the study of neurophysiology, and as a 

consequence, even recent findings may be questioned by new discoveries [reviewed in Wirz 

et al.,(2018) and Plieger and Reuter,(2020)].  In addition, many mechanisms underlying 



The effect of exercise and stress on equine learning FINAL SUBMISSION 07-2022.docx 
233 

behavioural outputs including the full complexities of neurotransmitters, brain regions and 

nuclei subserving behaviour remain to be fully elucidated (Hollon et al., 2015; Godoy et al., 

2018; Cain, 2019).  The discussion that follows takes a translational approach to combine 

relevant neuroscience findings, with the behavioural and physiological data collected from 

the two experiments to make suggestions for future improvements to horse training and 

welfare as well as future research suggestions.  The chapter specifically focuses on the 

benefits of exercise for equine cognition, acute and chronic stress effects, avoidance 

learning and cognitive flexibility in horse training, physiological indicators of affective state 

and the need to update training advice given to owners to reflect the findings of 

neuroscience studies. 

7.3 Role of exercise in equine cognition 

Given the ubiquitousness of physical activity in human-horse interactions and its well-

studied benefits to cognition and memory in humans and rodents including conferring stress 

resilience (Greenwood et al., 2012; Roig et al., 2016; Chen et al., 2017b), it is surprising that 

so little is known of its effect on equine cognition.  The majority of leisure, working and 

competitive activities that horses are used for involve varying levels of physical activity that 

results in catecholamine and endocrine release (Hyyppa, 2005).  The release of these 

neurotransmitters not only facilitate physiological responses to the metabolic demands of 

exercise but also likely influence the functioning of brain regions responsible for cognitive 

activities including learning acquisition, memory consolidation and retrieval (Heijnen et al., 

2016; Chen et al., 2017a).  The cognitive benefits of exercise demonstrated in human and 

rodent studies, including aversively motivated tasks such as active avoidance learning which 

shares similarities with horse training activities (Henshall and McGreevy, 2012) are likely 

mediated by complex interactions between glucocorticoids, noradrenaline, dopamine, 

endocannabinoid and BDNF release that increase neuronal excitability and synaptic 

plasticity during and after learning.  This causes the upregulation and survival of learning 

related dendritic spines and consequently the formation and consolidation of memories 

that are then available for retrieval to inform responses in the future (Heijnen et al., 2016; 

McMorris, 2016; Basso and Suzuki, 2017; Chen et al., 2017b; Wang and Han, 2020). 
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In agreement with studies in other species, I found that a short bout of moderate intensity 

ridden exercise facilitated learning in comparison to a stress and inactive condition.  The 

memory enhancing effects of noradrenaline, cortisol and dopamine (among others) are 

dose dependent, with very high concentrations impairing learning acquisition and memory 

formation as well as very low concentrations (Park et al., 2006; Arnsten, 2015; Clark et al., 

2015; Joëls, 2018).  It would appear that the exercise bout employed in my study was of a 

sufficient intensity and duration to elicit these moderate increases which facilitated the 

rapid acquisition of the task compared to the stress exposed and inactive horses.  Due to the 

unfortunate loss of the serum samples, I was unable to determine if peripheral BDNF levels 

in serum were associated with the enhanced learning performance as has been 

demonstrated in rodent and some human studies (Bechara et al., 2014; Piepmeier and 

Etnier, 2015; Borror, 2017). 

Horses are routinely given low intensity exercise prior to commencing a training session, 

whether under saddle or on the lunge and typically, warm-up routines, particularly those 

that include a non-ridden component are believed to mentally and physically prepare the 

horse for learning or reduce the expression of unwanted flight behaviours prior to riding 

(Chatel and Williams, 2021).  It is possible that the additional control such exercise may 

provide to riders is a not simply a reduction in excess energy and associated unwanted post-

inhibitory rebound behaviours (Freire et al., 2009), but also a function of exercise induced 

increases in learning related neurotransmitters that enhance cognitive processes by 

sharpening the horse’s ability to attend to learning related stimuli (Basso and Suzuki, 2017), 

and upregulate learning induced synaptic plasticity (Arango-Lievano et al., 2019) such that 

the horse is primed to be under the stimulus control of the rider. 

In order to develop evidence based pre-training activities that could enhance learning, 

further research could also explore factors such as the effects of different exercise timing 

(before or after learning), intensities (low, moderate, high intensity) and durations on 

learning as well as memory consolidation (Roig et al., 2016).  Future studies could also 

explore this in relation to learning that occurs during exercise.  For example, in rodents 

extinction of a fear memory was facilitated by concurrent voluntary wheel running (Mika et 

al., 2015) and in humans, depending on the task and exercise intensity and duration, 

cognition can be enhanced or impaired during exercise (Schmit and Brisswalter, 2020).  
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Horses are routinely required to acquire new learning while exercising and the factors that 

could enhance or that impair this could assist trainers to optimise their training to minimise 

the horse’s exposure to aversive training stimuli and associated negative affect (discussed 

further below).  

7.4 Acute stress effects on aversive learning acquisition 

Studies of acute stress on learning report varying effects, with some finding an 

enhancement, particularly when the learning is related to the stressor, and others reporting 

an impairment (Sandi and Pinelo-Nava, 2007).  I did not find that acute stress prior to 

learning had a positive effect on learning acquisition.  The stress treatment used in 

Experiment One (Chapter Three) was of sufficient intensity and duration to substantially 

increase the heart rates (HR) and cortisol concentrations of the horses and it appears that 

rather than assisting the horses to acquire the learning task, their performance was 

impaired compared to the exercised horses.  This aligns with Valenchon et al., (2017) who 

also reported a stress induced impairment of negative reinforcement learning, but only in 

horses classified as having fearful temperaments.  Valenchon et al., used a single breed and 

sex (female) of horses in their study, whereas a convenience sample of donated horses of 

varying breeds and sexes was used in this study.  These horses displayed variation in 

behavioural responses to the stressor, but as a group stressed horses required more trials to 

reach the learning criterion than the exercised horses.  Consequently, it is likely their slower 

acquisition of the task was due to the effects of the stress treatment on brain regions 

relevant for learning it.  There is evidence in other species, that although acute stress can 

enhance learning acquisition, this is most pronounced for learning directly associated with 

the stressor as well as cues associated with avoiding or escaping it, whereas learning about 

unrelated tasks can be impaired (Schwabe et al., 2012).  This is believed to be due to stress-

induced corticosteroid and noradrenaline mediated changes to network function such that 

amygdala-periaqueductal grey (PAG)-dorsolateral striatum (DLS) activity exerts ‘bottom-up’ 

control of brain function, upregulating vigilance and simultaneously inhibiting the activity of 

flexible executive control in prefrontal cortex (PFC), hippocampus and dorsomedial striatum 

(DMS) that is necessary for learning unrelated to the stressor (Braun and Hauber, 2013; 

Hermans et al., 2014; Wirz et al., 2018).  If these stress induced changes to network activity 

reported in other species are indeed replicated in horses, which is plausible given the 
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conservation of defensive brain structures across species (Panksepp, 2011), then the stress 

treatment used in this study likely reduced the stress horses’ ability to focus on and adapt to 

the training stimuli, slowing their acquisition of the task.   

The stress treatment used in Experiment One (Chapter Three) was designed to replicate a 

popular training method that has been reported to induce high heart rates (Fowler et al., 

2012) as well as behavioural indicators of negative affect when implemented by amateur 

trainers (Kydd et al., 2017).  When applied poorly as described by Kydd et al., (2017) it is 

likely to expose the horse to unpredictable and uncontrollable stress, which in other species 

have been shown to cause significant alterations of brain function and impaired learning 

(Izquierdo et al., 2006; Holmes and Wellman, 2009).  The high HRs and increasing cortisol 

concentrations recorded in the stressed horses during the treatment and afterwards, 

indicates the treatment successfully activated stress-responsive physiological systems 

(Ulrich-Lai and Herman, 2009).  Consequently, although the stressed horses were physically 

active during the treatment such as when they trotted or cantered away from the objects, 

unlike in studies with rodents (Clark et al., 2015), this physical activity did not protect them 

from stress-induced impairments to their learning of the locomotory task.   

Exposing horses to stressful stimuli, particularly those that are uncontrollable is likely to 

impair subsequent learning because it will shift control of behaviour to the defensive and 

habit neural network.  The likely consequences may include that the horse’s attention will 

be focused on the stressful stimuli as well as the wider environment more generally due to 

increased activity in the salience network (Hermans et al., 2014).  As a result, there will be 

reduced threshold for reflexive/defensive responses such as flight behaviours (Mobbs et al., 

2020) that may well be incompatible with the responses the trainer is wanting the horse to 

learn.  The activity of flexible cognitive resources for learning the new response will be 

inhibited by the influences of the amygdala and other structures and consequently, learning 

will be impaired (Maier et al., 2015).  In addition, if the trainer is the source of the stress, the 

horse may rapidly acquire learning about how to escape or avoid the trainer or the task, 

which if accompanied by increased concentrations of glucocorticoids and noradrenaline will 

be efficiently consolidated (Roozendaal and McGaugh, 2011), further impairing the horse’s 

ability to learn the tasks desired by the trainer.  It is now widely recommended to avoid the 

use of training methods that induce states of fear or anxiety in horses (McGreevy and 
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McLean, 2010; International Society for Equitation Science, 2018a; McGreevy et al., 2018) 

and the data from this study provide further evidence of why this advice should be heeded 

as it is likely be counterproductive to efficient task acquisition, as well as have significant 

negative impacts on welfare.  

7.5 Memory consolidation and its effects on training learning outputs 

Successful coping with the challenges of living, requires that organisms not only learn to 

adapt to changing circumstances but also remember their successes so they can be 

repeated in the future.  This requires that temporary experience dependent changes to 

brain function and morphology that occur during the learning are consolidated and stored in 

relevant brain regions for future use (Bailey et al., 2015).  If this does not occur or is 

significantly disrupted the memory may be not stored and consequently, won’t be available 

to inform future responding, that is the experience will be forgotten.  This can manifest to 

trainers as the horse appearing to show a lack of obedience or a lack of intelligence.  There 

is a wealth of behavioural evidence of memory consolidation in horses (Murphy and Arkins, 

2007; Sankey et al., 2010a; Lansade et al., 2020), including memories that persist for months 

and years (Valenchon et al., 2013b; Gabor and Gerken, 2018; Lansade et al., 2020).  The 

consolidation of the transient alterations to synaptic plasticity that occur during the learning 

experience to the durable forms that underpin long term memory take place in the hours 

following the learning experience and are dependent on glucocorticoid and BDNF mediated 

genomic activity via the relative abundance and activity of glucocorticoid and TrkB (BDNF) 

receptors (Joëls, 2018; Arango-Lievano et al., 2019).  These processes can be disrupted by 

factors such as fatigue, poor sleep, and overly high or low concentrations of glucocorticoids 

and noradrenaline (Diekelmann et al., 2009; Diekelmann and Born, 2010; Moore et al., 

2012; Sara, 2015; Arango-Lievano et al., 2019).  

In alignment with reports from other species (McGaugh, 2015), my study (Chapter Four) 

provides preliminary evidence that memory consolidation in horses appears to benefit from  

pre-learning physiological arousal (as measured via simultaneous increased HRs and salivary 

cortisol) that exert there effects during the consolidation window following learning, 

compared to cortisol increases in the absence of simultaneous HR increases.  These effects 

may be the result of beneficial doses of glucocorticoids (mediated by noradrenergic 
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influences as indicated by the HRs) on non-genomic early consolidation and glucocorticoid 

genomic influences on later consolidation processes overnight (Ferry et al., 1999; Okuda et 

al., 2004).  This interpretation is entirely inferential in the absence of brain concentrations of 

these neurotransmitter but has been demonstrated in other species (Quaedflieg and 

Schwabe, 2018).  However, the benefits from this study were not universal, with some 

exercised horses appearing to fail to consolidate the learning memory at all, in common 

with some inactive subjects, whereas all horses exposed to the stressor demonstrated 

successful memory consolidation and retrieval.  It is possible that in the exercise horses, 

fatigue after the exercise contributed to the lack of consolidation; however, the mechanisms 

by which this occurs are still to be fully elucidated (Meeusen et al., 2007).  In the non-

responding inactive horses, the increase in cortisol concentrations did not appear to be 

accompanied by a concurrent noradrenergic increase and this may explain the apparent 

consolidation failure (Roozendaal et al., 2006b), or alternatively, for both groups, the single 

whip tap used in the memory retrieval test was insufficiently motivating to elicit a 

locomotory response (Lansade and Simon, 2010).   Little is known of the factors that could 

influence memory consolidation in horses.  Greening et al., (2021) reported that altered 

sleep patterns did not affect memory consolidation in a spatial task the following day but 

whether more severe sleep deficits such as may occur when horses are transported long 

distances or stabled in novel environments during competitions, or other factors such as 

physical or mental fatigue (such as occurs when there is a lack of readily available resources 

in the brain to support cognitively challenging tasks (Gold, 2014a) have an impact on 

memory consolidation in horses remains to be tested.  

Memory tests that follow learning acquisition simultaneously test both memory 

consolidation but also memory retrieval and future research could also explore the effect of 

stress and exercise on memory retrieval, as like acquisition and consolidation, retrieval is 

also vulnerable to disruption, particularly by stress (Guenzel et al., 2013).  Retrieval failures 

can also manifest as forgetting despite the availability of a consolidated memory and stress 

or high concentrations of glucocorticoids can impair memory retrieval in a range of tasks 

(Roozendaal, 2002; Atsak et al., 2016).  Consequently, for the trainer seeking to understand 

the inability of a horse to reproduce previously learned behaviour, a failure to retrieve the 

training memory will appear identical to a failure of memory consolation.  Stress states 
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leading to large increases in HR and cortisol (as well as other neurotransmitter effects) that 

horses experience while retrieving training related memories, such as can occur during 

competition (Becker-Birck et al., 2013) could impair retrieval of training related memories 

and consequently be a source of poor competition performance despite high level 

performance in the home setting.  Further research into equine cognitive abilities could 

specifically explore the environmental and management factors that impair or enhance 

memory consolidation and memory retrieval in horses that could allow owners to adapt 

their management and training to avoid factors that impair consolidation and retrieval or 

implement practices to improve it.  

7.6 Ethological salience of learning tasks 

Although the cues and locomotory responses that underpin the vast range of human-horse 

activities are similar across disciplines (McGreevy and McLean, 2010), it is clear that horse 

perceptions of these activities vary considerably depending on the characteristics of the task 

(McGreevy and McLean, 2007).  Chapters Five and Six provided evidence that the degree of 

alignment of the learning task with the horse’s ethology has a significant influence on how 

quickly the task is learnt and the affective state during learning.  By choosing two 

biomechanically identical but ethologically dissimilar tasks I was able to tease out quite 

different rates of acquisition as well as non-operant behavioural responses as the horses 

learned either task (accuracy and avoidance).  Horses trained in the more ethologically 

challenging task (moving towards the aversive stimulus) achieved fewer correct responses 

and fewer avoidance responses and were consequently exposed to more instances of the 

aversive stimulus, than horses trained in the ‘easier’ task (moving away from the aversive 

stimulus)  The ethologically difficult task in this study shares similarities with other 

approach/avoidance conflict tasks, such as two-way active avoidance (TWAA) for which 

there is a wide literature (Fernández-Teruel and Tobeña, 2020).  In the TWAA task, rodents 

learn to shuttle between compartments to avoid shock, however, the safe vs shock 

compartments alternate between trials, meaning that the animal has to learn to 

consistently move towards a location in which it has previously received a shock in order to 

escape shock.  Compared to the simpler one-way avoidance in which the response is always 

away from the shock location, TWAA is learned more slowly and is associated with 
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behavioural signs of fear as well as anxiety (Theios and Dunaway, 1964; Fernández-Teruel 

and Tobeña, 2020).   

There are many situations in horse training that share similarities with TWAA and the 

learning task used in this study.  Horses are required to approach stimuli, objects or places 

that have inherent or learned aversive characteristics and which if given the choice, they 

would escape from or completely avoid by performing species specific defence reactions 

(SSDRs) (Bolles, 1970) such baulking, rearing, spinning or bolting.  The standard, aversive 

based training approach to overcome this instinctive behaviour to get the horse to approach 

the object or place, is to apply training stimuli that are sufficiently aversive such that the 

horse is motivated to approach the object or place in order to escape or avoid the aversive 

training stimuli.  In effect they are caught between a genetically hard-wired drive (Campese 

et al., 2016) to escape from or avoid both the aversive object and the aversive training 

stimuli and only where the training stimuli is made more aversive, will the horse choose to 

approach the inherently aversive object or place.  When implemented appropriately, this 

method can result in the horse learning to approach the object more quickly and become 

habituated to it in the process (Christensen, 2013).  However, such methods can be fraught 

for both handlers/riders as well as horses unless implemented carefully because they can 

result in either strong flight responses, or a form of freezing or immobility, both of which are 

contraindicated for learning and which have safety and welfare risks (McLean and McLean, 

2008).  In the case of strong SSDRs, fear-induced activation of defensive networks (Braun 

and Hauber, 2013) can significantly impair the horse’s ability to learn the task at all  and may 

also result in the development of extinction resistant fear memories (Maren, 2011) that may 

decrease future task acquisition or increase spontaneous recovery of the fear-related SSDRs 

(Maroun et al., 2013).  Alternatively, horses may simply stop responding to even forceful 

applications of training stimuli, a correlate of the learned helplessness-type behaviour that 

occurs when animals are exposed to inescapable, uncontrollable stressors (Maier and 

Watkins, 2005). As with active SSDRs, immobility in the face of uncontrollable stress is also 

associated with impaired learning due to the effects of high concentrations of serotonin on 

brain regions responsible for behavioural flexibility and adaptive responses to threats 

(Seligman and Maier, 1967; Maier and Seligman, 2016). 
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Irrespective of whether the horse responds with defensive SSDRs or immobility in such 

training scenarios, the horse’s welfare will be at risk.  Evidence of both types of responses to 

approach/avoidance conflict scenarios in horse training can be accessed on social media 

sites and video sharing websites, indicating that many horse owners are still unaware of 

evidenced based approaches to achieve training outcomes in this type of context.  The 

ethologically more difficult learning task in my study was arguably easier to acquire than 

many approach/avoidance conflict tasks horses may be required to learn; however, even 

despite the slower acquisition, horses did learn the task without an increase in the intensity 

of the training stimulus, demonstrating that high intensities of training stimuli are not 

required to achieve training aims. 

Irrespective of how a trainer may perceive the difficulty of a particular task, the horse’s 

behaviour and rate of acquisition provide critical information about the horse’s perception 

of the task.  In order to minimise the horse’s exposure to aversive training stimuli, the 

associated negative affects arising from the use of the stimuli and their anxiety about the 

object they are required to approach, trainers should closely evaluate the horse’s responses 

during training.  They should ensure the horse’s physiological and emotional arousal levels 

(as indicated by increased HR or behavioural signs) remain below the threshold for 

activation of defensive circuits such as the central amygdala and periaqueductal grey which 

are responsible for SSDRs (LeDoux and Daw, 2018; Mobbs et al., 2020) or serotonin sensitive 

networks that induce immobility (Maier and Seligman, 2016) to minimise the negative 

impacts on the horse.  This will likely lead to gradual habituation to the inherently aversive 

stimulus which is associated with a reduction in fear behaviour and physiology and 

concomitant increases in approach behaviour (Yngvesson et al., 2016).  Methods such as 

those proposed by McLean and Christensen (2017) provide a range of options to achieve 

habituation to and approach towards innately aversive objects in horses and these and 

others will be further discussed below.  

7.7 Benefits of avoidance learning for horse training 

Avoidance learning such as was demonstrated by horses in the second study (Chapters Six), 

is the process whereby animals can learn to minimise their exposure to noxious stimuli by 

responding to cues that predict their onset (LeDoux et al., 2016).  It has a rich literature and 
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as such, the evidence from neurobehavioural studies that avoidance responses can be 

maintained for long periods in the absence of the aversive stimuli (Solomon et al., 1953) and 

that behavioural correlates of fear or anxiety diminish in well trained animals (Bravo-Rivera 

et al., 2015; Fernández-Teruel and Tobeña, 2020), as well as some of my own experimental 

data suggests that it has potential to provide a conceptual framework to assist trainers to 

simultaneously improve their practice and horse welfare (Henshall and McGreevy, 2012).  

By focussing attention on the welfare benefits of implementing training methods that have 

as their objective the development of high levels of stable, emotionally neutral avoidance 

responses, the quantum and intensity of aversive stimuli that horses are exposed to during 

training and competition could be reduced without sacrificing rider or handler safety.  The 

benefit of providing horses opportunity to avoid strong or completely aversive stimuli used 

in training is recommended by ISES as a means to protect horse welfare (International 

Society for Equitation Science, 2018a) and the neurobehavioural data provides evidence of 

the possible neural underpinnings for the potential welfare benefits. 

When an animal avoids rather than escapes the stimulus it is spared exposure to the 

noxious characteristics of the stimulus, a benefit that is registered by phasic dopamine 

release from ventral tegmental area dopamine neurons and is associated with the rate of 

avoidance responding (Stelly et al., 2019).  Although there is still some conjecture as to the 

purpose of these signals, current research suggests they encode a form of reward or relief at 

the omission of an expected aversive stimulus (Fernando et al., 2013; Luo et al., 2018) and  

are similar to dopamine signal for the receipt of rewards (Iordanova et al., 2021).  In 

addition, at high levels of responding, there is a substantial reduction or even elimination of 

behavioural and neural correlates of fear and anxiety (Cain, 2019).  In addition, once learned 

avoidance responses are resistant to extinction, resulting in stable, reliable performance 

(Mineka, 1979), something that is highly valued of horses.  The combination of a reduction 

in exposure to the noxious properties of the stimulus, phasic dopamine release and 

improvement in affective state that accompanies avoidance learning makes it an ideal 

concept to adapt to the horse training context, a possibility explored in Experiment Two 

(Chapters  Six).  

Chapter Six analysed the data collected from Experiment Two that assessed the acquisition 

of an avoidance response and whether avoidance in a simple locomotory task was also 
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associated with a reduction in behavioural indicators of negative effect.  As expected, as 

horses completed more avoidance responses, the number of aversive training stimulus 

exposures they received was reduced and for the horses who had experienced the most 

taps during the learning, the L horses who had to learn to move towards the whip, the 

reduction in taps was accompanied by a reduction in behaviours directly responding to it, 

such as tail swishes, leg lifts and kicks.  Likewise, the HRs of both learning groups decreased 

in the final sessions as the rates of avoidance increased.  These data suggest that horses 

benefit from being given the opportunity to avoid aversive training stimuli.  However, as 

previously discussed, the rate of avoidance acquisition differed relative to the ethological 

salience of the task which has implications for how these tasks are trained (Sec. 7.2).  In 

addition, contrary to expectations, there was no universal decline in behaviours indicative of 

affective state even as the proportion of avoidance responses increased.  This suggests that 

100 trials were insufficient to achieve a fully habitual avoidance response and it would be 

interesting to further explore whether it is possible to identify an optimum range or number 

of trials or training technique that could produce high rates of avoidance (Rubin et al.,1980; 

McCall et al., 1993) and simultaneously low or absent incidences of behaviours of negative 

affect. 

In addition, the training technique that was implemented during the study resulted in high 

rates of avoidance responding without the use of forceful or high intensity pressures during 

training and further research could explore this using other types of aversive stimuli such as 

bits, spurs and rider leg pressures.  If these findings are replicated with these stimuli, the 

requirement to use equipment such as bits or spurs during some forms of competition such 

as in dressage could potentially be dispensed with and riders could then be judged on their 

ability to elicit correct responses from minimal or no aversive stimuli as well as frequencies 

of behaviours indicative of negative affect.  Rather than banning the use of conditioned cues 

such as voice cues that provide opportunities for horses to avoid aversive stimuli, as is 

currently the case for dressage, the ability of trainers to achieve high levels of stimulus 

bound avoidance could be seen as the pinnacle of performance as well as indicative of 

potentially neutral or even positive affect.  Such competition opportunities already exist in 

some western disciplines such as reining and cutting and provide opportunities for 

showcasing high level training without the use of aversive stimuli to maintain control of the 
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horse.  Highly skilled or intuitive trainers may readily be able to train avoidance behaviour 

that is under the control of stimuli such as voice or visual cues and there are a wide range of 

existing and effective training methods that explain the steps owners can take to develop 

stimulus bound avoidance responses such as for example Bruce (2011) and Parelli (1993).  If 

there were more competition opportunities to display avoidance training outcomes, this 

might motivate owners to specifically train stimulus bound avoidance behaviours which may 

also deliver beneficial welfare outcomes for horses.  

A caveat to the potential benefits of actively training for avoidance responding in horse 

training, is where avoidance responses occur that are not under the control of rider or 

handler produced stimuli but rather arise from environmental stimuli such as occurs when 

horses shy and subsequently avoid the object or location that caused them to shy.  

Avoidance responses that are not under the stimulus control of the trainer and are 

associated with strong fear or anxiety can develop into phobia-type behaviours (Siddle and 

Bond, 1988) that are anecdotally resistant to extinction and prone to spontaneous recovery 

(McGreevy and McLean, 2010).  Allowing these behaviours to develop is counterproductive 

to welfare and safety.  In situations where such behaviours are more likely to develop, such 

as tasks with approach-avoidance conflicts, the careful implementation of training methods 

that do not increase the horse’s physiological and behavioural arousal above levels 

occasioned by the aversiveness of the task, should guard against the development of these 

responses.  Indeed, it is possible that by focussing on developing stimulus bound avoidance 

behaviour in regular training tasks and thus reducing reliance on the inherently aversive 

characteristics of training stimuli to maintain control, trainers will develop their skills such 

that they are far better equipped to prevent unwanted avoidance behaviours developing in 

the first place. This hypothesis requires further testing, however the study of avoidance 

learning during standard training tasks could provide much needed evidence to inform a 

higher welfare focus during the use of aversive stimuli in horse training.  
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7.8 Aversively motivated cognitive flexibility and its role in re-training unwanted 

behaviours 

In horse training there is need for balance between habitual and goal directed learning 

(Fortin et al., 2018).  Goal directed instrumental learning occurs when stimulus-response-

outcome contingencies are learned, usually early in training, such as during foal handling, 

foundation training or when new responses are trained.  Once responses are well learned 

via repetition, they can become habitual, meaning they can be elicited at any time or place 

and by any trainer or handler who is able to apply the stimulus correctly (International 

Society for Equitation Science, 2018a).(International Society for Equitation Science, 2018b).  

Cognitive flexibility describes the neural processes by which animals switch between habit 

and goal-directed behavioural strategies as they respond to changes in learning 

contingencies and environmental conditions (Audet and Lefebvre, 2017).  The rapidity which 

many horses can develop habits (reported anecdotally, as well as in this study and others 

(Hemmings et al., 2007, Roberts et al., 2015) means that it is important that those 

undertaking the initial training of horses ensure the habits they develop are desirable and 

necessary for harmonious interactions with their humans (McLean and McLean, 2008).  

However, there is also an industry wide demand for the retraining of unwanted habits in 

horses, whether because the horse is being used for a new activity, as occurs with the 

rehabilitation of racing horses for lives as recreational mounts, or because the horse has 

developed unwanted behaviour- the so called ‘problem horse’ (McGreevy and McLean, 

2005).  Where these processes are undertaken using aversive learning, a process similar to 

the one employed in Experiment Two (Chapters Five and Six) is likely to be used.   

The first step involves punishment of the unwanted response by application of the aversive 

cue, introducing a prediction error in brain regions such as the prefrontal cortex, basolateral 

amygdala and the various subregions of the basal ganglia reward and salience neurons, 

because the previously reinforced response is now punished (Kobayashi, 2012; Li et al., 

2019; Verharen et al., 2020).  The sequalae of neurotransmitter release that follows the 

detection of the prediction error, (including alterations to dopamine and serotonin 

signalling which register the absence or presence of relief and control arising from 

responses to aversive stimuli) (Maier and Watkins, 2005; Lloyd and Dayan, 2016), will drive 

firstly inhibition of the now punished response (Urcelay and Prével, 2019), followed by the 
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trialling of novel responses that will enable the aversive stimulus to be escaped.  Until the 

horse regains a measure of control over its exposure to aversive training stimuli, it is likely 

to experience negative affects resulting from the noxious properties of the stimulus 

itself,(Kobayashi, 2012) and those associated with its perception of a lack of control (Amat 

et al., 2005), as observed in my study (Chapter Six).  As the horse learns the new response 

that delivers escape from the stimulus, synaptic plasticity processes in networks involving 

PFC-DMS-BLA and lateral habenula regions (Barberini et al., 2012; Ilango et al., 2012; Trusel 

et al., 2019; Wulff et al., 2019) controlling aversively motivated behavioural flexibility will 

facilitate the shift in the response to the stimulus. Over time, the new response will be 

reliably elicited by the stimulus and it can eventually become the new habit, where it will 

come under the control of habit networks (Gasbarri et al., 2014). 

My study was developed to test cognitive flexibility in an industry type learning task that 

was specifically designed to reflect the types of common cognitive flexibility required of 

horses in industry settings in comparison to the appetitively motivated tasks that have used 

in studies of equine cognitive flexibility to date (Fiske and Potter, 1979; McCall and Burgin, 

2002; Martin et al., 2006; Roberts et al., 2015; Lansade et al., 2017; Fortin et al., 2018).  In 

common with the original learning of the task, the ethological salience of the cognitive 

flexibility task (the response shift) influenced how well it was acquired and prior learning 

partially facilitated the new learning as discussed (Chapter Five).  However, the facilitative 

effect of the original learning was most marked for the horses who had previously learned 

to move towards the whip, who rapidly learned to move away from it, whereas those who 

in the response shift, had to learn to move toward it, acquired the task more slowly and 

received more taps.  For horse owners, the relevance of this finding is that training that has 

taught hoses to move towards aversive stimuli (such as a float or novel object) may in fact 

facilitate later learning to move away from those stimuli, whereas, prior learning to move 

away from such stimuli does not facilitate later learning to move towards them.  

Contrary to my hypothesis and in contrast to much of the rodent work (Hurtubise and 

Howland, 2017), I did not observe that cognitive flexibility acquisition was impaired by six 

days of daily stress exposure compared to control horses as both control and stress 

treatment horses acquired the task at similar rates.  However, the stress treatment  

appeared to sensitise the horses to the whip stimulus as they performed more tails swishes 
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and kicks when it was applied, and they also used their heads to make more frequent 

agonistic contacts with the handler (Chapter Six).  This could suggest the stress treatment 

increased their sensitivity to the aversive aspects of the response shift training procedure.  

In rodent models using chronic stress protocols that are of a longer duration (weeks or 

months), and of a greater intensity (longer individual periods and more aversive), cognitive 

flexibility is impaired due to loss of dendritic complexity in the hippocampus and PFC which 

mediate flexibility (Conrad et al., 2017; Hurtubise and Howland, 2017; Jett et al., 2017), 

increased dendritic complexity as well as spontaneous firing rates in the amygdala and DLS 

which mediate rigid behavioural sequences (Dias-Ferreira et al., 2009; Holmes and Wellman, 

2009), as well as despair like affective states mediated by reduction in BDNF and 

glucocorticoid activity (Chiba et al., 2012) and increased serotonin release (Maier and 

Watkins, 2005).  It may be that the stress treatment in Experiment Two (Chapter Five) was 

insufficiently aversive to cause similar changes and I did not observe an effect of the stress 

treatment on BDNF concentrations relative to controls whereas I did observe an effect of 

stress on cortisol.  However, neither were correlated with the response shift learning 

performance. 

The chronic stress treatment alone did not affect the acquisition, consolidation or retrieval 

of the cognitive flexibility task; however, the longer cumulative stress exposures 

experienced by the S-L horses did appear to impair their cognitive flexibility when tested in 

the free choice MRTs (Chapter Five).  Although the majority of responses during the 

memory retrieval tests were in the response shift (new) direction, indicating that the task 

had been learned and consolidated, where perseverative errors were made (movement in 

the original direction), stress treatment horses initially trained to move towards the whip 

during the original learning were more likely to move in the original direction, compared to 

other treatment/direction combinations.  The apparent effects of the cumulative stress 

exposure stress treatment on memory consolidation as tested in the memory retrieval tests, 

could be an artefact of individual variation given the small sample size.  However, if 

replicated in a larger sample, these findings could provide evidence that chronic stress 

exposure, whether from learning tasks that induce stress responses, or environmental 

stressors arising during management may impair cognitive flexibility and may predispose 

horses to make more perseverative errors after a retraining procedure.  
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There are little data on the success or failure of retraining practices once horses are 

returned to their owners, though anecdotally, the recovery of the unwanted response 

appears to be relatively common.  The factors that could underlie this would include owner, 

horse and management factors, but further research could explore whether these represent 

a failure of memory consolidation of the retraining memory, a failure to retrieve extinction 

memories (to inhibit the old response) or other factors.  There is data exploring the 

extinction of appetitive rewarded spatial, visual discrimination and operant tasks in horses 

(McCall and Burgin, 2002; Williams et al., 2004; Hemmings et al., 2007; Valenchon et al., 

2013b; Fortin et al., 2018), but little is known of extinction of negative reinforcement tasks.  

The benefits of more empirical data about the most efficient methods to retrain unwanted 

behaviour, including inducing extinction of that behaviour, as well as the rapid development 

of new responses could assist those engaged in retraining to implement methods that 

reduce the performance of unwanted responses, reduce aversive training pressures and 

reduce the likelihood of spontaneous recovery.  Cognitive flexibility training techniques that 

maximise synaptic plasticity processes for the flexible learning should lead to rapid 

acquisition of the new response.  Retraining practices that rely on highly aversive 

punishment of unwanted responses are likely to be counterproductive if they engage the 

defensive and habitual brain networks that bias habitual responding at the expensive of the 

flexibility required for new learning (Schwabe and Bolam, 2017)  Given how ubiquitous 

retraining is in the horse industry, this is a topic that requires considerable research effort to 

improve welfare outcomes for horses and possibly reduce wastage arising from the failure 

of unwanted behaviour to be addressed which can lead to the destruction of horses who are 

unable to be retrained.  

7.9 Aversive stimuli use in horse training-what is being punished and what is being 

reinforced? 

As noted above, the response shift style retraining process necessarily involves the 

punishment of behaviours that were previously reinforced until the unwanted behaviour is 

supressed and replaced with a novel behaviour that will repeated in response to the cue.  As 

the behavioural and some physiological data from Experiment Two (Chapters Five and Six) 

demonstrates, this process induces moderate stress responses because the horse is 
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repeatedly exposed to noxious nociceptive inputs that initially it is unable to escape.  This 

can also occur during early learning trials during foundation training or the training of novel 

responses.  This commonly employed technique draws attention to an obvious question in 

regard to how the horse experiences the application and removal of aversive stimuli during 

aversive instrumental learning and how this experience can influence what they learn and 

how efficiently.  While the trainer may be focussed on the behavioural outcomes of the 

stimulus, that is behaviour intended for punishment is behaviour that occurs before the 

aversive stimulus is applied, and behaviour intended to be reinforced is behaviour that 

occurs after the stimulus is removed, the horse is not privy to the trainer’s intentions and 

must learn for themselves how to escape aversive training stimuli by trial and error.  The 

current ISES position statement on the use of aversive stimuli in horse training states that its 

use is acceptable when the intention is to reinforce behaviour but not when it is used to 

punish behaviour (International Society for Equitation Science, 2018a).(International Society 

for Equitation Science, 2018a).  However, this division assumes that the horse will 

experience aversive stimuli applied to reinforce behaviour differently to when it is applied 

for the purpose of punishment.  The behavioural reactions from some horses in Experiment 

Two (Chapter Six) during the early learning trials (L horses especially) and then particularly 

during the response shift, suggests that the intended purpose of the stimuli is irrelevant and 

that its noxious properties, and learning how to escape them are most salient. 

The current evidence from studies of aversive learning in rodents and other species, 

suggests that there are distinct, but overlapping patterns of neural activation that occur as 

animals learn to escape aversive stimuli (Cain, 2019).  There is a continuum from 

punishment to reinforcement that is registered by specific patterns of neural activity, 

neurotransmitter release and associated synaptic plasticity processes that facilitate learning 

how to escape the stimulus (LeDoux et al., 2016; Fernández-Teruel and Tobeña, 2020).  

During early aversive learning trials, horses will experience frequent exposure to stimuli 

with noxious properties, activating brain regions including, the amygdala, PAG, primary 

somatosensory cortex, anterior insular and anterior cingulate cortices, and thalamus 

(reviewed in Kobayashi et al., 2012).  This nociceptive input is then processed in distributed 

networks serving the sensory, affective and motivational responses to the stimulus that 

collectively influence emotional state and the behavioural responses to escape its effects 
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(Kobayashi, 2012; Silva et al., 2016; Grunfeld and Likhtik, 2018; Lefler et al., 2020; Mobbs et 

al., 2020).  The successful termination of those effects is likewise accompanied by network 

activity to support synaptic plasticity processes that facilitate the consolidation of memories 

about how the threat was escaped so the behaviour can be repeated in the future, as well 

as affective states such as relief (McGaugh, 2015; Lloyd and Dayan, 2016; Stelly et al., 2019).  

The punishment and reinforcement related neural activity will inevitably occur whenever an 

aversive stimulus is experienced and then escaped (Boschen et al., 2011; Oleson and Cheer, 

2013; Roberts et al., 2018).   

Consequently, based on the widely reported incidences of behaviour indicative of a negative 

affective state in horses during aversive instrumental learning or training, it may be 

appropriate to revisit the conceptualisation of positive punishment and negative 

reinforcement as separate modalities to more accurately reflect the likely experience of the 

horse as it receives and escapes frequent applications of aversive stimuli.  This 

reconceptualisation of punishment and reinforcement as a continuum that is present 

whenever aversive stimuli are used, particularly in early trials before the horse has 

developed avoidance responses to conditioned stimuli or to very low intensities of the 

aversive stimuli, could provide trainers with deeper insights to many apparent training 

failures.  For example, when apparent punishment is not suppressing behaviour or, when 

apparent reinforcement is not strengthening responses.  Given that failures in the correct 

application of negative reinforcement have been identified as common source of stress  and 

welfare impairment for horses (McLean, 2003), providing trainers with a more granular 

understanding of the likely neural correlates of the punishment-reinforcement continuum 

could improve how aversive training stimuli are used in horse training.  

7.10 Habituation and the use of aversive stimuli in horse training 

An unexpected finding from the two experiments was that horses did not show signs of 

habituation to the whip taps, despite that when it was applied (in escape trials) it was 

applied at a low intensity that did not change irrespective of how quickly the horse 

responded.  Some authors suggest if the horses does not respond to low intensities of 

training stimuli, the aversiveness of the stimulus should be increased until it does, at which 

point the stimuli should be terminated to reinforce the response (McLean and McLean, 
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2008).  This is recommended to prevent the horse from habituating to the stimulus and so 

avoid even greater intensities to motivate responses in the future (Lyons, 1991; McLean and 

McLean, 2008) or to protect against the development of learned-helplessness-like 

behaviour (Hall et al., 2008).  However, in spite of applying the whip taps at a low intensity 

and at the same speed for all horses, habituation to the taps was not observed.  At the 

conclusion of the learning phase(s) in each experiment, all horses either learned to respond 

in two or less taps per trial (Experiment One, Chapter Three) or developed avoidance 

responses, though at different rates depending on the ethological salience of their task in 

Experiment Two (Chapter Six).  As discussed in Chapter Six, there were a range of non-

operant responses to the whip taps/learning context during Experiment Two that were 

indicative of negative affect, and responses directly linked to the application of the whip did 

decrease as the number of trials in which they successfully avoid it increased, providing 

behavioural evidence that its use in this way (constant speed and low intensity) was still 

aversive.  Consequently, while it is clear that the low intensity, consistent approach used 

here did not lead to habituation, it is not clear whether this approach, which may result in a 

high frequency of taps per trial particularly early trials, has a higher or lower welfare impact 

compared to increasing the intensity or frequency of taps to motivate the horse to respond 

more quickly and so receive fewer taps in total.   

Alternatives to the use of aversive stimuli in training such as positive reinforcement have 

received research attention (Ferguson and Rosales-Ruiz, 2001; Heleski et al., 2008; 

Hendriksen et al., 2011) and as noted above, are widely used in equine cognition studies 

(Murphy and Arkins, 2007; Brubaker and Udell, 2016).  There is divergence between studies 

as to the benefit of appetitive methods in terms of learning efficiency and some 

physiological indicators, particularly in relation to inherently aversive learning tasks such as 

loading onto transport vehicles (Heleski et al., 2008; Innes and McBride, 2008).  Studies in 

other species also show that the omission of expected rewards can induce behavioural 

indicators and neural correlates of negative affect (Burokas et al., 2012; Schultz, 2016).  As 

noted in the ISES position statement on the use of aversive stimuli, in many instances, it is 

not safe or effective to rely solely on appetitive training methods (International Society for 

Equitation Science, 2018a).(International Society for Equitation Science, 2018a).  However, 

the use of combined reinforcement where correct responses are reinforced with both 
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appetitive and negative reinforcement could provide a bridge between the two modalities 

and would benefit from further studies.  Appetitive stimuli initiate distinct signalling 

cascades in reward regions of the brain that result in synaptic plasticity and rapid learning of 

appetitive instrumental tasks (Schultz, 2013) and while aversive learning has its own neural 

signature as noted above, there are some similarities in the patterns of neural ensemble 

activity when appetitive and relief-from-aversive stimuli experiences are processed in 

regions of the ventral tegmental-nucleus acumbens-amygdala pathways (Lammel et al., 

2014; Hu, 2016; Lloyd and Dayan, 2016; Gentry et al., 2019; Iordanova et al., 2021).  In 

humans, the use of combined reinforcement did not reduce fear reactions during exposure 

to an aversive stimulus, but did attenuate participants’ avoidance of it which resulted in a 

more rapid extinction of their fear of it (Pittig and Dehler, 2019).  In a pilot study, Hartmann 

et al., (2021) did not find that combined reinforcement reduced HRs compared to negative 

reinforcement during exposure to novel objects, whereas Warren-Smith et al.,(2007) 

reported that horses trained to halt during long reining showed fewer head tosses than 

those only trained with negative reinforcement.  Sankey et al.,(2010a) reported that horses 

chose to interact with trainers that had trained them with appetitive methods but avoided 

or were reluctant to approach a trainer who had trained them with aversive methods.  

Further research could explore if combined reinforcement has benefits for improved 

learning or affective state during learning.   

7.11 Physiological indicators of affective state and their association with cognitive 

effects 

In common with previous studies of equine cognition, stress and emotion (König von Borstel 

et al., 2017; Randle et al., 2019), there was variability in the correlation of  physiological, 

behavioural and learning performance indicators in my experiments.  Salivary cortisol 

concentrations increased as expected in response to the exercise and stress treatments; 

however, the energetic demands of carrying a rider induced the increase over a shorter 

timeframe than the stress treatments in Experiment One (Chapter Three).  There was also 

an unexpected increase in the cortisol concentrations in the inactive horses during this 

experiment.  In this experiment, cortisol was negatively correlated with learning 

performance (Sec. 5.4.8) which is in contrast to Valenchon et al.,(2013c) who reported that 

horses exposed to a stressor prior to learning and who had significantly higher salivary 
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cortisol during learning had a tendency for improved acquisition of an appetitive 

instrumental task.  In Experiment Two (Chapter Five), salivary cortisol increased as a result 

of the stress treatment but was not correlated with learning performance in any phase.  In 

fact, cortisol concentrations after the response shift were lower than pre-test despite that 

the response shift increased HRs to similar rates as the first original learning session.  Other 

studies have reported dissociations between HR, physical activity and cortisol 

concentrations (Christensen et al., 2012; Hall et al., 2013).  The timing of collection relative 

to the stress or exercise exposure as well as the methods for analysis may contribute to 

these dissociations and the discipline of Equitation Science as a whole would benefit from a 

systematic review with meta-analysis to further elucidate factors that influence cortisol 

concentrations and behavioural/learning outcomes in horses.   

Despite its promise as an additional physiological indicator associated with cognitive 

performance, BDNF did not prove to be correlated with either stress state or learning 

performance in this project.  BDNF was positively corelated with cortisol levels which aligns 

with what is observed in some studies of brain concentrations (Jeanneteau et al., 2019).  

Peripheral BDNF includes non-brain derived sources (Bus et al., 2011) and despite the 

evidence from some studies that peripheral concentrations are correlated with beneficial 

learning and memory processes in rodent models, and that exercise increases 

concentrations in humans, in many but not all human studies there is lack of correlation 

between peripheral concentrations and learning outcomes. (Roig et al., 2016; Tsai et al., 

2016; Walsh and Tschakovsky, 2018).  Walsh and Tschakovsky (2018) suggest that the 

measurement of peripheral concentrations may not be sensitive to capture brain effects 

unlike for example peripheral cortisol concentrations which have been correlated with 

cognitive and behavioural effects in many human studies as well as in Experiment One 

(Chapter Three) (Schwabe et al., 2010; Guenzel et al., 2014).   

Heart rate provides a proxy for sympathetic nervous system activation (Kurosawa et al., 

1998; Barman and Yates, 2017) and although there are noted dissociations between HR, 

behaviour and compliance with handling in some studies (Squibb et al., 2018; Rosselot et al., 

2019), it can provide real-time insights into the state of sympathetic nervous system 

activation, even when the horse may appear calm due to its compliance with cues.  

Anecdotally, horses complying with rider or handler cues can spontaneously perform 
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unexpected SSDRs such as rearing, bucking, bolting and shying which can pose significant 

safety risks to the human as well as safety and welfare risks to horses.  High HRs during 

training, particularly when not attributable to energetic demands, such as can occur during 

float training or when horses are mounted for the first time (Schmidt et al., 2010a; 

Yngvesson et al., 2016) should be cause for concern as they will be likely accompanied by 

increases in glucocorticoids and adrenaline which can facilitate rapid acquisition of fear 

memories that may be resistant to extinction as increased concentrations of these 

neurotransmitters will ensure they are well consolidated (Roozendaal and McGaugh, 2011).   

The routine use of wearable heart rate measurement technology such as heart rate 

monitors by owners could provide an additional source of information about the horse’s 

state of physiological and emotional arousal, especially where HR changes occur 

independent of external behavioural signs or the intensity of the physical activity.  For 

example, a lack of decrease in HR despite the appearance of compliance during exposure to 

an object the horse has previously shied at could alert the rider to the possibility of a future 

shy and allow them to take preventive action.  Likewise, a stable decline in HR after 

habituation to a stimulus the horse has previously shied at could provide confidence to the 

rider that the horse is no longer perceiving the stimulus as aversive.  During training tasks 

that are inherently aversive, such as accepting a rider for the first time or loading onto 

transport, the use of a HRM to provide the real time feedback about a key aspect of stress 

physiology that can exert strong influences on learning and behaviour could support trainers 

to make rapid changes to their training methods.  By working to ensure HRs stay below 

thresholds for strong flight responses and likely overly high concentrations of stress induced 

neurotransmitter release that can interfere with task learning (Park et al., 2006) or enhance 

fear learning (Correa et al., 2019), the efficiency, safety and horse welfare during the 

training could be enhanced.  

7.12 Conclusion 

In this work I have drawn on the work of neuroscience in relevant areas to infer likely neural 

processes that could underpin observed physiological and behavioural responses to stress 

and exercise and their subsequent effects on learning and memory.  These inferences can 

be used to guide interpretations of equine behaviour and learning that are independent of 
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biases regarding factors such as intelligence, sex or temperament and could provide clarity 

to trainers to respond to the behaviour they see before them rather than making 

judgements that may obscure the potential solutions.  My research provides novel evidence 

that a short bout of low cognitive demand exercise prior to commencing an aversive 

learning session may benefit learning acquisition, whereas exposure to acute uncontrollable 

stress or inactivity is unlikely to be beneficial.  Trainers should ensure their horses are 

suitably warmed up prior to learning but avoid the use of techniques that include 

uncontrollable stress.  In addition, my second study provides evidence that the ethological 

salience of an aversive learning task can significantly influence how quickly and accurately it 

is learned and the effects of the learning process on the affective state of the horse.  Tasks 

of low ethological salience may be learned more slowly and with increased indicators of 

negative affect compared to tasks of higher ethological salience.  Finally, I also present, 

novel but preliminary evidence that cumulative stress exposure arising from a challenging 

learning task and environmental stressors may impair cognitive flexibility memory retrieval 

in horses.  This finding is of direct relevance to industry, in particular for the implementation 

of retraining practices where horses must learn to inhibit unwanted behaviour and learn 

new responses to cues.  What may appear as a deliberate disobedience or lack of 

intelligence may in fact reflect impaired cognitive flexibility, which makes it more difficult 

for horses to retain or reproduce retrained behaviours.   

While acknowledging that many questions about brain function remain to be answered, the 

current state of knowledge can already assist trainers to improve their practices.  This could 

reduce the negative emotions horses experience during training and could possibly even 

lead to the generation of positive emotions during training to improve horse welfare and 

maintain the social licence for the use of horses for recreational purposes.  Lastly, 

knowledge about the neural underpinnings of aversive instrumental learning should be 

incorporated into training recommendations, including a revaluation of how the concepts of 

punishment and reinforcement are defined and implemented in horse training.  
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