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Abstract 
 

The assessment of animal welfare has advanced to include measures of emotions. A variety of 

behavioural and physiological markers are commonly used to infer affective states in animals; however, 

these often lack specificity, or are simply not suitable for production environments. Therefore, there is a 

need to develop novel measures of animal emotions. Recently, microRNA (miRNA), have emerged as 

diagnostic markers for a number of neurological conditions and have been implicated in human affective 

disorders including anxiety and depression. Thus, these molecules have the potential to become markers 

of the activity associated with emotional processes. In this research, I have explored the efficacy of 

miRNA as biomarkers for both positive and negative emotional states in pigs. I investigated how miRNA 

activity changes in brain during different affective states, and explored if these changes could be 

corroborated with changes in the blood, thus providing a peripheral measure of emotion in pigs. 

In chapter 3 I hypothesized that 1) pain in response to tail docking would result in differentially 

expressed miRNAs in both the blood and brain of piglets, and that this expression would be modulated 

by local anaesthetic, 2) changes in miRNA expressions would be similar between the blood and the brain, 

thus providing a reliable proxy marker of brain miRNA expression associated with pain processes. MiR-

412 and miR-7a were differentially expressed in the Periaqueductal-grey (PAG) brain region following 

tail-docking, but the response was not mitigated by analgesic. MiRNA expression was not altered in either 

the Amygdala (AMY) region of the brain or in blood following treatment, when compared with control 

animals, suggesting the observed change in expression may not reflect the animal’s underlying emotional 

state but perhaps another biological response to tissue damage, such as inflammation. Furthermore, the 

sampling time-points selected in this study may have resulted in missed peaks of miRNA up- or down-

regulation. Consequently, under these experimental conditions, the effectiveness of circulating miRNA 

as a biomarker of acute pain in pigs is questionable. Nonetheless, there may be some benefit in their 

application as biomarkers of inflammation in response to tissue damage.  
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Chapter 4 tested the validity of measuring circulating cortisol as an indicator for effective delivery 

of a single intravenous dose of the antidepressant fluoxetine hydrochloride to the pig brain. Previously, 

pharmacological agents that manipulate the affective state have been used to evaluate novel biomarkers 

for assessment of emotional states. Antidepressant treatment resulted in increased mean plasma cortisol 

levels 15-165 minutes following treatment compared with saline controls, suggesting that, similar to other 

species, plasma cortisol is an indicator of fluoxetine hydrochloride efficacy. However, individual cortisol 

profiles of pigs treated with the antidepressant were highly variable with either the expected, an 

unorthodox, or no response. In humans, individual variation in patient responses to anti-depressant 

treatment has been observed previously. Therefore, I propose that variability in individual cortisol 

responses following anti-depressant treatment in pigs may be attributed to the following; (1) inherent 

pharmacological differences, including disparity in receptor numbers, structures or functions, or (2) 

variations in HPA axis responsiveness to the antidepressant, or (3) a combination of these. For these 

reasons, I conclude that the inter-individual variations in cortisol responses observed currently preclude 

the use of cortisol as a reporter for fluoxetine hydrochloride efficacy in pigs.  

In chapter 5 I exposed pigs to husbandry practices known to impact emotional states, namely 

barren housing to induce a negative emotional state, or highly enriched housing conditions to create a 

relatively more positive state. Differential expression patterns of miRNA in the brain and blood were 

analysed, and concentrations of the neurotransmitter’s serotonin (5-HT), and dopamine (DA), and their 

retrospective metabolites (5-HIAA and DOPAC), as well as Judgement Bias were used as corroborating 

measures to infer the emotional status in the pigs. Dopamine was altered in the brain following enriched 

housing when compared with barren housing. No change was observed in the miRNA, behaviour or brain 

serotonin. The results of this experiment imply that either A) miRNAs are not likely valid biomarkers of 

affective states, at least under the type of conditions employed in this study, or B) the experimental 

paradigm used with housing as a modifier of emotional state was not sufficient to create differential 

emotional states, and therefore establish the validity of miRNA as biomarkers. 
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The outcomes of this dissertation suggest that, for the most part, the experimental conditions 

employed in these trials were insufficient in altering miRNA signatures in brain and blood parameters. 

The application of miRNA as biomarkers of emotion may not be valid for environmental and/or husbandry 

conditions where physiological and tissue responses are not elicited, but there may be some benefit in 

their application as markers of pain or inflammation. However, with regards to the latter, further 

investigation is required in relation to the types of tissues to be sampled, the time at which sampling 

occurs and the ability to effectively conclude that the measures taken are specific to the negative 

emotional experience of pain. 
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General Introduction 
 

The ability to improve the welfare of animals is critically dependent on being able to assess their 

welfare accurately. In other words, measures of welfare must be robust and repeatable in order to provide 

the basis from which to develop further the means to improve welfare. The challenge to develop 

meaningful assessments of the welfare of animals used in agriculture is exacerbated by the need to not 

simply identify when welfare is deleterious, but be able to know when the welfare of animals is good 

(Boissy et al., 2007b). This is because there is now a determined drive by the livestock industries to 

continuously improve the welfare of animals, with the ultimate objective of providing as many 

opportunities for the achievement of positive welfare as possible. Not surprisingly, this has resulted in 

substantial research efforts to develop tools to assess the welfare of livestock (Boissy et al., 2007b; 

Mellor, 2012; Tilbrook and Ralph, 2018). While considerable progress has been made, limitations remain 

in terms of the practical application of these tools, and in their ability to provide a holistic assessment of 

welfare (Barrell, 2019). With respect to the latter, the most meaningful measures of welfare encompass 

a vast range of physiological and psychological functions of the animal. These functions include those 

classically associated with stress systems, and include biological responses (i.e., behavioural, 

neuroendocrine and immunological), likely attributed to assist the animal to cope with challenges or 

threats to homeostasis. It is common to refer to these measures collectively as biological markers of 

welfare, or biomarkers (Martinez-Miro et al., 2016).  

Research to develop novel measures of animal welfare has advanced to include measures of 

animal emotions, instigated by a general recognition that animals are sentient, meaning that they have 

sufficient functional brain sophistication to transduce sensory and nerve impulses into experienced 

sensations (Hemsworth et al., 2014). Furthermore, for an animal to be sentient it must be conscious. 

Sensory and neural inputs are processed and interpreted by the animal, are suggested to be species-

specific and dependent on the animals individual nature and past experiences (Hemsworth et al., 2015). 
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Although animal sentience has, for the most part, been solely referred to in relation to mammalian 

vertebrate species (Proctor et al., 2013), discrepancies in the literature regarding what other animals 

species are capable of being sentient remain. For example,  evidence suggesting some invertebrate may 

experience at least some level of sentience, likely attributed to similar neural anatomy, functionality and 

behaviour observed in humans (Boyle, 2009). For the purpose of this thesis, when discussing animals 

and sentience, I refer to animals as both human and non-human vertebrate species, including livestock. 

The emotional state of an animal is referred to as its affective state (Paul et al., 2005; Mendl et al., 2009), 

and includes the ‘feeling’ of emotions (Nettle and Bateson, 2012a). Affective states are regarded as 

comprising subjective, behavioural, physiological and cognitive components that can be characterized 

along two-dimensional levels; 1) arousal (i.e.  high vs low), and 2) valence or direction of emotion (i.e. 

positive vs negative) (Whittaker and Marsh, 2019).  Although there is no way of knowing if animals 

experience emotions in the same way as humans do, their similar brain sophistication and neuroanatomy 

(Davidson et al., 2002; Boissy et al., 2007b) imply that animals are likely to experience negative emotional 

states such as thirst, hunger, nausea, pain and fear, and positive emotional experiences such as satiety, 

contentment, companionship, curiosity and playfulness (Hemsworth, 2018). Currently, the assessment 

of animal emotions has relied on physiological or behavioural indices to infer the emotional state of the 

animals. Physiological measures, including those classically associated with stress systems (i.e., 

activation of the sympatho-adrenal medullary system and the hypothalamo–pituitary adrenal axis 

associated with catecholamine and glucocorticoid synthesis respectively), can be effective in determining 

the emotional arousal of animals (Arroyo and Bassols, 2017; Neethirajan et al., 2021); however, these 

are often unable to distinguish between the valence of emotions. Conversely, behavioural measures, 

including cognitive bias tests, have successfully identified emotional valence in a range of species (Mendl 

et al., 2009; Baciadonna and McElligott, 2015; Roelofs et al., 2016), but these measures can be time 

consuming and thus not suitable for production environments. Therefore, the need to develop novel 

biomarkers for assessment of animal affect are required. These measures must be robust, not only 
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having the ability to differentiate valence of affect, but also including markers that take into account the 

biological functioning of the animal. 

There are various biomarkers that can be measured peripherally and have the potential to 

quantify biological functioning and affective states. Recently, microRNA (miRNA) have emerged as 

diagnostic markers for a number of neurological conditions, including those associated with emotional 

processes (Malan-Müller et al., 2013; Wingo et al., 2017). These small (approximately 22-24 nucleotides 

long), single stranded, non-protein coding RNA molecules are involved in the regulation of genes post-

transcriptually. miRNAs are Synthesised throughout the body, including the central nervous system 

(CNS), where they contribute to the complex functioning of the brain, including neurodevelopment, 

neurogenesis and neurological disease (De Strooper, 2009; Bredy et al., 2011; Codocedo and Inestrosa, 

2016). In human psychological research, miRNA have been implicated in a number of affective disorders 

including, but not limited to, anxiety (Haramati et al., 2011; Fonken et al., 2016), major depressive 

disorder (MDD) (Lopez et al., 2014; Wang et al., 2017; Chen et al., 2021), schizophrenia (Lai et al., 2011; 

Du et al., 2019b; Santarelli et al., 2019), post-traumatic stress disorder (PTSD) (Balakathiresan et al., 

2014; Snijders et al., 2017; Linnstaedt et al., 2020), bipolar-mania disorder (Rong et al., 2011; Camkurt 

et al., 2020), and obsessive-compulsive disorder (OCD) (Yue et al., 2020; Lin et al., 2021). In animal 

welfare research, miRNA have been shown to be differentially expressed during stress in various 

livestock (Miretti et al., 2020). Therefore, they have the potential to become markers of the activities 

associated with emotional processes. In this body of research, the efficacy of miRNA as biomarkers for 

both positive and negative emotional states in the pig was explored. The outcomes of this research are 

to provide industry with a suite of miRNA biomarkers that can accurately and objectively assess the 

emotional states of pigs, where this assessment is essential for continued improvement to animal welfare 

in farming systems. 
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Hypothesis and aims 
 

Here I hypothesise that in pigs, miRNA expression would be differentially expressed in the brain 

and blood during both positive and negative affective states. The principal aim of this work was to gain a 

greater understanding of how miRNA activity changes in the brain during different affective states, and 

determine if changes in brain miRNA could then be corroborated with changes in the blood, thus providing 

a peripheral measure of emotion in pigs that could be employed on farms. In order to investigate the 

principal aim, subsequent individual aims were developed, as follows: 

Aim 1: To investigate miRNA expression in the brain and blood of piglets following tail-docking with and 

without anaesthetic (Chapter 3).  

Aim 2: To determine if miRNA expression in the brain is similar to miRNA expression in the blood of 

piglets exposed to pain from tail-docking (Chapter 3). 

Aim 3: To explore the efficacy of measuring circulating cortisol as an indicator for effective delivery of a 

single intravenous dose of the SSRI fluoxetine hydrochloride to the pig brain (Chapter 4). 

Aim 4: To investigate miRNA expression in the brain and blood of pigs exposed to enriched or barren 

housing conditions (Chapter 5). 

Aim 5: To determine if miRNA expression in the brain was similar to miRNA expression in the blood of 

pigs exposed to enriched or barren housing (Chapter 5) 

 .  
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Introduction 
The study of animal welfare has evolved from the integration of multidisciplinary and multi-faceted 

fields of research (Millman et al., 2004). The origins of farm animal welfare science probably dates to the 

1960s, when the Brambell Committee, established by the British Government, defined ‘welfare’ as a wide 

term that embraces not only the physical, but also the mental wellbeing of the animal (Brambell et al., 

1965). The concept introduced the notion that when attempting to evaluate the welfare state of an animal, 

the scientific evidence concerning the feelings of animals must be taken into account, and these must be 

derived from the structure, function and behaviour of the animal (Hemsworth et al., 2014). Since this time, 

the field of animal welfare science has continued to expand and diversify to meet challenges and 

opportunities within diverse animal industries (Blokhuis et al., 2013). As a consequence, research 

incorporating measures of animal emotion (or affective state), have gained momentum.  In alignment with 

this change in research direction, increased importance has been placed on the assessment and 

promotion of positive affective states in animals, which are now considered fundamental components of 

animal welfare thinking (Mellor, 2012). Despite this research effort, the challenge remains in developing 

tools that can accurately and objectively assess the emotional states of animals.   

To date, the assessment of animal affect has tended to focus on markers derived from the biological 

functioning of the animal, where biological functioning refers to the biological activity arising when an 

animal attempts to cope with its environment, and involves physiological systems classically associated 

with stress, incorporating a range of neurological, immunological, endocrinological and behavioural 

responses (Hemsworth et al., 2014; Tilbrook and Ralph, 2018). For example, biological products derived 

from activation of the sympatho-adrenal medullary (SAM), and hypothalomo–pituitary-adrenal (HPA), 

systems are commonly applied, including measurement of catecholamines (i.e., dopamine, epinephrine, 

nor-epinephrine (Kiseleva, 1992; Korte et al., 1997; Loudon et al., 2019)) and glucocorticoids (i.e., cortisol 

or corticosterone in pigs (Barnett et al., 1996; Pol et al., 2002; Reimert et al., 2013; Loudon et al., 2019; 

Wiechers et al., 2021)), respectively. Measures derived from autonomic functioning are also used and 
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include alterations in cardiac function (i.e., heart rate, heart-rate variability and respiration rate (Mohr et 

al., 2002; von Borell et al., 2007; Dos Reis et al., 2014; Crestani, 2016)),  immunological activation (i.e., 

measurement of lymphocyte counts, IgG concentration, pro-and anti-inflammatory cytokines  

(Tuchscherer et al., 1998)), circulating neuropeptides (i.e., endogenous endorphins or oxytocin  (Loijens 

et al., 2002; Odendaal and Meintjes, 2003; Marcet Rius et al., 2018), and changes in body temperature 

(i.e., infrared thermography techniques (Cannas et al., 2018; Telkanranta et al., 2018; Heintz et al., 

2019)), among others. Behavioural indices used to infer emotional state are common, and can include 

whole-body or discrete body part behaviours  (i.e., startle response, locomotion, approach and freezing, 

social, play, grimace, facial expressions, and tail or ear movements (Désiré et al., 2002; Boissy et al., 

2011; Held and Špinka, 2011; Proctor and Carder, 2014; Paul et al., 2018; Marcet-Rius et al., 2019)), as 

well as cognitive behavioural tests (i.e., judgement bias tests (Mendl et al., 2009; Baciadonna and 

McElligott, 2015; Roelofs et al., 2016; Roelofs et al., 2017)). It is common to refer to these biological 

markers collectively as biomarkers.  

Although these biomarkers are commonly used to infer the affective state of animals used in livestock, 

these often lack specificity or are simply not suitable for a production environment. For example, 

physiological measures, including those classically associated with stress systems, can be effective in 

determining the emotional arousal of animals (Arroyo and Bassols, 2017; Neethirajan et al., 2021); 

however, they are often unable to distinguish between the valence of emotions. Conversely, behavioural 

measures, including cognitive bias tests, have successfully identified emotional valence in a range of 

species (Mendl et al., 2009; Baciadonna and McElligott, 2015; Roelofs et al., 2016), but these can be 

time consuming and thus not suited for production environments. Therefore, there is a need to develop 

novel biomarkers of emotional states in animals. These biomarkers must be robust, able to be rapidly 

assessed on farm, have the ability to differentiate between positive and negative affect, and require 

validation in order to complement or replace existing measures.  
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Recently, microRNA (miRNA) have emerged as diagnostic markers for a number of pathological 

conditions (de Planell-Saguer and Rodicio, 2011). Some of these conditions include various cancer types 

(Keshavarzi et al., 2017; Peng et al., 2017; Qiu et al., 2018; Zhai et al., 2018), cardiovascular disease 

(Wojciechowska et al., 2017; Eyileten et al., 2018; Kaur et al., 2020), rheumatic diseases (Huang et al., 

2019; Nziza et al., 2019; Ren et al., 2021), as well as neurological conditions (Quinlan et al., 2017; 

Bahlakeh et al., 2021). In human psychological research, miRNA have been shown to be involved in the 

development of neurological conditions, including those associated with emotional processes (Malan-

Müller et al., 2013; Wingo et al., 2017). These single-stranded molecules are involved in the regulation 

of genes post-transcriptually. Dysregulation in miRNA functioning has implicated them in a number of 

affective disorders including, but not limited to, anxiety (Haramati et al., 2011; Fonken et al., 2016), major 

depressive disorder (MDD) (Lopez et al., 2014; Wang et al., 2017; Chen et al., 2021), schizophrenia (Lai 

et al., 2011; Du et al., 2019b; Santarelli et al., 2019), post-traumatic stress disorder (PTSD) 

(Balakathiresan et al., 2014; Snijders et al., 2017; Linnstaedt et al., 2020), bipolar-mania disorder (Rong 

et al., 2011; Camkurt et al., 2020), and obsessive-compulsive disorder (OCD) (Yue et al., 2020; Lin et al., 

2021). Therefore, they have the potential to become markers of the activities associated with emotional 

processes.  

In this review I explore the literature relating to miRNA as biomarkers of affective states in animals. 

Firstly, I discuss the neuroanatomy and neurophysiology of the brain during emotional processing. I briefly 

describe the current measures of emotions in animals, their limitations, as well as future directions 

required for the development of novel markers of emotion. I then provide an overview of miRNA, and the 

current literature pertaining to their potential application as biomarkers of emotional states.  

Research Methods 
A review of the literature was conducted electronically and derived from databases including Web of 

Science, PubMed and Google Scholar. Literature with a year of publication between 1965 and 2021 was 

included. Databases were searched using terms related to emotional states in animals and included the 
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following terms: miRNA, microRNA, animals, emotion, affect, neurology, physiology, welfare and 

assessment. Reference lists of sourced articles were also checked for articles of relevance. Only articles 

with the full text available in English language publications, or those with translations, were included. 

Following the database searches, articles were evaluated on the basis of the title and abstract content 

for relevance. The findings are reported in a narrative format. 

Affective/emotional state 

 

Over the last decade, the study of animal emotions has gained momentum within the fields of human 

psychology, neuroscience and animal welfare. Emotions are complex and can be defined as intense but 

short-lived physiological and psychological responses that are associated with specific bodily changes 

(Boissy et al., 2007b; Whittaker and Marsh, 2019). The term ‘affect’ has been used to describe the 

subjective feeling of emotions (Boissy et al., 2007b). The true nature of animals’ emotional experiences 

remains controversial (Boissy et al., 2007b), along with whether or not their level of consciousness 

permits the ‘feeling’ of an emotion in the same way that humans might feel emotions (Burgdorf and 

Panksepp, 2006). In animal welfare assessment, scientists attempt to evaluate affective states in animals 

based on cognitive, motivational and physiological changes, triggered by environmental situations (Paul 

et al., 2005; Mendl et al., 2009; Nettle and Bateson, 2012b). Animal welfare is, therefore, an umbrella 

term referring to an ongoing state made up of the cumulative experiences of an individual (Mellor and 

Beausoleil, 2015). A welfare state is ascribed based on the nature of an animal’s experienced affects, 

and their relative weighting over time (Mason and Mendl, 2013). Good welfare is defined when animals, 

on balance, experience positive states such as reward and contentment, and poor welfare when the 

contrary applies (Ahloy-Dallaire et al., 2018).  

Affective states likely evolved from basic mechanisms that gave animals the ability to avoid harm or 

punishment and seek valuable resources relating to survival and reproductive success (Cardinal et al., 

2002; Paul et al., 2005). Affective experiences vary along three main axes: 1) valence corresponding to 

bodily activation or excitation (positive versus negative) 2) arousal or emotional intensity (high versus 
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low), and motivational intensity to approach (high versus low) (Paul et al., 2005; Duncan and Barrett, 

2007). For example, emotions such as pain and anxiety would exhibit negative valence, high arousal and 

high avoidance; whereas the emotion of reward would exhibit positive valence, high arousal and high 

approach (Mendl et al., 2009; Mendl et al., 2010; Nettle and Bateson, 2012b). Affective states may also 

vary in duration ranging from short-term states such as anticipatory joy, to more persistent states like 

grief. These longer-term states make up ‘mood’, which has an adaptive function in guiding an animal’s 

allocation of behavioural effort based on its environment and current physical condition (Nettle and 

Bateson, 2012b). Emotions are likely elicited by appraisals, where emotions are produced based on an 

individual’s evaluations of stimuli, their context and their personal significance (Moors et al., 2013).  

The field of affective neuroscience is dedicated to understanding the processes within the brain that 

control and regulate emotional processes. Previously, animal models have been used in an attempt to 

understand emotions in human psychology. LeDoux (LeDoux et al., 1988; LeDoux, 1998), suggested that 

the most reliable way to assess affective states objectively is to look directly at the emotional processes 

occurring within the brain and, through advancements in biomedical research and neuroimaging 

technologies, the brain regions, cell types and physiological systems that control cognition, emotion, and 

behaviour have been identified (Davis and Whalen, 2001; Berridge and Kringelbach, 2013). Although 

there is no way of truly knowing if non-human animals experience emotions exactly as humans do, the 

similar behavioural patterns, neural anatomy and brain chemistry seen in a number of animal species 

could imply that they are likely to feel as humans do (Davidson et al., 2002; Boissy et al., 2007b). For 

example, between human and pig (Sus scrofa), similarities in brain growth rates, size and development, 

as well as neural anatomy including gyral patterns and the distribution of grey/white matter have been 

observed (Lind et al., 2007) It is therefore plausible that our understanding of emotional processing in 

humans could be applied to assess the emotional state of animals.  
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The affective brain 
The brain is organised into discrete regions and neuronal systems that regulate emotional processes 

(Pawlina-Tyszko et al., 2020). Emotions are largely regulated by the limbic system, which includes 

several functionally and anatomically interconnected nuclei and cortical structures located within the 

telencephalon and diencephalon. These neuronal structures are responsible for the regulation of both 

positive and negative emotional processes, which, in response to emotional evoking stimuli, regulate 

autonomic and endocrine activation, memory formation, arousal, motivation and reinforcing behaviour 

(Boissy et al., 2007b).  

Neurophysiology of emotions 

There are two central neural pathways or networks that are involved in the regulation of emotions; 1) 

the mesolimbic dopaminergic pathway, or reward pathway, and 2) the serotonergic pathway. The 

mesolimbic pathway comprises the ventral tegmental area (VTA), ventral striatum, which includes both 

nucleus accumbens (NAc), and olfactory tubercle, amygdala, and prefrontal cortex (PFC) (Boissy et al., 

2007b; Berridge and Kringelbach, 2013) (Figure 1). This pathway has been implicated in the 

pathophysiology of psychological disorders such as depression, anxiety and substance abuse disorders 

in humans (Greenwood et al., 2011). Drug induced or naturally rewarding stimuli alter neuronal plasticity 

within the reward pathway and are associated with the projection of catecholaminergic neurons, including 

dopamine (DA), as well as increased neurotransmission of opioidergic components within the reward 

circuity. These neuronal networks are highly organized and help to innovate the ventral and dorsal 

divisions of the striatum to regulate positive emotional experiences such as reward. These networks are 

also critical to motivated and reward seeking behaviour (Boissy et al., 2007b; Berridge and Kringelbach, 

2013). Dopaminergic projection from the PFC results in the release of dopamine in the NAc and leads to 

motivated behaviours indicative of reward expectation, such as those of consumptive, exercise or sexual 

natures (Navratilova et al., 2016).  
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Figure 1: Indicates dopaminergic projections of the mesolimbic pathway originating from the Ventral 
tegmental area (VTA). Key structures in this pathway include the nucleus accumbens (NAc), olfactory 
tubercle, amygdala and prefrontal cortex (PFC). 

Emotions are also associated with activity of the serotonergic pathway that originates from the raphe 

nuclei in the brain stem (LeDoux, 1998; Rolls, 2000; Davis and Whalen, 2001). The anatomical 

organization of the serotonergic pathway include the amygdala, hippocampus, NAc (ventral striatum) and 

ventral diencephalon (ventral tegmentum, basal forebrain, thalamus and hypothalamus) (Gray, 1982; 

Panksepp, 1998; Bechara et al., 2000; Cardinal et al., 2002; Phillips et al., 2003; Makris et al., 2008) 

(Figure 2). Serotonin (5-hydroxytrytophan or 5-HT) functions as a neurotransmitter and is highly 

expressed within the mammalian brain. 5-HT neurons are primarily observed in raphe nuclei, and the 

thalamus and basal ganglion in vertebrate species (Niblock et al., 2004). Tryptophan (TRP) is the 

precursor of peripheral and central 5-HT, where 5-HT is produced from TRP via the rate-limiting enzyme 

tryptophan hydroxylase (TPH) (Faye et al., 2018). Dysregulation in serotonergic neurotransmission has 

been implicated in a number of human mood disorders, including generalised anxiety disorder (GAD) 

(Ren et al., 2018; Szeitz and Bandiera, 2018), major depressive disorder (MDD) (Jacobsen et al., 2012; 

Dell'Osso et al., 2016; Ren et al., 2018; Szeitz and Bandiera, 2018), and post-traumatic stress disorder 
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(PTSD) among others. The regions of the brain that regulate negative emotions like fear, pain and anxiety 

have also been identified. These include the hypothalamus, thalamus, ventral pallidum, amygdala, 

anterior cingulate cortex, peri-aqueductal grey (PAG), the hippocampus and pre-frontal cortex (Gray, 

1982; LeDoux, 1998; Panksepp, 1998; Rolls, 1999; Bechara et al., 2000; Davis and Whalen, 2001; 

Cardinal et al., 2002; Phillips et al., 2003).   

 

 

 

Figure 2: Indicates serotonergic projections within the reward pathway with key structures including the 
Raphe nucleus, Hippocampus, Hypothalamus, Thalamus, Nucleus accumbens and prefrontal cortex.  

Pain  

It is generally agreed that the assessment of animal welfare should consider quantification of pain. 

The perception and regulation of pain is complex, involving both central and peripheral nervous systems 

(Tilbrook and Ralph, 2018). The International Association for the Study of Pain (IASP) has defined pain 

as: ‘An unpleasant sensory and emotional experience associated with, or resembling that associated 

with, actual or potential tissue damage’ (Raja et al., 2020) Based on this definition, pain incorporates a 

conscious, subjective experience or perception of a feeling or sensation (Patel, 2010), that differs from 
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basic nociception (the neural process involving the transduction and transmission of a noxious stimulus 

to the brain via a pain pathway (Figure 3)). Thus, pain is a complex interplay between signalling systems, 

modulation from higher brain centres, as well as the unique perception of the individual (Steeds, 2009). 

Following noxious stimuli (resulting from mechanical, heat, cold or chemicals (Sneddon, 2018)), the 

location, intensity, and temporal pattern is transduced into a recognizable signal through unmyelinated 

nociceptors at the terminal end of sensory neurons (Bourne et al., 2014). The sensory afferent neurons 

then send this signal via action potentials and synapses with nerve cell bodies within the dorsal root 

ganglion (DRG) of the spinal cord (Lee and Neumeister, 2020). This signal is then transmitted to the brain 

via spinothalamic and spinoparabrachial tracts, where it synapses with various neurons within brain 

regions including the parabrachial medulla oblongata, periaqueductal gray (PAG), hypothalamus and 

thalamus, amygdala and limbic system, insular cingulate and somatosensory cortex (Sneddon, 2018; 

Lee and Neumeister, 2020). Signals running through the medial spinothalamic tract project to the medial 

thalamus, resulting in the autonomic and unpleasant emotional perception of pain (Yam et al., 2018; Lee 

and Neumeister, 2020). Descending pain pathways, including activation of midbrain and medullary areas, 

can reduce nociception by modulating its effects. For example, the PAG receives afferent signals from 

cortical and subcortical areas and can exert profound analgesic effects as well as control of descending 

pain pathways (Sneddon, 2018). 
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Figure 3: Indicates transduction and transmission of a noxious stimulus to the brain via a pain pathway. 
Sensory afferent neurons synapse with nerve cell bodies within the dorsal root ganglion (DRG), of the 
spinal cord and send pain signals to the brain via ascending spinothalamic and spinoparabrachial tracts 
(red arrows). The pain signal connects various regions within the limbic system and sensory cortex. 
Activation of midbrain and medullary areas can reduce nociception by modulating its effects via the 
descending pain pathway (blue arrows).   

 

Despite our knowledge of the neuronal systems involved in the regulation of both positive and negative 

emotions, the challenge lies in developing ways in which we can measure these emotional processes in 

animals, on farm, in the home pen of the animal, without compromising the flow of production. Although 

the use of various imaging technologies (e.g., functional magnetic resonance imaging and 

electroencephalograms) can provide objective information on specific brain activity associated with 

emotional processes, these are not suitable for a production environment. Furthermore, it is difficult to 

assess these mechanisms in farm animals without extraction of brain tissue and complex laboratory 

analyses (Mendl et al., 2009).  Consequently, the majority of the literature in relation to the assessment 
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of animal emotion has focussed on various physiological and behavioural indices. Below, I briefly discuss 

some of these methods and highlight limitations pertaining to their use.  

Measuring emotions in animals  
One of the most difficult aspects of the assessment of animal welfare is the ability to determine the 

affective state in non-verbal beings. In humans, verbal reports of emotion are considered the ‘gold 

standard’ indicator of affect (Paul et al., 2005); however, given animals are not capable of communication 

through verbal speech, a reliance on other measures that indirectly assess the affective experience of 

animals is needed. The majority of these methods tend to focus on physiological, behavioural and 

cognitive components. These measures are often derived from human literature and, when applied to 

animals, enable us to draw comparisons and identify similarities in their affective experience (Kremer et 

al., 2020). As stated earlier, the majority of biomarkers used to assess the emotional states of animals 

have primarily focussed on behavioural and physiological indices, with particular emphasis placed on 

their use for the assessment of negative emotional states.   

Behavioural measures of affect 

Some of the most significant advancements in the assessment of animal welfare have been made 

through animal behavioural research. Emotions comprise subjective, cognitive and behavioural 

components, where the behavioural component refers to how the subjective experience translates into a 

tangible action (Neethirajan et al., 2021). Spontaneous or ‘whole-body’ behavioural measures have been 

used to infer affective states in a range of livestock, including sheep (Boissy et al., 2007b; Marino and 

Merskin, 2019), goats (Bellegarde et al., 2017), cattle (Lambert and Carder, 2017; Battini et al., 2019; 

Green et al., 2021), chickens (Herborn et al., 2020) and pigs (Reimert et al., 2013; Paoli et al., 2016; 

Camerlink et al., 2018; Rius et al., 2018b; Czycholl et al., 2020).  Some of these behaviours include 

approach and avoidance (Paul et al., 2018), freezing and locomotion (Boissy et al., 2001; Paul et al., 

2005), play (Boissy et al., 2007b; Held and Špinka, 2011; Ahloy-Dallaire et al., 2018), anticipatory (Spruijt 

et al., 2001), social (Boissy et al., 2007b), aggression and defence (Kremer et al., 2020), discrete body 

postures (i.e., head, ear and tail movements)  (Reefmann et al., 2009; de Oliveira and Keeling, 2018; 
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Tamioso et al., 2018; Battini et al., 2019; Camerlink and Ursinus, 2020), vocalisations (Briefer et al., 2015; 

Briefer, 2018; Green et al., 2021; Laurijs et al., 2021), facial expressions (Hintze et al., 2016; Descovich 

et al., 2017; Camerlink et al., 2018) and grimace (Dalla Costa et al., 2014; Di Giminiani et al., 2016; 

McLennan et al., 2016). Some behavioural tests including open field, novel object, elevated plus maze, 

and light/dark have been used to investigate negative emotional states (Harding et al., 2004), and have 

been applied in a range of species, including rodents (Cardoso et al., 2009), sheep (Reefmann et al., 

2009), laying hens (Nordquist et al., 2011), and pigs (Murphy et al., 2014). These behavioural tests 

measure the unconditioned responses (largely measures of locomotion and exploration) of an animal to 

an unfamiliar situation/environment that contains elements that the animal perceives as 

adverse/threatening (such as open spaces/or varying light intensities) (Roelofs et al., 2016). A major 

limitation of these tests is that any interpretation of emotions is based on the behavioural reactivity or 

arousal of the animal, and not necessarily on the valence or emotional direction (i.e., positive or negative). 

For example, Burman et al. (2008), highlighted the difficulty in interpreting spontaneous behaviour in rats 

during open field tests, suggesting the activity of an animal could be portrayed as an indicator of curiosity-

motivated exploration as much as fear-motivated escape. Another impediment to the interpretation of 

these types of tests is that there can be bias towards the study of negative emotions and less on positive 

emotions (Paul et al., 2005; Boissy et al., 2007b; Burman et al., 2008).  Furthermore, difficulty may arise 

in the ability to decipher what behaviours are in response to emotions compared with those that are not 

(Kremer et al., 2020). A corollary to this is specific behaviours (i.e., locomotive or body posture) can be 

displayed across various affective contexts, thus making it difficult to determine the valence of affect (Paul 

et al., 2005; Kremer et al., 2020). Additionally, behaviours elicited from high arousal situations may be 

more easily observed compared with behaviours displayed during low arousal situations (Kremer et al., 

2020).  

Cognitive measures of affect 

Cognition can be defined as “the mental actions or processes that enable the acquisition, processing, 

storage, and use of information” (Shettleworth, 2009; Franks, 2018), and the study of animal cognition is 
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becoming an increasingly important pillar of research in many disciplines, including psychology, 

behavioural ecology, and animal welfare (Franks, 2018). Emotions comprise cognitive elements, where 

an individual’s cognitive processes are influenced during various emotional states (Paul et al., 2005; 

Boissy et al., 2007a; Boissy and Lee, 2014). Specific emotions produce particular patterns in information 

processing (Désiré et al., 2002), and these patterns of cognition can be measured empirically (Franks, 

2018), thus providing the ability to infer back to the emotional states of animals. Cognitive bias is a term 

used to describe how an individual processes information in a particular way as a result of the underlying 

emotional state, and includes judgement, attention and memory biases (Kremer et al., 2020).  One such 

method to investigate how emotions influence cognition in animals is the judgement bias test (JBT), which 

allows us to assess variations in emotional valence (Hintze et al., 2018).  

Judgement bias tests 

The use of the JBT was first developed in rats (Harding et al., 2004), and since has been applied in a 

number of livestock species including, but not limited to, chickens (Iyasere et al., 2017; Zidar et al., 2018; 

Ross et al., 2019; Pichová et al., 2021), sheep (Doyle et al., 2010a; Doyle et al., 2011; Destrez et al., 

2012; Destrez et al., 2013; Monk et al., 2019), cattle (Neave et al., 2013; Daros et al., 2014; Bethell, 

2021), and pigs (Douglas et al., 2012; Murphy et al., 2013; Scollo et al., 2014; Asher et al., 2016; Düpjan 

et al., 2017; Roelofs et al., 2017). These tests use the behavioural response of an animal as an indicator 

of its underlying affective state in response to an unknown or ambiguous stimulus (Roelofs et al., 2016). 

Animals first learn to discriminate between a positive stimulus, such as a high value reward, and an 

aversive stimulus, such as no reward or punishment (Bateson et al., 2015). Once animals have learnt to 

discriminate between positive and aversive stimuli, they are then tested on an ambiguous stimulus, 

intermediate between the two learned stimuli. These tests are based on the assumption that if, under 

ambiguity, the animal behaves in a manner normally associated with a positive reward, that animal has 

an enhanced expectation of a positive outcome and thus the reaction implies a positive emotional state 

(Whittaker and Barker, 2020). Conversely, if the animal displays behaviours consistent with an aversive 

outcome, that animal has reduced anticipation of a positive outcome, and this implies the animal is in a 
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negative affective state (Whittaker and Barker, 2020). Despite a similar basic concept, various study 

designs, within and across species, have been developed and include differences in cue modalities (i.e., 

visual, spatial, auditory, tactile and olfactory cues), numbers of ambiguous cues presented (e.g., graded 

vs single intermediate), numbers of trials where the animals are exposed to an ambiguous stimulus (e.g., 

repeated vs singular), reinforcer types (e.g., rewarder vs partial-reward vs no-reward), as well as 

differences in outcome measures (e.g., latency-based vs choice-based) (Burman et al., 2009; Mendl et 

al., 2009; Baciadonna and McElligott, 2015; Roelofs et al., 2016; Hintze et al., 2018).  

The benefit of using cognitive judgement tests as an indicator of emotional states in animals is the 

ability to distinguish between the valence of affect (e.g., negative emotions such as anxiety or positive 

emotions such as reward), and potentially between states of the same valence (e.g., anxiety/ depression) 

(Paul et al., 2005; Burman et al., 2008; Burman et al., 2009). While the JBT is considered to have good 

validity (Lagisz et al., 2020), such tests are less suited to production environments due to the time it takes 

to train animals to perform the test (Roelofs et al., 2016). Furthermore, a number of criticisms have been 

identified pertaining to the test design, including loss of ambiguity towards the ambiguous stimulus (Doyle 

et al., 2010b; Roelofs et al., 2016), the ‘reward’ and ‘punishment’ are not perceived by the animal as 

equal in strength and thus may influence approach behaviour during the test (Mendl et al., 2009), and 

the motivation level across successive sessions may vary among and between individuals (Henry et al., 

2017; Kremer et al., 2020).  

As highlighted, there is a growing body of literature on behavioural methods to assess the affective 

state in animals. Measures used may include the quantification of spontaneous and whole-body 

behaviours, or by ascertaining responses to provoked tests such as cognitive biasing, for example the 

judgment bias test (Paul et al., 2005; Kremer et al., 2020). However, given the difficulties in teasing apart 

valence and arousal of emotional responses using spontaneous behaviour alone, as well as the un-

befitting application of cognitive bias testing in a farm setting, many studies have relied on the assessment 

of physiological indices to infer emotional states in animals.  
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Physiological measures of affect 
 

The autonomic nervous system 

The autonomic nervous system (ANS) has been described as the body’s general-purpose 

physiological system responsible for the modification of peripheral functions including, but not limited to, 

digestion, heart rate (HR), and respiration rate (RR), urination, and pupillary responses among others. 

(Mauss and Robinson, 2009). It comprises sympathetic and parasympathetic branches working in unison 

to maintain homeostasis. Increased sympathetic activity activates the body’s “fight or flight” response 

following threat or perceived danger, while the parasympathetic branch controls the “rest and digest” 

response (Alshak and M., 2021).  

Originally it was believed that differing emotional states involved specific patterns of ANS activation; 

however recent literature questions the validity of using specific ANS responses to predict discrete 

emotional experiences, especially when they are assessed in isolation. For example, heart rate has been 

shown to increase in response to fearful stimuli but also in situations of pleasure (Ralph and Tilbrook, 

2016). Likewise, due to the general-purpose nature of ANS functioning, the challenge remains in 

differentiating between markers of ANS activity related to emotional processes and those that reflect 

other ANS functions, including digestion, homeostasis, attention and effort (Cacioppo et al., 2007; Mauss 

and Robinson, 2009). It is likely, though, that using an approach that incorporates multiple indices of ANS 

activity will provide greater capacity to assess aspects of animal welfare including animal emotions.   

A number of physiological biomarkers are commonly used in the assessment of animal welfare and 

include those classically associated with stress systems. There are many definitions of stress, most of 

which have been focused around challenges to homeostasis. One definition developed by Tilbrook and 

Clarke (2006), defined stress as “a complex physiological state that embodies a range of integrative and 

behavioural processes when there is a real or perceived threat to homeostasis”. A stressor has been 

defined as a chemical or biological agent, environmental condition, external stimulus or an event that 

causes stress to an animal and challenges an animal’s ability to adapt to its environment (Gregory, 2008; 



CHAPTER 1: 
REVIEW OF THE LITERATURE 

 

20 | P a g e  
 

Hurcombe, 2011). However, despite its negative connotation, it is important to note that the adaptive 

purpose of the physiological stress response is to promote survival (Dhabhar, 2014). Although chronic 

stress has shown to be harmful to the body (Irwin et al., 1990; Glaser and Kiecolt-Glaser, 2005; Chrousos 

and Kino, 2007), short-term stress can be protective as it prepares the organism to deal with challenges 

(Dhabhar, 2014). Thus, when animals experience stressful stimuli, their body attempts to return to 

homeostasis by creating alterations in the biological activity of those systems that allow an animal to cope 

with stressors (Muir, 2006).  

Heart rate, heart rate variability and respiration rate 

Cardio-respiratory functioning including RR, HR, and heart rate variability (HRV), reflects the dynamic 

interaction between physiological and psychological factors that modulate overall heart rhythm, and are 

represented by variations in beat-to-beat intervals (Wu and Lee, 2009). Increases or decreases in HR 

are controlled by the sympathetic and vagal branches respectively (Baciadonna et al., 2019). Alterations 

to HR and RR can provide an indication of the body’s reaction to emotional stimuli. However, these 

measures are more applicable as an indicator of emotional arousal, given the inability to differentiate the 

valence of affect (Boissy et al., 2007b; Briefer et al., 2015).  

Fluctuations in HRV are a function of the ANS and depict the continuous interplay between 

sympathetic and para-sympathetic branches. As the sympathetic tone increases, HR and RR increase, 

but the heart’s R-R interval (measured on an ECG) shortens, resulting in lowered HRV (Figure 4). 

Conversely, when the parasympathetic tone is increased the opposite occurs, resulting in wider R-R 

intervals in the heartbeat and overall increased HRV.  
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Figure 4: The heart’s PQRST complex indicating the consecutive R-R intervals measured using ECG. 
When the sympathetic tone increases, the R-R intervals become shorter, resulting in lowered HRV. As 
the parasympathetic tone increases, the R-R interval becomes wider and increases HRV. 

In humans, measures of HRV have been used to assess different emotional experiences and include 

correlations with both negative and positive emotional states. For example, a low HRV has been 

implicated with depression and PTSD (Baciadonna et al., 2019), and high HRV is associated with lower 

levels of anxiety (Dishman et al., 2000) and is an indicator of overall good heath (Thayer and Sternberg, 

2006). Consequently, the measure of HRV has been proposed as a potential indicator of emotional 

valence in animals (von Borell et al., 2007; Coulon et al., 2015; Tamioso et al., 2018).  

Despite a growing body of literature in the area, the majority of studies measure HRV primarily as an 

indicator of stress or poor welfare (Mohr et al., 2002; Abbott, 2005; von Borell et al., 2007; Kovács et al., 

2015; Scopa et al., 2020) and pain (Stewart et al., 2010). There have been some studies, however, that 

have shown correlations between measures of HRV and positive emotional states in animals, including 

dogs (Katayama et al., 2016; Zupan et al., 2016a; Varga et al., 2018), sheep (Reefmann et al., 2009; 

Coulon et al., 2015; Tamioso et al., 2018), pigs (Imfeld-Mueller et al., 2011; Zebunke et al., 2011; Zupan 

et al., 2016b) goats (Briefer et al., 2015; Luigi et al., 2019) cattle (Lange et al., 2020), and horses (Léa et 

al., 2018). The majority of these studies used known food rewards, various housing conditions or positive 
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human interaction treatments to evoke positive emotional states in the animals, which are then used to 

correlate with HRV data.  

Measurement of HRV is a non-invasive tool that can be used to investigate the functioning of the ANS, 

including the dynamic relationship between sympathetic and vagal tone. The current literature 

investigation suggests that HRV is an indicator of positive emotional states in animals. It is still in its 

infancy but has the potential to be a reliable tool for animal welfare assessment. Few studies have been 

able to draw adequate conclusions between HRV measures and emotional valence (see above); 

however, some major limitations remain. HRV is influenced by a variety of factors including age, sex, 

physical fitness, diurnal rhythm, respiration, posture and physical activity (von Borell et al., 2007), and 

further incorporation of these factors under standardised experimental settings is required for validation 

purposes.  

Infrared thermography  

Measurement of surface temperatures, using infrared thermography (IRT), has been identified as a 

reliable non-invasive method to detect stress in animals (Valera et al., 2012; Bartolomé et al., 2013; 

Yarnell et al., 2013; Dai et al., 2015; Herborn et al., 2015; Pierard et al., 2015). Infrared thermography 

measures changes in peripheral blood flow (Travain et al., 2016) by sensing heat radiating from the skin 

(Kuraoka and Nakamura, 2011). The fairly novel technique of thermal imaging has recently been applied 

in a handful of studies to examine the affective state of animals. The presumptive basis of the method is 

that the temperature of peripheral regions is modulated via autonomic physiological reactions (Kuraoka 

and Nakamura, 2011). This may be under the amygdala, which is known to control electro-dermal activity 

(Bagshaw and Coppock, 1968) and skin conductance responses (Laine et al., 2009). Furthermore, in 

primates at least, sympathetic nerves are responsible for constricting arteriovenous anastomoses in the 

nasal skin region (Bergersen, 1993), and some research suggests that the amygdala is responsible for 

this vasoconstriction (Yu and Blessing, 2001). Like much of the research, it has mainly been investigated 

in conjunction with a stress response, or negative emotional state (see (Nakayama et al., 2005; Stewart 
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et al., 2007)). However, a few studies have examined temperature in peripheral tissues in the presence 

of an assumed positive emotional response (Moe et al., 2012; Proctor and Carder, 2015; Travain et al., 

2016). 

Animal thermography has been trialled on a range of body sites with somewhat variable results, 

dependant on the species tested, site used and the surface area of the region. Decreased eye 

temperature in cattle (Stewart et al., 2008) and decreased ear canal and ear pinna temperature in sheep 

(Beausoleil, 2004; Lowe et al., 2005) have been observed in response to fear, pain or stressful events, 

and are considered successful measures to detect negative emotional states (Proctor and Carder, 2016). 

Furthermore, IRT has been used to assess the relationship between facial surface temperatures and 

affective states in monkey, where it was concluded that decreased nasal temperatures correlate with a 

negative emotional state (Nakayama et al., 2005). Conversely, however, a reduction in nasal 

temperatures in cattle (Proctor and Carder, 2015), decreased comb temperatures in hens (Moe et al., 

2012), as well as increased peri-orbital temperatures in dogs (Travain et al., 2016) were observed under 

assumed positive emotional states. 

 Given that variations in temperature have been shown to follow the same directional pattern in both 

positively and negatively valanced states (see (Moe et al., 2012; Travain et al., 2015; Travain et al., 

2016)), the technique appears to be measuring emotional arousal rather than valence. Furthermore, there 

may be value when designing studies to measure temperature changes in response to a change in 

emotional valence, rather than assuming a simplistic interpretation that the absolute temperature will 

increase or decrease from a baseline value (Ioannou et al., 2015). Studies have also highlighted some 

potential confounding factors in interpretation; for example, inter-individual differences in temperature 

were observed in dogs (Travain et al., 2016), and diet-induced thermogenesis was implicated in comb 

temperature differences in hens (Moe et al., 2012). Furthermore, some limitations in terms of the ability 

to detect changes in surface temperature accurately have been identified. For example, environmental 

factors, including sunlight, wind and ambient temperature, may confound results (Stewart et al., 2005). 
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Additionally, differences in anatomical surfaces (noses, ears and heads), as well as variations in 

temperature associated with coat colour and coat thickness have been identified (Bartolomé et al., 2013).  

At the current time, and based on the limited research available, this technique cannot be 

recommended as a sole measure of affective state, especially where determining emotional valence is 

of importance. However, given its relative ease of application, researchers should consider using this 

method alongside other established measures of affective state assessment. This could assist in 

bolstering evidence for other methods, build knowledge around the thermography technique, and provide 

an added objective measure of arousal.  

Catecholamines and glucocorticoids 

Activation of physiological stress systems almost always includes activation of the sympatho-adrenal-

medullary system (SAM), and hypothalamic-pituitary-adrenal (HPA) axis, associated with catecholamine 

and glucocorticoid synthesis respectively (Möstl and Palme, 2002; Ashley et al., 2005; Ayala et al., 2012). 

The major catecholamines of the SAM system include epinephrine, (adrenalin), norepinephrine, 

(noradrenalin) and dopamine (DA), which function as neurotransmitters and hormones regulating the 

sympathetic branch of the ANS and the adrenal medulla. The main sites for catecholamine production 

are the brain, the adrenal medulla and sympathetic neurons, where plasma catecholamines display a 

half-life of 1-2 minutes (Peaston and Weinkove, 2004) In the periphery, noradrenaline appears to be 

involved predominantly in the sympathetic control of blood flow and pressure, while adrenaline is involved 

in metabolic processes including fat and glucose metabolism (Bupesh et al., 2014). These molecules 

can, and have been, readily measured in the blood and urine of animals (Miki and Sudo, 1998). Most 

research to date has investigated levels of catecholamines in animals in response to negative stress 

events (Sgoifo et al., 1996). Within the CNS, catecholamines released from neurons within the ventral 

tegmental area are known to modulate reward, motivation and emotions at the level of the amygdala and 

the nucleus accumbens (Bupesh et al., 2014). The use of EEG has enabled investigation of the role of 

norepinephrine in social play in rats, a highly rewarding and pleasurable activity, and found that the 
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enhancement of norepinephrine was negatively modulated by both motivation and expression of play 

behaviour (Ej Marijke et al., 2015). However, without the use of imaging technologies, there is limited 

practicality in using peripheral catecholamines as biomarkers for emotional states in animals.   

The corticosteroids produced following activation of the HPA axis include a number of sex steroids, 

mineralocorticoids and glucocorticoids that are involved in a wide range of physiological processes, some 

of which include stress responses, immune and inflammatory function, neurobiological function, 

carbohydrate metabolism, blood electrolyte balance and changes in behaviour (Rangappa, 2015). 

Activation of the HPA axis increases production of vasopressin (arginine vasopressin in most species but 

lysine vasopressin in pigs), and corticotrophin releasing hormones (CRH) from the hypothalamus 

(Alexander et al., 1996). CRH and vasopressin stimulate the synthesis of adrenocorticotrophic hormone 

(ACTH) from the anterior pituitary gland, and circulating ACTH then stimulates the adrenal cortex to 

synthesise glucocorticoids including cortisol (Alexander et al., 1996; Ayala et al., 2012). The release of 

pituitary and adrenal hormones following an increase in HPA activity is likely modulated by emotional 

states through the neuroanatomical connections of the HPA axis with the subcortical regions responsible 

for emotional regulation (Figure 5). 
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Figure 5: Indicates the release of cortisol following activation of the Hypothalomo-pituitary-adrenal 
(HPA) axis. Neuroanatomical connections from subcortical regions associated with emotions, including 
limbic structures, send signals via neurotransmitters to the hypothalamus, resulting in increased 
Adrenocorticotropic hormones (ACTH). The increase in ACTH stimulates the Anterior pituitary to 
release corticotropin-releasing hormones (CRH) into the periphery, resulting in increased circulating 
cortisol.   

To date, the majority of the research using circulating cortisol as a marker of emotion tends to focus 

on its application during negative states such as fear, anxiety or pain.  Limited research using cortisol as 

a marker of positive emotional states has been conducted, although it is generally assumed that lower 

levels of circulating cortisol indicate a more positive affective state (Andrew et al., 2005; Steptoe and 

Wardle, 2005; Steptoe et al., 2007).  For example, in humans, circulating cortisol, both for the total output 

and the awakening response, is shown to be lower in individuals with greater levels of positive affect 

(Dockray and Steptoe, 2010). Despite this assumption, there are clear limitations in using circulating 

cortisol as a marker of emotions in animals. For example, it has been suggested that the synthesis of 

glucocorticoids can increase in response to both positive emotional states like reward, excitement and 

pleasure as well as negative emotions, including pain, anxiety and fear (Ralph and Tilbrook, 2016). For 

example, salivary cortisol was elevated in calves exposed to both positive (suckling) and negative (no 
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suckling) stimuli. Additionally, synthesis of glucocorticoids has been shown to be highly variable between 

and across individuals even when experimental designs control for factors known to influence cortisol 

concentrations, including age, sex, exercise, eating and diurnal rhythm (Marsh et al., 2020). Given these 

issues, there are clear limitations to using circulating cortisol as a marker of emotional states in animals: 

primarily in terms of the inability to differentiate between the valences of affect as well as implications 

with interpretations of the data.  

Brain Neurotransmitters 

The brain is comprised of various neurotransmitters that act as signalling molecules between neurons 

and their target cells. Neurotransmitters are used by the body for different functions and include 

acetylcholine, glutamate, GABA, glycine, dopamine, norepinephrine, and serotonin.  These molecules 

are the primary chemical messengers released from neurons that relay, amplify and modulate signals to 

other cells (Marc et al., 2011). These neurological signals are not only the backbone of the majority of 

neurological functions, they also exert endocrine and immunological actions, and are now considered 

primary targets for detecting a number of psychological mood disorders and affective states.  

Dopamine and metabolites 

Dopaminergic neurons located in the midbrain are the primary source of dopamine (DA) in the CNS 

and function as neurotransmitters involved in the regulation of movement, prediction of reward, 

motivation, cognition and working memory processes (Arias-Carrion and Poppel, 2007). In humans, 

dysregulation of DA transmission plays a key role in the development of a number of diseases, including 

Parkinson’s disease, schizophrenia, attention deficit disorders and drug and alcohol addiction (Bupesh 

et al., 2014). Dopamine is the driver of reward-seeking behaviour, where reward has previously been 

defined as an object an individual will acquire or seek out through the allocation of time, energy or effort 

(Arias-Carrión et al., 2010). Administration of psychostimulants, including cocaine and amphetamine, 

have been shown to increase brain dopamine in the ventral striatum and elicit a positive affective state 

in humans (Volkow and Swanson, 2003) and rats (Burgdorf et al., 2001). In mice, high levels of brain 

dopamine are associated with positive affective states (Ashby and Isen, 1999; Burgdorf and Panksepp, 
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2006). Furthermore, increased anxiety and depression-like behaviour were observed in DA transporter 

knock-out rats (Bahi and Dreyer, 2019). The results of these studies support the role of central DA 

involvement in emotional regulation. However, given that animals are required to be chemically/physically 

restrained prior to the utilization of brain imaging technology, the practicality of its application as a 

measure of emotional state in livestock species is arguable. Furthermore, quantification of DA in brain 

requires extraction of brain tissue from the animal, warranting this method ineffective from a productivity 

viewpoint.  A number of studies have attempted to measure peripheral by-products of central DA, 

including the main metabolite of DA, homovanillic acid, in cerebral spinal fluid (SSF), plasma and urine 

(Kopin et al., 1988; Amin et al., 1992; Amin et al., 1995). The difficulty of this method, however, is the 

inability to differentiate what proportion of the homovanillic acid in the blood is attributed to either central 

DA activity or peripheral norepinephrine metabolism (Kopin et al., 1988).  

Serotonin and metabolites 

Serotonin (5-hydroxytryptophan or 5-HT), is a monoamine neurotransmitter abundant throughout the 

body. Most 5-HT is found outside the CNS where it is involved in a number of physiological processes 

including Serotonin regulates numerous biological processes including cardiovascular function, bowel 

motility, ejaculatory latency, and bladder control (Berger et al., 2009). Withing the brain, 5-HT is involved 

in the regulation of  sleep-wake cycles, body temperature, pain perception, hormonal functions of the 

hypothalamus, as well psychological conditions, including anxiety and depression (Owens and Nemeroff, 

1994; Berger et al., 2009; Suominen et al., 2013). Furthermore, brain 5-HT modulates virtually all 

behavioural and neuropsychological processes, including mood, perception, reward, anger, aggression, 

appetite, sexuality and attention (Berger et al., 2009). 5-HT has shown to aid in the regulation of affective 

states (Cools et al., 2008), and dysregulation of serotonergic activity has been linked with psychological 

conditions including, but not limited to, anxiety and depression (Jans et al., 2007).  In pigs, depletion of 

brain 5-HT has been shown to induce pessimistic-like behaviour in a cognitive bias paradigm, suggesting 

animals were in a more negative affective state (Stracke et al., 2017). Like other neurotransmitters, 

including DA (mentioned above), without the use of neuroimaging techniques or extraction of brain tissue, 
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difficulty remains in developing reliable measures in the blood that can be used as markers of 

serotonergic activity in the brain. More recently, however, blood plasma 5-HT has been measured in 

piglets in response to the provision of enrichment (Lykhach et al., 2020). The study found that piglets 

whose play was enriched with toys had increased blood plasma 5-HT, reduced aggression and increased 

play behaviour (a rewarding experience indicative of positive emotions in mammals (Sommerville et al., 

2017; Rius et al., 2018a)), compared with control animals. Based on these findings, there may be 

potential for correlations between brain-blood 5-HT levels and affect, but further investigation is required.  

Oxytocin 

Oxytocin (OT) is a neuropeptide Synthesised from magnocellular and parvocellular neurons of the 

paraventricular nucleus (PVN) and supra-optic nucleus (SON) of the hypothalamus (Matsuzaki et al., 

2012). Magnocellular neurons secrete OT into capillaries within the posterior lobe of the pituitary, while 

parvocellular neurons transport OT to various areas of the brain (Lajtha and Lim, 2006). In the periphery, 

OT is primarily involved in parturition and lactation (Viero et al., 2010). The central OT, however, 

contributes to a wide range of functions, including social and maternal bonding, anxiety, fear conditioning 

and behaviour (Di Simplicio and Harmer, 2016; Jones et al., 2017). Various brain regions, including the 

amygdala, hypothalamus, nucleus accumbens and brain stem, contain OT receptors (Lee et al., 2009), 

where OT acts as a neurotransmitter and is distributed among these regions (Insel et al., 1997; Domes 

et al., 2007).  It is implicated in homeostatic, neuroadaptive processes associated with stress responses 

via interactions with the hypothalamic-pituitary-adrenal (HPA) axis, as well as the dopamine mesolimbic 

reward stress system (Kovatsi and Nikolaou, 2019).  OT is often proposed to reflect situations of positive 

valence (Rault et al., 2017) and therefore it has the potential to be a biomarker for the neural processes 

involved in positive emotions.  

The potential of oxytocin (OT) to be an indicator of animal affect has been investigated in several 

species (Kremer et al., 2020). However, results on its efficacy are conflicted in the literature. For example, 

In pig, positive human contact has shown to increase OT levels in cerebrospinal fluid (CSF) (Rault, 2016), 
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and In dog, OT increases in urine following positive stroking from humans (Mitsui et al., 2011). Conversely 

however, social situations involving dogs indicated that following intranasal administration of OT reduced 

friendliness toward the owner (Hernádi et al., 2015). Another study pig found that OT administration 

reduced social contact in neutral or positive situations but increased it in negative situations (Camerlink 

et al., 2016). A recent review by Rault et al. (2017), suggested OT may not necessarily correlate with 

positive situations or outcomes, as there is evidence that negative events also elicit an OT response. 

Furthermore, the authors stated that the current literature may be bias towards investigating positive 

valence states due to a lack of controlled experimental settings that incorporate both valence and arousal 

(Rault et al., 2017). Another impediment to its application is that the measurement of central OT remains 

constrained by the sampling methods available (Lürzel et al., 2020), particularly in a livestock setting. 

Although endogenous OT can be readily measured in blood, urine, saliva and milk (Rault et al., 2017), it 

is not it is not clear if OT levels in these matrixes are linked with central OT.  A number of studies have 

attempted to correlate peripheral OT with behavioural indices, however the majority of these reported 

inconsistent correlations between central and peripheral OT levels in humans (Kemeny and Shestyuk, 

2008; Jokinen et al., 2012; Kagerbauer et al., 2013; Striepens et al., 2013), and monkeys (James et al., 

2003). McEwen (2004), has suggested this is attributed to the fact that central and peripheral OT releases 

are governed by separate mechanisms, where central OT does not readily cross the blood brain barrier 

(BBB) (Kemeny and Shestyuk, 2008).   

It is clear that using peripheral OT as a marker of central OT is under scrutiny, and is further 

complicated by the current lack of understanding of the biological significance of peripheral OT 

(McCullough et al., 2013). Given the above issues, the use of measuring peripheral oxytocin as a 

biomarker of emotional state in animals at this stage is debatable. Future research, specifically 

investigation into the biological significance of OT in the regulation of psychological and behavioural 

states, as well as incorporation of species-specific differences, intra-induvial variations in response and 

well controlled experimental paradigms are, therefore, warranted.  
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Endorphins  

Endorphins can be found in the pituitary gland, as well as the central (CNS) and peripheral (PNS) 

nervous systems (Jain et al., 2019). They are endogenous opioid neuropeptides produced by the CNS, 

which preferentially bind to µ-opioid receptors to inhibit the communication of pain signals in PNS by 

blocking the neurotransmitter substance P (Jain et al., 2019). Within the CNS, the binding of endorphins 

to µ-opioid receptors inhibits gamma-aminobutyric acid (GABA) release, resulting in increased dopamine 

synthesis and, in some cases, increased feelings of euphoria and extreme pleasure (Sprouse-Blum et 

al., 2010). Recently it has been suggested that the release of endorphins is the neurochemical cause for 

the feeling of pleasure (Mathew and Paulose, 2011). For example, in humans, endorphins are released 

in response to various activities thought to be pleasurable or those that induce the feeling of pleasure  

(i.e.,following exercise, , love, listening to music, eating chocolate, laughter, sex and orgasm (Farhud et 

al., 2014). Furthermore, intravenous administration of µ-opiate and dopamine agonists are associated 

with positive affective states in humans (Zacny et al., 1994; Drevets et al., 2001).  

  Endorphins are also produced in response to emotional states such as fear and pain (Dalayeun et 

al., 1993). The majority of animal welfare research has investigated changes in endorphin levels in 

response to negative welfare states (i.e., pain and stress). For example, measurements of endorphins 

have been used as indicators of stress and pain procedures in pigs (Marchant-Forde et al., 2009; 

Marchant-Forde et al., 2014), compromised welfare in dairy cattle (Zbinden et al., 2017), stress 

associated with slaughter (Shaw and Tume, 1992), transport stress (Fazio and Ferlazzo, 2003), 

stereotypies in horses (Briefer Freymond et al., 2019), and pain in lambs following mulesing (Paull et al., 

2008). Few studies have investigated correlates between endorphins and positive emotional states in 

animals. Intravenous administration of µ-opiate and dopamine agonists has been shown to increase 

specific vocalizations associated with positive emotional experiences in rats (Burgdorf et al., 2001). 

Additionally, increases in plasma β-endorphins were observed in both humans and dogs during positive 

dog-human interactions (Odendaal and Meintjes, 2003).  
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As stated earlier, the majority of the literature on animals’ welfare has correlated levels of endorphins 

with negative emotional states such as pain and stress. Moreover, very few studies have investigated 

endorphin levels in livestock, even fewer focussing on positive emotional states. There is, however, 

potential for these compounds to be used in the assessment of positive emotional states but the efficacy 

and practicality of this technique requires further validation. 

Immunological markers 

The immune system is crucial in protecting the body from threats of infection and there are direct 

anatomical and functional links between the CNS and the immune system (Dockray and Steptoe, 2010). 

Studies relating to stress in both humans and animals have demonstrated links between psychological 

challenge modifications in the immune response (Padgett and Glaser, 2003; MacQueen and 

Bienenstock, 2006).  It is therefore plausible that there is a contingent of immunological markers that are 

influenced by both positive and negative emotional states (Yeates and Main, 2008). 

In humans, increased cellular immune competence has been linked with positive affect (Lutgendorf et 

al., 2001), and pro-inflammatory cytokines have been associated with feelings of optimism (Stellar et al., 

2015) (Brydon et al., 2009), and happiness (Steptoe et al., 2008). Furthermore, increases in natural killer 

cell activity (Valdimarsdottir and Bovbjerg, 1997), peripheral white blood cells (Futterman et al., 1992), 

salivary immunoglobulin-A (IgA), concentrations (Dillon et al., 1986), and interleukin (IL)-2 and IL-3, and 

decreases in IL-6 and tumour necrosis factors (for review, see (Pressman and Cohen, 2005)) are shown 

in individuals in positive affective states. Furthermore, in humans, IgA is an antibody and has the potential 

to be a marker of immune function and increases in response to positive emotional states or pleasant 

stimuli (Whitham and Wielebnowski, 2013).  

In animal studies, the majority of immune based markers are measured in response to negative 

welfare states, including those pertaining to disease, stress, pain and inflammation. Some of these 

markers include leucocyte counts, plasma proteins (including the immunoglobulins IgA, IgM and IgG), 

and pro- and anti-inflammatory cytokines (Colditz, 2002). For example, following castration in calves, 
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tests indicated higher neutrophil numbers and neutrophil: lymphocyte (N:L) ratios compared with those 

of control animals (Fisher et al., 1997). The acute phase protein haptoglobin has been shown to be 

implicated in infection and inflammation in cattle (Eckersall and Bell, 2010). Salivary IgA has been used 

as a diagnostic measure of immunity in the gastrointestinal nematodes in sheep (Shaw et al., 2012). In 

dogs, separation stress has shown to increase faecal IgA concentrations (Walker et al., 2014). 

Few studies have investigated immunological markers in response to positive welfare states. Calves 

exposed to positive stimuli (suckling) have shown increased levels of secretatory immunoglobulin A 

(SlgA), IL-2, IL-3, and lowered tumor necrosis factor (TNFa), compared with calves exposed to negative 

(frustration feeding) stimuli (Lv et al., 2018). Higher levels of IgG were found in pigs following successful 

coping in response to rewarding stimuli (food reward) (Ernst et al., 2006). Furthermore, positive and 

negative psychological experiences have been shown to affect immune system parameters in pigs 

(Tuchscherer et al., 1998). 

 Although there is emerging evidence that immune system measures can send signals to the 

brain and influence emotions (Miller et al., 2005), the exact mechanism by which this happens remains 

elusive in the current literature. Interactions between immune system functions and HPA activity have 

been have been extensively investigated (Besedovsky et al., 1991), as well as relationships between the 

immune system and emotional limbic structures within the brain (Haas and Schauenstein, 1997). 

Literature about such measurements in humans has started to uncover this dynamic and complex 

relationship. Affective states in humans are positively correlated with secretory immunoglobulin A, 

increased levels of certain cytokines (IL-2, IL-3), and decreases in others (i.e., interferon-α and TNFα) 

(Kemeny and Shestyuk, 2008). Given the anatomical similarity in the neurological structures between 

human and non-human animals, it is likely that any immunological responses elicited would also be 

similar in animals and the recent literature suggests this is so (see (Ernst et al., 2006; Gourkow et al., 

2014; Lv et al., 2018)). 
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Conclusions and future directions of current assessments of animal affects 

The objective assessment of animal welfare has advanced to include measures of animal emotions 

that are of particular interest in the assessment of positive emotions. The challenge remains in our ability 

to develop accurate and reliable markers of the physiological systems associated with emotional states. 

Although behavioural methods, including measurements of cognitive bias, have been effective at 

determining the valence of affect in a number of livestock species (see above), limitations in terms of 

training time, inter- and intra-animal variations in response, and issues relating to study design (i.e., loss 

of ambiguity), preclude their widespread application in a farming setting. Current physiological indices 

(discussed above) are commonly applied in livestock; the majority of indices being used to infer negative 

emotional states in response to stress. Although these measures provide valuable information regarding 

the emotional arousal being experienced, they often lack the specificity to distinguish between emotional 

valences (i.e., positive or negative). Furthermore, these measures are frequently taken in isolation, or if 

they are measured in correlation with other, already established, behavioural or physiological indices, the 

results are inconsistent across studies. Consequently, there is a need to develop novel biomarkers by 

which we can measure the emotional states of animals. These measures would ideally be robust, 

objective, and have the ability to differentiate between valences of affect.  

Development of novel biomarkers of animal emotion 

One biomarker type that has gained increasing interest in in the field of psychology and animal welfare 

is microRNAs (miRNAs). These molecules are involved in the regulation of genes, and in humans, have 

been implicated in number of neurological and affective conditions. MiRNA are ubiquitous throughout the 

body, including the brain (Sempere et al., 2004), and can be readily measured in blood, saliva and urine. 

Therefore, circulating miRNA has the potential to be become a biomarker of the processes involved in 

emotional regulation. Below, I investigate the current literature relating to miRNA, its involvement in the 

neural regulation of emotional states, and further discuss its potential as a diagnostic marker of emotion 

in animals.  



CHAPTER 1: 
REVIEW OF THE LITERATURE 

 

35 | P a g e  
 

Brief overview of miRNA 

MiRNAs were originally described in 1993, when it was identified that lin-4 and let-7 controlled the 

timing of nematode (C. elegans) development through incomplete base pairing to the 3′ UTRs of the 

target mRNAs to repress their translation (Lee et al., 1993; Reinhart et al., 2000; Wahid et al., 2010). 

Since then, hundreds of miRNAs have been identified, thanks to recent advancements in technology, 

including the development of high-throughput sequencing and bioinformatics (Lu et al., 2005; Chen et al., 

2019). This has allowed us to identify miRNA target genes and their functions (Lai et al., 2003; Wahid et 

al., 2010). These small (approximately 19-22 nucleotides), single stranded, non-protein coding RNA 

molecules have been identified in plants, animals and virusesMiRNA are considered critical regulators of 

nearly every aspect of mammalian biology (Blahna and Hata, 2012), where It is estimated miRNAs 

constitute nearly 1% of all predicted genes in mammals (Lim et al., 2003). MiRNAs have been shown to 

be involved in crucial biological processes, including immunity, fat metabolism, developmental timing, cell 

proliferation, apoptosis and neural patterning and plasticity (He and Hannon, 2004; Mulligan, 2011; 

Codocedo and Inestrosa, 2016; Allen and Dwivedi, 2020). 

MicroRNAs regulate gene expression post-transcriptionally by binding to complementary sequences 

at the 3’ UTR (untranslated region) of the target messenger RNA (mRNA) (Li et al., 2010; Van Meter et 

al., 2020). The miRNA target and bind to mRNA and prevent gene expression by either targeting mRNA 

for degradation, or blocking translation of mRNA into protein. It has been shown that a single miRNA has 

the ability to control the expression of multiple target mRNAs, and each mRNA can be regulated by 

multiple miRNAs (Esquela-Kerscher and Slack, 2006; Cai et al., 2009). MiRNA target mRNA with high 

specificity, and binding is usually restricted to the ‘seed’ sequence near the 5′ terminus (Cai et al., 2009). 

The seed sequence is highly conserved among species and, as a consequence, variations in the RNA 

sequence may impact its target capabilities. Alterations in expression and function of miRNAs result in 

substantial phenotypic changes associated with perturbed development and pathological conditions 

(Ruepp et al., 2010).    
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MiRNA biosynthesis  

MiRNA are produced from hairpin shaped precursors (Ambros et al., 2003; Van Meter et al., 2020). 

In animals, the genes for miRNAs are first transcribed in the nucleus by the RNA polymerase III enzyme, 

Drosha (Borchert et al., 2006), to form long primary miRNAs (pri-miRNA) (Figure 6). The pri-MIRNA is 

processed within the nucleus to form the precursor miRNA (pre-miRNA). From here, the pre-MiRNA is   

transported to the cytoplasm via exportin-5 (EXP-5), where it is then further processed by the RNase III 

type protein Dicer to form the mature miRNA. The mature MIRNA is then encapsulated with an argonaute 

(ago), protein to produce the RNA-induced silencing complex (RISC) (Wahid et al., 2010). The mature 

miRNA serves as the target recognition element within the RISC complex, while the ago protein 

component binds to the target mRNA (Kawamata and Tomari, 2010; Schirle et al., 2014). Once RISC 

binds to the target mRNA, it results in downregulation of protein expression through repressed translation 

or mRNA degradation (Van Meter et al., 2020). 

 

Figure 6: Indicates the pathway of microRNA (miRNA) biosynthesis where 1)  the transcription of the 
miRNA coding gene into primary miRNAs (pri-miRNA); 2) cleavage of pri-miRNA into precursor miRNA 
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(pre-miRNA) by the RNA polymerase III enzyme, Drosha; 3) the transport of pre-miRNA into the 
cytoplasm via the transport protein exportin-5 (EXP-5); 4) cleavage of pre-miRNA into mature miRNA 
via the RNase III type protein, Dicer; 5) The encapsulation of mature miRNA into argonaute (ago) 
protein; 6) RNA-induced silencing complex (RISC) containing mature miRNA. 

miRNA as biomarkers 

Since their discovery, over 2500 mature miRNAs have been discovered in humans (Boudreau et al., 

2014; Alles et al., 2019; Van Meter et al., 2020). Research pertaining to this discovery has provided 

knowledge of miRNA biogenesis, modes of action and their function (Van Meter et al., 2020). In humans, 

research has found that miRNA play a critical role in many biological processes, and dysfunction to 

miRNA biogenesis and dysregulation of miRNA towards target genes can result in various disease states 

(Esquela-Kerscher and Slack, 2006). They are involved in cell communication and are actively secreted 

from cells into the extracellular environment (Miretti et al., 2020). MiRNAs are highly stable in body fluids 

and have been observed in various biological fluids, such as plasma, serum, saliva, milk, and 

cerebrospinal fluids (Faruq and Vecchione, 2015) and, as a result, much research to date has 

investigated miRNAs as diagnostic markers for a number of pathological conditions including, but not 

limited to, diabetes (Guay et al., 2011), cardiovascular disease (Cheng and Zhang, 2010; Wojciechowska 

et al., 2017), cancer (Lawrie et al., 2008; Foss et al., 2011; Wang et al., 2019; Moghadasi et al., 2020), 

and various pain conditions (Sakai and Suzuki, 2015; López-González et al., 2017). 

 In recent years, the involvement of miRNAs in gene expression within neural networks has warranted 

interest in their role in human psychological conditions. MiRNAs have been shown to be implicated in 

numerous mental health conditions, including anxiety (Haramati et al., 2011; O'connor et al., 2012; 

Andolina et al., 2016; Fonken et al., 2016; Meydan et al., 2016; Narayanan and Schratt, 2020), MDD 

(Dwivedi, 2011; Mouillet-Richard et al., 2012; Lopez et al., 2014; Serafini et al., 2014; Roy et al., 2017a; 

Roy et al., 2017b; Dwivedi, 2018; Allen and Dwivedi, 2020), bipolar-mania disorder (Zhou et al., 2009; 

Kim et al., 2010; Camkurt et al., 2020), PTSD (Balakathiresan et al., 2014; Snijders et al., 2017) 

schizophrenia (Lai et al., 2011; Cattane et al., 2019; Du et al., 2019b; Santarelli et al., 2019), and OCD 

(Espinosa-Parrilla et al., 2011; Yue et al., 2020; Lin et al., 2021). MiRNAs and their target genes have 
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been identified throughout the brain (Boudreau et al., 2014), including the amygdala (Volk et al., 2016; 

Hoban et al., 2017; Shen et al., 2019; Sun et al., 2019; Roy et al., 2020), prefrontal cortex (Hoss et al., 

2016; Hoban et al., 2017; Popa et al., 2020), hippocampus (O'Connor et al., 2013; Sun et al., 2013; 

Zurawek et al., 2019), and nucleus accumbens (Eipper-Mains et al., 2011; Du et al., 2019a; Guo et al., 

2020), among others. In humans and rodents, specific miRNAs measured in the blood can provide 

information about the cellular processes involved in regulating emotion (Haramati et al., 2011; Issler et 

al., 2014; Kocerha et al., 2015). For example, a study by Haramati et al. (2011) found that chronic social 

defeat results in upregulation of miRN-34c in the central amygdala and can lead to anxiety and 

depression-like behaviours in adult mice. MiR-135a was upregulated in the raphe nuclei of mice following 

administration of antidepressants and resulted in reduced anxiety-like behaviours (Issler et al., 2014). 

This study also showed that levels of miR-135 were significantly lower in the brain and blood of depressed 

human patients and this suggested miRNA is indicative of stress resilience. Furthermore, other studies 

have identified that miR-9 has been shown to be regulated by chronic unpredictable stress and maternal 

deprivation, miR-21 is upregulated after multiple types of peripheral pain, and miR-124 was upregulated 

in key reward centres during rewarding experiences (Balakathiresan et al., 2014; Issler and Chen, 2015; 

Basak et al., 2016; Codocedo and Inestrosa, 2016).  

Once released into circulation, miRNAs can be indicative of cellular processes and states, including 

those associated with emotional processes. For example, in humans and rodents, circulatory miRNAs 

have been shown to be reliable and non-invasive diagnostic biomarkers for bipolar disorder, PTSD and 

schizophrenia (Lai et al., 2011; Rong et al., 2011; Balakathiresan et al., 2014), as well as markers of pain 

(Qureshi et al., 2016). Furthermore, miR-181a and miR-181b in nucleus accumbens and blood, have 

been shown to be indicative of positive emotional states in humans (Wingo et al., 2017). Based on these 

findings, and/or understandings of the neural networks involved in the regulation of emotional processes 

in humans, there is potential for miRNAs to be biomarkers of emotional processes in animals. Although 

there is no way of truly knowing if animals experience emotions in the same way as humans, parallels in 
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neurophysiology, neuroanatomy and behaviour are observed between humans and certain animal 

species, suggesting they may have emotional experiences similar to humans (Panksepp, 2005; Boissy 

et al., 2007b; Panksepp, 2011).  

MiRNAs as biomarkers of welfare in animals 

Although the majority of studies mentioned above have used animals as models to investigate the 

role of miRNAs in the pathogenesis of human disease and psychological conditions, very limited studies 

have investigated miRNAs as biomarkers specifically for the assessment of welfare in animals, even 

fewer on markers of positive welfare states. A recent review by Miretti et al. (2020), identified the current 

literature investigating miRNAs as biomarkers of health and welfare parameters in livestock, with 

particular emphasis on those relating to stress. For example, from the literature cited, it was highlighted 

that differentially expressed miRNAs are observed during stressful events in cattle with mastitis (Li et al., 

2014; Luoreng et al., 2018; Srikok et al., 2020)), lameness (Ioannidis et al., 2018), group relocation during 

lactation (Colitti et al., 2019), and  heat stress (Zheng et al., 2014; Li et al., 2018). In sheep miRNA 

expression is altered with bacterial infections (Qi et al., 2019; Naylor et al., 2020) and viral infection (Du 

et al., 2017; Bilbao-Arribas et al., 2019; He et al., 2019), as well as in goats following weaning stress 

(Liao et al., 2019) and feed deprivation (Mobuchon et al., 2015). Altered miRNA expression were also 

observed in pigs with viral infection (Brogaard et al., 2016; Núñez-Hernández et al., 2017; Brogaard et 

al., 2018), pain and inflammation (Lecchi et al., 2020), following weaning stress (Tao and Xu, 2013) and 

heat stress (Hao et al., 2016). Furthermore, ,viral infection (Yang et al., 2017; Kemp et al., 2020)), feed 

deprivation (Hicks et al., 2019), heat stress (Zhu et al., 2019) and transport (Lecchi et al., 2016) resulted 

in differential miRNA signatures in poultry.   

Whilst the identification of miRNA-based biomarkers is rapidly gaining attention in the field of animal 

welfare science (see above), most of these studies have investigated miRNA in response to stress. As 

mentioned earlier in this review, stress is not always a negative experience per se, but rather an adaptive 

response that prepares the organism to deal with challenges. Although stress can influence emotions 
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through appraisal, the current literature does not allow the distinction between what miRNA might alter in 

response to emotional processes, and which ones are produced in response to normal biological 

functioning in the stress response. For example, Lecchi et al. (2020) found differentially expressed miRNA 

in the saliva of piglets following tail-docking and castration. In this study miR-19b, miR-27b, and miR-365 

increased in the saliva of piglets following treatment compared with sham treatments, and that these 

effects were mitigated by pre-emptive administration of anaesthetic drugs. It is difficult to determine, 

however, if this change was in response to the affective dimension of pain (emotion appraisal of the 

stimuli), or perhaps the body’s normal response to tissue damage (i.e., an inflammatory response such 

as focal adhesion, cytokine and macrophage pathways). Furthermore, there seems to be variation in the 

time it takes for a miRNA response to occur, particularly in the case where miRNAs are measured in 

various types of body fluids or tissues. For example, miRNA changes were observed as early as 30-45 

min in saliva following tail docking in piglets (Lecchi et al., 2020), and in jejunum tissue and serum up to 

7 weeks post weaning stress (Tao and Xu, 2013). It may be that the physiological mechanisms by which 

miRNA are released into circulation (i.e., active secretion or membrane leaking (Miretti et al., 2020)), may 

differ in response timing to different stimuli as well as differences in tissue type. Additionally, there may 

be species specific variations in the types of miRNA conserved across species. Although it has been 

identified that a number of miRNAs are categorized by high sequence conservation across species (e.g., 

MiR-124) (Quach et al., 2009; Sun et al., 2012), there is evidence of species specific miRNA resulting 

from specific evolutionary lineages (Mor and Shomron, 2013). Furthermore, variability in miRNA genes 

between individuals has shown that polymorphisms in miRNA may result in phenotypic differences or 

disease susceptibility in some species (Jevsinek Skok et al., 2013; Zorc et al., 2015). However, despite 

increasing research in miRNA expression profiling, the genetic variability within miRNA genes has been 

much less explored, particularly in livestock (Zorc et al., 2015).   Finally, the investigations of miRNAs as 

biomarkers in livestock have solely focussed on the associations between miRNA and negative welfare 
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states (i.e., pain and stress). To our knowledge, no study has investigated miRNA as a biomarker of a 

positive welfare state, in particular positive emotional states.  

Conclusions  

The inclusion of measures of animal emotion or affective state is now considered a key aspect of 

animal welfare assessment (Ede et al., 2019).  Currently, a range of physiological and behavioural indices 

are used to infer the emotional states of animals. As highlighted, however, these measures often lack 

specificity, objectivity or are simply not suitable for a production environment. Physiological measures 

(including those classically associated with stress systems i.e., HPA and SAM activity), are effective at 

determining arousal but are often unable to distinguish between valences of affect. Conversely, 

behavioural parameters (including cognitive bias paradigms), can differentiate valences of affect; 

however, the time required to train the animals to perform the task, as well as the inconsistency in 

behavioural outcomes within and between individuals, makes this approach impractical for a production 

setting. In addition to this, the majority of the research in the field tends to focus on measures of negative 

affective states, with less focus on identification of measures of positive emotions in animals. Given that 

affective states in animals are now considered a fundamental aspect in animal welfare thinking, as well 

as the commitment to the facilitation and promotion of positive welfare states in animals from industry, 

the ability to assess the emotional states of animals (both positively and negatively valanced) accurately 

and objectively, remains a crucial dilemma.  

As a consequence, there is a need to identify novel biomarkers for affective states in animals. These 

biomarkers must be robust, objective, easily collectable and have the ability to distinguish valences of 

affect. Recently miRNAs have emerged as diagnostic markers for a number of neurological conditions, 

including those associated with emotional processes (Malan-Müller et al., 2013; Wingo et al., 2017).  

MiRNAs have been implicated in a number of human affective disorders, contributing to the complex 

functioning of the brain, including neurodevelopment, neurogenesis and neurological disease (De 

Strooper, 2009; Bredy et al., 2011; Codocedo and Inestrosa, 2016). Once released into circulation, 
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miRNAs can be indicative of cellular processes and states, including those associated with emotional 

processes. Therefore, these molecules have the potential to become markers of the activities associated 

with emotional processes in animals, including livestock species such as the pig.  
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Materials required: 
Table 1: Indicates materials required for the experiments in Chapter 3 

Item Quantity 

Animals 

Large White X landrace pigs (3 days old) 48 

Drug Treatments 

Pentobarbital sodium 1mL/Kg 

Bupivacaine 24mL 

Treatment materials 

Bone clipper 1 

Blood collection 

BD Vacutainer Heparin Tubes (4mL) 192 

21G 1.5 inch hypodermic needle 192 

Pipette 1 

1000uL pipette tips (RNase free) 50 

RNase-zap spray 1 bottle 

Test-tube rack (12 X 4) 2 

RNeasy protect animal blood tubes 192 

Brain collection 

Dry ice 5kg 

Plastic chopping board 2 

Stainless steel tray 3 

Bench coats 4/brain extraction 

Paper towel 10 pack 

Surgical scissors (sharp) 1 

Surgical scissors (blunt) 1 

Scalpel 2 

Scalpel blades 20 

Scales 1 

Microtome blade 1 box 

150mL specimen tub 120 

Ruler 1 

Chlorohex 1 litre 

Biohazard bag 5 

Waste bucket 2 

Peristatic pump 1 

Saline 24L 

Humane killing 

21G 1.5inch needle 1 

Disposable syringe (10mL) 1 

Laboratory 

RNeasy protect animal blood kit 1 

RNeasy universal mini kit 1 

RWT buffer 500mL 

1000uL pipette tips (RNase free) 1000 

200uL pipette tips (RNase free) 1000 
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200uL pipette tips (RNase free) 1000 

20uL pipette tips (RNase free) 1000 

2uL pipette tips (RNase free) 1000 

RNase-zap spray 1 bottle 

Ethanol (100%) 500mL 

Ethanol (70%) 500mL 

2.0mL microcentrifuge tube sterile 500 

High Sensitivity RNA Screen Tape 1box 

Screen Tape Sample Buffer 1 

Laboratory Vortex 1 

Centrifuge 1 

Chloroform 1 bottle 

Fume hood 1 

Tissue rupture/lysis system 1 

QIAzol lysis reagent 1 bottle 

Scales 1 

Brain map 1 

 

Table 2: Indicates materials required for the experiments in Chapter 4 

Item Quantity 

Animals 

Large White X landrace gilts (18 weeks old) 8 

Drug Treatments 

Fluoxetine hydrochloride 100mg/pig 

Saline Sodium Chloride 0.9% (100mL) 1 

Amoxycillin (long acting) (10mg/Kg at 150mg/mL) 

Xylocaine 5% Ointment 2 tubes 

Heparin in Saline 0.9% 1 litre 

Pentobarbital sodium 1mL/Kg 

Catheters 

Catheter tubing (1.27 OD x 0.86 ID PVC tubing) 20 meters 

Optiva 16G insertion needles 8 

Blunt catheter needle (20G) 8 

Disposable leur slip syringes (20mL) 8 

Disposable leur slip syringes (10mL) 8 

Disposable needle (16G) 8 

Catheter stoppers 8 

Stop Cox 8 

Tensoplast (7.5cm x 2.4m elastic adhesive) 1.5roll/pig 

Paper towel 5 

Chlorhexidine Gluconate sponges 8 

Chlorhexidine Gluconate 1litre 

Betadine solution 1 litre 

Ethyl Alcohol (80%) spray 1 

Superglue tube 1 

Scissors 1 

Saline Sodium Chloride 0.9% (100mL) 1 
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Rope snare 1 

Catheter pouch 8 

Metal tray 1 

Blood collection 

Saline Sodium Chloride 0.9% (1 litre) 5 

Heparin in Saline 0.9% (1 litre) 1 

BD Vacutainer Heparin Tubes (4mL) 500 

Disposable syringe (5mL) 1000 

Humane killing 

Disposable syringe (20mL) 8 

Sharp knife 1 

Laboratory 

Eppendorf microcentrifuge tube (2mL) 1000 

Disposable transfer pipettes 1000 

Cortisol Coated Tube RIA Kit 1000 

20mL falcon tube 4 

Pipette 1 

50 μL pipette tips 1000 

1000 μL pipette tips 1000 

Test tube rack 3 X (12 X4) minimum 

Laboratory vortex 1 

Water bath (37 ± 1°C) 1 

Aspirator with trap 1 

Gamma counter 1 

Centrifuge (4’C) 1 

 

Table 3: Indicates materials required for the experiments in Chapter 5 

Item Quantity 

Animals 

Large White X landrace pigs (3 weeks-20 weeks 
old) 

24 

Drug Treatments 

Pentobarbital sodium 1mL/Kg 

Housing treatments 

Dog rope toys 12 

Tennis balls 12 

Basket balls 12 

Hula Hoops 4 

Metal chains 4 

PVC piping 4 

MnMs 5kg 

Group stalls 4 

Barron stalls 12 

Heat lamps 4 

Rubber matting 4 

Judgment bias training/testing 

Arena 1 
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Chalk 1 box 

Go-pro camera 2 

Camera stand 2 

Dog bowl (red, black, blue) 1 of each 

Clicker 1 

Stopwatch 2 

Paper to record 1 

Blood collection 

BD Vacutainer Heparin Tubes (4mL) 50 

18G 1.5inch hypodermic needle 50 

Pipette 1 

1000uL pipette tips (RNase free) 50 

RNase-zap spray 1 bottle 

Test-tube rack (12 X 4) 2 

RNeasy protect animal blood tubes 50 

Rope snare 1 

Brain collection 

Hydraulic bench 1 

Liquid nitrogen 5 litres 

Dewar 1 

Dry ice 5 kg 

Plastic chopping board 2 

Stainless steel tray 3 

Bench coats 4/brain extraction 

Paper towel 10 pack 

Surgical scissors (sharp) 1 

Surgical scissors (blunt) 1 

Scalpel 2 

Scalpel blades 20 

Bone saw 1 

Scales 1 

Microtome blade 1 box 

Hammer 1 

Chisel 1 

150mL specimen tub 120 

50mL specimen tub 12 

Ruler 1 

Chlorhexidine 1 litre 

Biohazard bag 5 

Waste bucket 2 

Humane killing 

Butterfly needle system (18G) 4 

Disposable syringe (20mL) 8 

Sharp knife 1 

Xylocaine topical anaesthetic (2%) 1 tube 

Surgical tape 1 

Laboratory 

RNeasy protect animal blood kit 1 
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RNeasy universal mini kit 1 

RWT buffer 500mL 

1000uL pipette tips (RNase free) 1000 

200uL pipette tips (RNase free) 1000 

200uL pipette tips (RNase free) 1000 

20uL pipette tips (RNase free) 1000 

2uL pipette tips (RNase free) 1000 

RNase-zap spray 1 bottle 

Ethanol (100%) 500mL 

Ethanol (70%) 500mL 

2.0mL microcentrifuge tube sterile 500 

High Sensitivity RNA Screen Tape 1box 

Screen Tape Sample Buffer 1 

Laboratory Vortex 1 

Centrifuge 1 

Chloroform 1 bottle 

Fume hood 1 

Incubator (55-65’C) 1 

Tissue rupture/lysis system 1 

QIAzol lysis reagent 1 bottle 

Heated magnetic stirrer 1 

Magnetic stirring rod 1 

Beaker (2 litre) 1 

Conical flask (200mL) 1 

2mm disposable biopsy punch 12 

1mm disposable biopsy punch 12 

Ammonium sulphate 9kg 

Sodium citrate 1kg 

0.5M EDTA 500mL 

Milli-Q water 12 litters 

Scales 1 

Brain map 1 

 

Experimental procedures: 

Animal Procedures  

Brain extraction (gilt) 

1. Ensure brain in removed from the animal within 15 minutes of death in order to preserve the 

integrity of the RNA. 

2. Directly following humane killing, place the pig on top of a hydraulic bench in a supine position.  

3. Using a sharp knife, remove the head of the animal by cutting through the neck in a dorsal 

direction. (Note: cut around the spine and then turn the head in a clockwise direction to separate 

the neck vertebrae). 
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4. Place entire pig head on metal tray. 

5. Using a scalpel and scalpel blade, remove the skin around the cranium. 

6. Once the skull is exposed, use a bone saw to cut through the skill in a window formation (Figure 

7). (Note: Ensure to cut through the skull carefully so as not to damage the brain tissue with the 

saw) 

7. Expose the brain by breaking away pieces of the skull using a hammer and chisel (Figure 8). 

8. Remove the brain gently. (Note: in some cases, turning the head upside down will encourage 

the brain to come away from the skull). 

 

Figure 7: Indicates cutting of the skull in a window formation using a bone saw 

. 
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Figure 8:  Indicates exposure of the pig brain using hammer and chisel 

Brain extraction (piglet) 

1. Ensure the brain in removed from the animal within 15 minutes of death in order to preserve the 

integrity of the RNA. 

2. Directly following humane killing, place the pig on top of the work bench in a supine position.  

3. Perfuse the brain with ice cold saline by inserting a needle (blunt 18Gx 1.5inch), attached to a 

hose, into the right aorta and then the carotid artery.   

4. Turn on perfusion machine. 

5. Make an incision in the left ventricle to ensure the saline is circulating through the brain before 

returning to the heart.  

6. Keep perfusion machine running until liquid from the left ventricle runs clear (approximately 1 

minute). 
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7. Using a sharp knife, remove the head of the animal by cutting through the neck in a dorsal 

direction. (Note: cut around the spine and then turn the head in a clockwise direction to separate 

the neck vertebrae). 

8. Using a scalpel and scalpel blade, remove the skin around the cranium (Figure 9). 

9. Once the skull is exposed, use surgical bone clippers to cut through the skull in a circular manner.  

10. Expose the brain by breaking away pieces of the skull using surgical forceps  

11. Remove the brain gently. (Note: in some cases, turning the head upside down will encourage 

the brain to come away from the skull). 

 

Figure 9 Indicates exposure of the skull by removing the skin on top of the cranium 

. 

Tissue preparation for RNA analysis 

1. Once the brain is removed, immediately submerge the entire brain into a tub with ice cold saline. 

2.  Place the whole brain on a chopping board (Note: place the chopping board on a bed of ice to 

ensure the working surface is cold prior to brain extraction.  

3. Using a microtome blade, first cut the entire brain into two sagittal sections (Figure 10). (Note: 

Do not use a saw action to slice the brain tissue, instead use long clean slices). 
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4. Immediately place the right cerebral hemisphere into a 50mL specimen tub, submerge in liquid 

nitrogen and then store at - 80˚C for further analysis. 

5. Using a microtome blade and a ruler, make 5mm coronal sections (rostral to caudal) along the 

left cerebral hemisphere.  

6. Place each section into a labelled 150 mL specimen tub containing 100 mL RNA stabilising 

solution. Store at - 20˚C for further analysis. 

 

 

Figure 10: A) entire pig brain; B) brain cut into right and left cerebral hemispheres, and C) left 
hemisphere prior to coronal sectioning 

Laboratory Procedures:  

Drug preparation 

Fluoxetine hydrochloride 

1. Prepare 4 × 20 mL syringes by adding 100 mg of fluoxetine hydrochloride powder to each syringe.  

2. Immediately prior to drug administration add 10 mL saline to each tube. 

3. Slowly invert tubes to ensure all fluoxetine is dissolved. 

4. Using a 20 mL syringe, draw up 15 mL fluoxetine solution. 

5. Immediately but slowly (5 mL / min) administer fluoxetine solution through ear vein catheter line.  

6. Flush line with 2 mL saline.  

7. Dispose of syringe once used. 

RNA stabilizing solution preparation 

This procedure makes 1 litre of RNA stabilising solution: 

1. Weigh 700 g of ammonium sulphate and place into a 2-litre beaker. 

2. Add 935 mL of milli-Q water. 
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3. Place beaker on magnetic heat stirrer and spin with magnetic flea (approximately 10 minutes 

until solution is dissolved). 

4. Meanwhile, in a 200 mL conical flask, mix 1 M sodium citrate by adding 58.8 g of sodium citrate 

to 100 mL of milli-Q water.  

5. Once ammonium sulphate has dissolved, add 25 mL of the sodium citrate solution and 40 mL of 

0.5 M EDTA.  

6. Mix well and distribute 100 mL of the RNA stabilising solution into 150 mL specimen tubs. 

7. Store at room temperature until use. 

Radio-immunosorbent Assay (RIA) 

1. For detection of cortisol in plasma, ensure collection of whole blood into 4 mL BD Vacutainer 

Heparin tubes.  

2. Following blood collection, centrifuge BD Vacutainer tubes (10 min at 1000 × g). 

3. Using a disposable pipette, transfer the top plasma layer (clear) into labelled 2 mL 

microcentrifuge tubes and store at - 20’C until RIA analysis (Note: a minimum of 25 μL of 

plasma is required to perform cortisol RIA analysis). 

4. Prior to RIA analysis, label coated tubes for standards, controls and samples. 

5. Bring all standards, samples, controls, coated tubes, and CORTISOL-125I (tracer), to room 

temperature prior to use. 

6. Turn on the water bath and set to 37’C. 

7. Turn on the gamma counter. 

8. Prepare standards to working concentrations of 0, 1.0, 3.0, 10, 30 and 100 μg / dL. 

9. Pipette 25 μL of each standard, control and patient sample into its respective coated tube. 

10. Add 1.0 mL of the tracer to all tubes and vortex for 15 sec. 

11. Incubate each tube for 45 min at 37 ± 1°C. 

12. Working behind a fume hood, aspirate or decant the contents of each tube. (Note: If 

decanting, blot the rim of the tubes on absorbent paper before turning upright.) 
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13. Immediately count the tubes in a gamma counter calibrated for tracer 125I. 

14. Discard all leftover reagents in the biohazard bin.  

Extraction of brain RNA 

1. Remove specimen tubs containing 5 mm thick coronal brain sections from the freezer and thaw 

to room temperature. 

2. Using the stereotaxic atlas of the pig brain developed by Félix et al. (1999), identify the amygdala 

(Figure 11). 

3. Prior to extraction, bring all reagents from RNeasy plus the universal mini kit to room temperature 

and prepare stock solutions according to the manufacturer’s instructions. 

4. Turn on centrifuge and set to 4°C. 

5. Clean all equipment with RNase-zap spray prior to use. 

6. If working alone, it is recommended to extract total RNA from no more than six samples at a time.  

7. Label 6 × 3 mL round-bottom test tubes and add 2 mL QIAzol to each. 

8. Using a 2 mm biopsy punch, remove tissue sample from withing the amygdala from the coronal 

section, weigh and place in a test tube (Figure 12). 

9. Immediately disrupt the tissue and homogenise the lysate using the tissue lysis system, a 

process usually taking 30-40 sec. (Note: clean the rupture probe between samples using RO 

water). 

10. Place tubes on ice on the bench for 5 min to promote dissociation of nucleoprotein complexes. 

11. For each sample, pipette 1 mL of the sample into a 2 mL microcentrifuge tube and store at -

80°C. 

12. Pipette the remaining 1 mL into a labelled 2 mL Eppendorf tube, add 100 μL gDNA eliminator 

solution, secure cap and vortex for 15 sec. 

13. Working behind a ventilation hood, add 180 μL of chloroform, vortex for 15 sec and place on the 

bench at room temperature for 3 min. 
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14. Centrifuge samples at 4°C (20000 × g) for 15 min. Note: this step should cause samples to 

separate into 3 phases, an upper aqueous phase, a middle white interphase and a lower red 

phase. The aqueous phase should be approximately 600 μL. 

15. Set centrifuge to room temperature. 

16. Transfer the upper aqueous phase into a new, labelled 2 mL microcentrifuge tube, add 1 volume 

(usually 600 μL) of 70% ethanol, pipette up and down and vortex for 15 sec. 

17.  Transfer 700 μL of the sample into a RNeasy mini spin column, then place in a 2 mL collection 

tube. 

18. Centrifuge at room temperature (8000 × g) for 15 sec. 

19. Carefully remove the column and discard the flow through. 

20. Repeat steps 18-19 with any remaining samples. 

21. Add 700 μL of RWT buffer to the RNeasy spin column and centrifuge at room temperature (8000 

× g) for 15 sec. 

22. Carefully remove the Column and discard the flow through. 

23. Add 500 μL of RPE buffer to the spin column and centrifuge at room temperature (8000 × g) for 

15 sec. 

24. Carefully remove the Column and discard the flow through. 

25. Add 500 μL of RPE buffer to the spin column and centrifuge at room temperature (8000 × g) for 

two min. 

26. Carefully remove the Column and place back into a new 1.5 mL collection tube. 

27. Add 30 μL - 50 μL of RNase-free water directly into the spin column. 

28. Close the lid and centrifuge at room temperature (8000 × g) for one min to elute the RNA. 

29. Immediately test the integrity of the RNA using RNA screen tape assay. 

30. Store total RNA at -80°C. 
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Figure 11: Indicates identification of the amygdala (red circle), in the coronal section of a pig brain. 
Region identified and figure adapted from Félix et al. (1999). 

 

Figure 12: Indicates A) the left hemisphere coronal section of a pig brain with the amygdala intact, and 
B) Indicates the left hemisphere coronal section of a pig brain with the amygdala dissected. 

Extraction of whole blood RNA 

1. Remove RNA, protect animal blood tubes from freezer, and thaw at room temperature for 2 h. 
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2. Set incubator to 55°C 

3. Prior to extraction, bring all reagents from the RNeasy protect animal blood kit to room 

temperature and prepare stock solutions according to the manufacturer’s instructions. 

4. Centrifuge animal blood tubes at room temperature (5000 × g) for 3 min. 

5. Decant the supernatant and add 450 μL of RNase-free water to the pellet and vortex until 

dissolved. 

6. Centrifuge animal blood tubes at room temperature (5000 × g) for 3 min. 

7. Decant the supernatant and add 240 μL RSB buffer and vortex until dissolved. 

8. Transfer sample to a new 2 mL microcentrifuge tube and separately add 200 μL RBT buffer and 

20 μL of proteinase K, vortex for 15 sec and incubate at 55°C for 10 min. 

9. Remove samples and set incubator to 65°C. 

10. Pipette sample into QIAshredder column. 

11. Centrifuge at full speed for 3 min. 

12. Transfer the flow-through to a new 1.5 mL tube. Note: do not disturb the pellet. 

13. Add 690 μL of 100% ethanol and vortex for 15 sec. 

14. Pipette 700 μL of the sample into a RNeasy mini-elute column. 

15. Centrifuge at room temperature for 1 min (8000 × g) and discard flow-through. 

16. Repeat steps 14-15 until all of the sample is used. 

17. Add 350 μL of RWT buffer, centrifuge at room temperature for 15 sec (8000 × g), and discard 

the flow-through. 

18. For each sample, mix 10 μL of DNase 1 stock solution with 70 μL of RDD buffer (80 μL total). 

Note: do not vortex. 

19. Pipette 80 μL of DNase 1 incubation mix (from step18) directly into the spin column, incubate at 

room temperature for 15 min. 
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20. Add 350 μL of RWT buffer to the column, centrifuge at room temperature for 15 sec (8000 × g), 

discard the flow-through. 

21. Add 500 μL of RPE buffer to the column, centrifuge at room temperature for 15 sec (8000 × g), 

discard the flow-through. 

22. Add 500 μL of 80% ethanol to the column, centrifuge at room temperature for 2 min (8000 × g), 

discard the flow-through 

23. Carefully remove the column and place into a new 2 mL microcentrifuge tube (lid cut off). 

24. Centrifuge at room temperature for 5 min (10000 × g) and discard the flow-through. 

25. Carefully remove the column and place into a new 1.5 mL microcentrifuge tube and add 30 μL 

of REB buffer directly into the column, centrifuge at room temperature for 1 min (8000 ×g). 

26. Incubate the eluted RNA at 65°C for five min. 

27. Immediately test the integrity of RNA using RNA screen tape assay. 

28. Store total RNA at -80°C. 

Total RNA concentration and integrity testing 

1. Allow reagents to equilibrate at room temperature for 30 min. 

2. Thaw total RNA samples of ice or perform on ice immediately following extraction. 

3. Prepare sample by mixing 5 μL of RNA sample buffer and 1 μL of RNA sample. 

4. Vortex and spin down at 200 ×RPM for one min. 

5. Load samples into tape station instrument. 

6. Place RNA screen tape into instrument and specify file name. 

7. Click start. 
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Contextual Statement 
 

It is generally agreed that the assessment of animal welfare should consider incorporation of 

emotional states. Negative emotions such as pain can have detrimental effects on livestock productivity, 

as well as implications for animal welfare and public perception. Consequently, there are economic and 

social incentives in being able to identify and mitigate animal pain on farm.  

To date, measures to assess the physiological aspects of pain and their effects on emotional 

processing in animals are currently limited. Current measures used in the assessment of pain in animals 

tend to rely on a number of behavioural and physiological indices. These methods can be seen as 

subjective or lacking in sensitivity, can be variable in outcome, and are unable to distinguish between the 

type of pain or degree of pain experienced by the animal. Furthermore, these measures may more closely 

reflect arousal responses rather that emotional responses to pain given their change in activity during 

both positive and negative experiences.  

In light of these issues with current pain assessment methods, new methods of accurately 

assessing pain are needed.  Recently, miRNAs have emerged as potential biomarkers of the neural 

activity associated with pain, including the affective-dimension of pain processing. These molecules 

regulate gene expression and are implicated in neuronal network plasticity within the nervous system. 

They are easily measured in blood, saliva, urine and faeces, and therefore have the potential to be 

biomarkers of pain processes in animals. In Chapter 3, I investigated if miRNAs measured in the blood 

of piglets could be used as markers of the neural activity in the brain associated with pain processing in 

response to tail docking. I further investigated if changes in brain miRNAs were similar to those in blood, 

thus indicating the efficacy of circulating miRNA as a proxy marker of brain miRNA activity associated 

with pain processes. This chapter is formatted for publication only and not yet submitted for publication. 
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Figure 5. Indicates relative gene expression of selected miRNA candidates following treatment in blood at -1 (A), +1 (B), +2 (C) and +6 (D) hours following 

treatment. Data are Log2 transformed where significant difference is indicated by presence of asterix at P=<0.05.   
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Table 1. Indicates the 51 differentially expressed miRNA within the Periaqueductal-Grey (PAG), between animals exposed to tail-docking (TD) and control 

(Control). MiRNA candidates highlighted in blue represent those selected based firstly on order of significance and then previously found to be involved in 

pain processes. MiRNA candidates highlighted in grey represent novel miRNA candidates selected based on order of significance. 

ID miRbase ID Fold Change P-val FDR P-val Sequence References 

20500122 hsa-let-7e-3p -13.26 1.92E-07 0.007 CUAUACGGCCUCCUAGCUUUCC (Orlova et al., 2011; He and Wang, 2012) 

20500256 mmu-miR-99b-3p -2.83 1.03E-06 0.0153 CAAGCUCGUGUCUGUGGGUCCG (Bai et al., 2007; Cui et al., 2018) 

20500259 mmu-miR-124-5p -12.55 1.26E-06 0.0153 CGUGUUCACAGCGGACCUUGAU (Bai et al., 2007; Willemen et al., 2012; Elramah et al., 
2017) 

20500285 mmu-miR-137-5p -3.25 1.17E-05 0.0155 ACGGGUAUUCUUGGGUGGAUAAU (Liu et al., 2009) 

20501266 mmu-miR-381-5p -4.75 4.77E-06 0.0155 AGCGAGGUUGCCCUUUGUAUAUU  

20501150 mmu-miR-7a-2-3p -3.25 4.00E-06 0.0155 CAACAAGUCCCAGUCUGCCACA (Sakai et al., 2013) 

20501795 mmu-miR-412-3p -5.81 1.92E-05 0.0155 UCACCUGGUCCACUAGCCG  

20500269 mmu-miR-128-1-5p -3.95 1.31E-05 0.0155 CGGGGCCGUAGCACUGUCUGA  

20500361 mmu-miR-129-5p -3.95 1.31E-05 0.0155 CUUUUUGCGGUCUGGGCUUGC (Yu et al., 2019; Tian et al., 2020) 

20500612 dme-miR-285-3p -3.25 1.17E-05 0.0155 UAGCACCAUUCGAAAUCAGUGC  

20501957 gga-miR-29b-2-5p -5.81 1.92E-05 0.0165 AGCUGGUUUCACAUGGUGGCUUAGA  

20501439 rno-miR-127-5p -5.81 1.92E-05 0.0165 CUGAAGCUCAGAGGGCUCUGAUU  

http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0004485
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0004525
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0004527
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0016986
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0017081
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0017070
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0001094
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0016982
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0000209
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0000356
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0031072
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0017117
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20501792 mmu-miR-411-5p -5.81 1.92E-05 0.0165 UAGUAGACCGUAUAGCGUACG  

20501793 mmu-miR-411-3p -5.81 1.92E-05 0.0165 UAUGUAACACGGUCCACUAACC  

20502243 mmu-miR-431-5p -2.54 3.42E-05 0.0248 UGUCUUGCAGGCCGUCAUGCA  

20504209 rno-miR-543-3p -7.39 5.13E-05 0.0255 AAACAUUCGCGGUGCACUUCU  

20508386 mml-miR-99b-3p -8.37 3.84E-05 0.0255 AAGCUCGUGUCUGUGGGUCCG (Bai et al., 2007; Bjersing et al., 2013) 

20503095 hsa-miR-412-3p 2.05 5.43E-05 0.0255 ACUUCACCUGGUCCACUAGCCGU  

20508249 gga-miR-1767 -5.36 4.35E-05 0.0255 AGGCGAGGAGAACAGCAGCU  

20508161 gga-miR-1700 -6.68 4.96E-05 0.0255 CAUCAGAGGGAUAGGAUGGAC  

20504153 rno-miR-412-3p -7.39 5.13E-05 0.0255 CUUCACCUGGUCCACUAGCCGU  

20502708 dre-miR-129-5p -6.47 5.77E-05 0.0255 CUUUUUGCGGUCUGGGCUUGCU  

20505092 bta-miR-345-5p 2.05 5.43E-05 0.0255 GCUGACUCCUAGUCCAGUGCU  

20506711 hsa-miR-1180-5p -5.79 5.46E-05 0.0255 GGACCCACCCGGCCGGGAAUA  

20504217 hsa-miR-487b-5p 2.05 5.43E-05 0.0255 GUGGUUAUCCCUGUCCUGUUCG  

20506632 cre-miR1155 2.05 5.43E-05 0.0255 UAGUCCUGCACGAGGAAGGAGC  

20502759 dre-miR-218a -6.47 5.77E-05 0.0255 UUGUGCUUGAUCUAACCAUGUG  

http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0004747
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0001093
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0001418
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0003175
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0026812
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0002170
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0007675
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0007592
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0003124
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0001825
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0003800
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0026735
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0026614
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0005404
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0001868
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20513904 eca-miR-703 -11.56 0.0001 0.0356 AAAACCUUCAGAAGGAAAGGA  

20511457 osa-miR2096-3p -4.22 0.0001 0.0356 CCUGAGGGGAAAUCGGCGGGA  

20519489 hsa-miR-4685-5p -2.95 0.0002 0.039 CCCAGGGCUUGGAGUGGGGCAAGGUU  

20518817 hsa-miR-4442 -7.44 0.0002 0.039 GCCGGACAAGAGGGAGG  

20515560 hsa-miR-3147 -7.44 0.0002 0.039 GGUUGGGCAGUGAGGAGGGUGUGA  

20521895 mmu-miR-299b-3p -7.94 0.0002 0.039 UAUGUGGGACGGUAAACC  

20518958 oar-miR-379-5p -7.44 0.0002 0.039 UGGUAGACUAUGGAACGUAGGC  

20515196 tgu-miR-29b-2-5p -7.94 0.0002 0.039 UGGUUUCACAUGGUGGCUUAGA  

20514056 eca-miR-412 -7.44 0.0002 0.039 UUCACCUGGUCCACUAGCCG  

20525220 gga-miR-6587-3p -2.23 0.0002 0.0416 UGCUGGAAGUGGUGCUGGAGGCU  

20526754 sbi-miR6224a-3p -11.7 0.0002 0.0423 CUUAUAUACUAGGACGGAGGG  

20525306 gga-miR-6666-3p -8.26 0.0002 0.0423 UCGGGUGAUGAGGACAGGAGGA  

20526031 mmu-miR-7033-5p -11.7 0.0002 0.0423 UCUCCAGGAGUCUGAGGGGCAGG  

20525383 hsa-miR-6716-5p -11.7 0.0002 0.0423 UGGGAAUGGGGGUAAGGGCC  

20525993 mmu-miR-7014-5p -11.7 0.0002 0.0423 UUGGGUGCUGUGGAAGGGACAG  

http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0013002
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0010057
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0019771
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0018960
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0015019
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0022837
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0019247
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0014651
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0013155
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0025679
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0026415
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0025767
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0027970
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0025844
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0027932
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20526885 hsa-miR-7162-3p -7.6 0.0002 0.046 UCUGAGGUGGAACAGCAGC  

20526865 hsa-miR-7152-3p -7.6 0.0002 0.046 UCUGGUCCUGGACAGGAGGC  

20528998 bdi-miR7766-3p -7.28 0.0003 0.0462 CGAGGCUGACUGGGACUAAGCGGC  

20529781 hsa-miR-8071 -3.22 0.0003 0.0462 CGGUGGACUGGAGUGGGUGG  

20530037 ppe-miR395a-3p -7.28 0.0003 0.0462 CUGAAGUGUUUGGGGGGACCC  

20528074 lja-miR7539 -7.28 0.0003 0.0462 UCGAGAGAGAGAGCGACGAGG  

20527773 gga-miR-7466-3p -5.97 0.0003 0.0462 UUUUCCUGUAGAGGAAGCAGGAG  

20530334 hbv-miR-B14RC-3p -2.68 0.0003 0.0465 AGGAGGGGUCUGGGAGAGAAGGG  

 

  

http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0028235
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0028215
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0030281
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0030998
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0031478
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0029365
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0029087
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0031772
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Contextual Statement 
 

In order to validate novel biomarkers for the assessment of positive emotions in animals, it is first 

necessary that we have the ability to identify when regions of the brain associated with positive emotional 

processes become activated. Accurate identification of this activity can then provide a basis from which 

to investigate novel biomarkers, including miRNA. Activation of specific neural networks, including the 

serotonergic-reward pathway, are possible through pharmacologically-induced means (i.e., through 

administration of selective serotonin reuptake inhibitors, or SSRIs). Traditionally, SSRI compounds have 

been used to modify affective states in human patients suffering from various psychological disorders, 

where the majority of these exhibit their effects by restoring neurotransmission along various neural 

circuits. A chain reaction to this is that SSRI administration often results in alterations to other, down-

stream biological systems. One such alteration includes increased activity of the hypothalomo-pituitary-

adrenal (HPA) axis, resulting from increased neural firing to the hypothalamus. A corollary to this is of 

increased synthesis in neuropeptides that ultimately increase circulating levels of glucocorticoids (i.e., 

cortisol). Thus, circulating glucocorticoids, including cortisol, have the potential to be markers of brain 

activity in response to SSRI treatment.  

Therefore, the purpose of Chapter 4 was to investigate the efficacy of measuring circulating 

cortisol as an indicator for the effective delivery of a single intravenous dose of the SSRI, fluoxetine 

hydrochloride, to a pig brain.   
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Contextual Statement 
 

Due to recent trends in animal science, the assessment of animal welfare has now advanced to 

incorporate measures of emotional or affective states, with particular emphasis placed on tools that can 

assess positive emotions in animals. In line with this change in research direction, the development of 

novel biomarkers that can accurately and objectively assess positive emotional states in animals are 

necessary. These biomarkers must be robust, have the ability to differentiate between valences of affect, 

and require validation against traditional behavioural and physiological indices.  

One such biomarker that has recently gained attention is miRNA. In human research, circulating miRNAs 

have been used as diagnostic markers for a number of conditions and disease states, including those 

associated with emotional processes. Given their similarities to humans, including likeness in 

neuroanatomy and neurophysiology, these molecules therefore have the potential to be biomarkers of 

emotional processes in animals.  

Chapter 5 investigates miRNA expression in the brain and blood of pigs. I explore the efficacy of miRNAs 

as biomarkers of positive emotional states following exposure to husbandry conditions assumed to elicit 

alterations in emotional processes. Judgment bias and brain neurotransmitter concentrations were used 

as corroborating markers of positive valence in pigs.  
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Research Summary 
 

Over the last few decades, the field of animal welfare science has rapidly gained momentum and 

emphasis has been placed on the identification of methods that can provide accurate welfare 

assessment.  In wake of this, the assessment of welfare in animals used in agriculture has now advanced 

to include measures of their emotional/affective state. The affective experience can vary in terms of 

valence, arousal and motivation, and comprises physiological, behavioural and cognitive components. 

To date, the most meaningful assessments of animal emotion incorporate the biological 

functioning/activity arising when animals attempt to cope with their environment, and involve physiological 

systems classically associated with stress, as well as a range of neurological, immunological, 

endocrinological and behavioural responses. Although these markers (or biomarkers) can provide 

information about the activation of these systems to infer the emotional experience in animals, they can 

often lack objectivity and specificity, are often unable to differentiate the valence of affect or are simply 

not suitable for a production environment. Furthermore, these measures are often used to evaluate 

negative affect, with far less focus on identification and development of positive emotions in animals. 

Consequently, there is a need to identify novel biomarkers of emotional states in animals. These 

measures must be robust, objective, and easily collectable. Furthermore, they must have the ability to 

distinguish valences of affect.  

Recently, miRNAs have emerged as diagnostic markers for a number of neurological conditions, 

including those associated with emotional processes. These molecules are ubiquitous throughout the 

body and can be readily measured in a range of matrixes, including tissue, blood, saliva and urine. In the 

periphery, circulating miRNAs have been used as indicators for various disease states, including 

psychological conditions such as anxiety and depression. Therefore, miRNAs have the potential to be 

biomarkers of the neural activity associated with emotional processing. Here, I hypothesised that miRNAs 

would be expressed differentially in the brain and blood during different affective states in pigs. 

Furthermore, I anticipated that the expression of circulating miRNA could be used as a biomarker for the 
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neural activity associated with emotional processes, thus providing a proxy marker of emotional states in 

pigs. Through this body of work, three experimental chapters were conducted where I aimed to identify 

miRNA-based biomarkers for both negative and positive emotional states. 

In Chapter 3, miRNA expression was investigated as a potential biomarker for pain in piglets in 

response to tail-docking, with and without anaesthetic. It was hypothesised that 1) the pain in response 

to tail docking would result in differentially expressed miRNAs in both the blood and brain of piglets, and 

that this expression would be modulated by local anaesthetic, and 2) the expression of miRNAs would 

be similar between blood and brain, indicating that circulating miRNAs could be used as a reliable proxy 

marker of brain miRNA expression associated with pain processes. The results of this study revealed two 

miRNAs (namely, miR-412 and miR- 7a) were differentially expressed within the brain following 

treatment. Specifically, miR-412 was significantly downregulated in the PAG in both TD and TDA 

treatments compared with the control animals. However, no difference in miR-412 expression was 

observed between TD and TDA treatments, suggesting the anaesthetic did not modulate the pain 

response. Furthermore, miR-7a was downregulated in the PAG of animals in TD treatment compared 

with animals in TDA treatment, but this relationship was not reflected between TD vs control treatments 

or TDA vs control treatments. Lastly, there was no significant effect of treatment on miRNA expression 

within the AMY or in blood at any timepoint.  

A number of factors may account for the results observed in this study. In relation to mirR-412 expression, 

it is a likely possibility that the effects of the anaesthetic, and thus its pain modulatory response, were 

ineffective, or at least diminishing in effect, at the time of tissue collection. This may account for the lack 

of difference observed between TD and TDA treatments. The use of an extended-release form of 

anaesthetic, or an additional dose of anaesthetic closer to the time of tissue extraction, would be 

beneficial to incorporate in future studies to ensure the pain response from the TD treatments is 

sufficiently blocked at the time of tissue collection.  
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Tissue and nerve injuries as a result of amputation can lead to the formation of traumatic neuromas that 

reflect neuropathic or phantom limb pain. Previously, differentially expressed genes have been implicated 

in neuropathic pain conditions, including gene families linked to inflammation, macrophage, 

neurohormone and opioid peptide activity in response to tail-docking in pigs. Here, miR-7a was 

differentially expressed between TD vs TDA animals, suggesting that miR-7a may be implicated in the 

above processes. However, we would also have expected miR-7a to be differentially expressed between 

TD and TDA vs control animals. Given this was not the case, there may have been direct anaesthetic 

effects on the miR-7a response, including anti-inflammatory effects, which have been observed 

previously in humans. A limitation in this study was not including an additional measure of inflammation 

(i.e., pro- and anti-inflammatory cytokines), in order to elucidate the potential role miR-7a plays in 

inflammation processes.  

A further impediment to the study design may be the time of blood sampling. In this study we observed 

no difference in miRNA expression in the blood at any timepoint, thus were unable to correlate changes 

in brain miRNA expression with changes in blood. It may be that the study design did not allow the 

identification of any potential acute changes in expression as the first blood sample was taken 1 hour 

following treatment. Previously, differentially expressed miRNA expression was observed in saliva 30-45 

minutes following tail docking and castration in pigs. Given the results from this study, and the fact that 

miRNAs can respond rapidly (i.e., < 30 min in circulation) in response to pain processes, additional 

sampling times closer to the time of treatment are required to determine if any response in miRNA was 

missed. Furthermore, the process of blood collection has previously been shown to induce stress in 

animals. If this were the case here, there is a potential for any changes in miRNA response to be masked 

by the stress of handling/restraint and/or pain from the needles. Future research would benefit from 

investigating miRNA in samples collected from a less invasive method (i.e., via saliva), especially when 

acute changes in miRNA in saliva have previously been observed in response to pain processing.   
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Following a noxious stimulus, nociceptive signals transmit to brain areas including the somatosensory 

cortices and limbic structures associated with the sensory aspect of pain (i.e., intensity and location) and 

the affective aspects of pain (i.e., perception and attention), respectively. Consequently, it would be 

expected that differential expression of miRNA would be observed in both PAG and AMY, providing 

evidence of emotional processing in response to pain signals. Here, no difference in miRNA expression 

was observed in the AMY tissue, which it makes it difficult to determine if expression of miR-412 and 

miR-7a were implicated in the affective dimension of pain, or merely associated with other pain 

processes, including inflammation. It would have been useful to incorporate behavioural indices into the 

experimental design (i.e., specifically operant behavioural tests or conditioned place avoidance 

paradigms, providing information on an animal’s learned responses related to the emotive attributes of a 

noxious stimuli). This then may allow any differences in the brain to be validated against the behavioural 

outputs that are used to infer emotional valence. Additional measures of autonomic functioning, including 

heart rate, respiration rate, body temperature and inflammatory cytokines would further assist in teasing 

apart the miRNA response observed in the PAG and should be considered in future.  

In order to validate novel molecular measures (i.e., miRNA), of emotion in pigs, it was first 

necessary to ascertain that pharmacologically induced activation of specific neural circuits were possible 

in pigs, in particular those circuits associated with emotional processes. In humans, SSRIs are commonly 

prescribed to patients suffering from psychological conditions such as anxiety and depression, where 

these compounds act to increase serotonergic tone throughout these pathways. Previously, the neural 

networks and regions of the brain involved in serotonergic transmission have been identified, and these 

pathways can directly innovate brain structures associated with endocrine modulation, including 

activation of the HPA axis associated with glucocorticoid synthesis. In Chapter 4, the circulating cortisol 

response was used as a biomarker of effective delivery of a single intravenous dose of the SSRI, 

fluoxetine hydrochloride, to the pig brain. The outcomes of this study suggest that administration of the 

SSRI resulted in increased mean circulating cortisol profiles in the pigs, thus providing evidence that 
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activation of the HPA axis had occurred via effective delivery of SSRI to the serotonergic reward pathway. 

Despite these findings, investigation of individual cortisol profiles in response to SSRI treatment revealed 

high interindividual variations, with pigs displaying either the expected, unorthodox or no response. Whilst 

a number of factors are known to influence the cortisol response (i.e., sex, diurnal rhythm, feed intake, 

level of exercise, body weight), these factors were standardised in the study design and thus should not 

have impacted the results. Previous evidence in humans identifies genetic, cognitive, neuroendocrine, 

as well as personality factors linked to variations in SSRI efficacy. Thus, individual genetic differences 

relating to 5-HT transmission (i.e., receptor number and type, receptor function, polymorphisms in 

transporter genes, and polymorphisms in genes encoding 5-HT synthesis) (Kroeze et al., 2012; Lin et al., 

2014), as well as environmental factors (i.e., stress) (Kovacs et al., 2014; Bi et al., 2021) may account for 

the variations observed in this study. Environmental factors, including human handling during the 

experiment or perhaps the confined and isolated housing conditions employed in this study, may have 

been considered stressful events by some of the pigs, thus potentially influencing HPA activity.  

 Although the mean data suggest the circulating cortisol response can be used as a biomarker 

of effective delivery of fluoxetine hydrochloride to the pig brain, future research requires that inter-

individual differences are taken into account. Research that incorporates larger sample sizes may aid in 

attenuating the observed variations in cortisol response. Longer habituation periods with increased 

positive human-animal interactions, as well as reducing the time animals are kept separated from pen 

mates, may minimise any environmental effects on HPA activity in response to potential stress. Genetic 

factors known to influence SSRI efficacy (mentioned above), including HPA axis reactivity, could not be 

accounted for in this study. The animals used in this study were selected at 18 weeks old and born from 

varying maternal and paternal lines. Future research should consider selecting animals from the same 

litter to reduce genetic diversity between individuals and minimise the potential for genetic variability in 

SSRI response. Furthermore, measurement of 5-HT concentrations in brain regions (i.e., raphe nuclei, 

amygdala, and hypothalamus), as well as measures of neuroendocrine function associated with cortisol 
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synthesis (i.e., ACTH concentrations) may allow further distinctions between individual variations in 

cortisol responses.  

The assessment of emotional or affective states in animals can be challenging, particularly the 

assessment of positive emotions, given there is a scarcity of identified behavioural or physiological 

biomarkers specific to these states. Currently, the most commonly-applied measures used to infer 

positive emotional states in animals include a number of behavioural responses (in particular behavioural 

tests such as judgment bias tests), as well as markers of activation of brain regions associated with 

reward processing (i.e., neurotransmitters such as 5-HT and DA). To date, judgement bias tests have 

been successful in determining the valence of affect in a number of species, including rodents, sheep, 

dogs, poultry, cattle and pigs. The assumption underlying these tests is that following discrimination 

training between positive and aversive stimuli, under ambiguity, animals that behave in a manner 

normally associated with a positive stimulus are said to have enhanced expectation of a positive outcome 

and this implies a positive emotional state. The opposite applies for negative states. Although these tests 

are considered effective in determining valences of affect in animals, they often require lengthy training 

times and thus are not suitable for a production environment. Furthermore, the necessity for extraction 

of brain tissue and complex laboratory analysis to measure levels of neurotransmitters, again renders 

this method of assessment impractical for production settings. Despite this, behavioural tests such as 

judgement bias and other biological markers of emotion (i.e., neurotransmitters), have the potential to be 

used as corroborating measures when attempting to validate novel biomarkers of emotion. Thus, in 

Chapter 5 I investigated the efficacy of miRNAs in brain and blood as biomarkers of positive emotional 

states in pigs. I anticipated that husbandry practices known to result in positive welfare outcomes (highly 

enriched housing) would lead to a more positive emotional state in the animals compared with practices 

known to compromise welfare outcomes (barren housing). Additionally, I expected that miRNA 

expression in the blood would be similar to that in the brain, and thus circulating miRNA could be used 

as a proxy-marker of positive emotions in pigs. The level of brain neurotransmitters (5-HT, DA and their 
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retrospective metabolites) as well as judgment bias were used as corroborating measures to infer the 

emotional status in pigs. The findings of this study identified that enriched housing resulted in elevated 

DA and its metabolite DOPAC within the striatum of pigs, but this change was not reflected in the 

Amygdala or PFC. Conversely, treatment had no effect on 5-HT concentration, behaviour during the JBT, 

or on miRNA expression in the blood or brain.  

In regards to the null difference in miRNA expression between treatment groups, the result can be 

interpreted as either A) miRNAs are not likely to be valid biomarkers of positive affective states, or B) that 

the treatments employed were not sufficient to modify affective states in the test pigs. In relation to the 

first interpretation, the current literature on pigs has identified differentially expressed miRNA profiles in 

response to various stress events such as weaning stress, heat stress, castration and tail docking. These 

events likely trigger the body’s stress systems, which ultimately results in the activation of neurological, 

endocrinological and immunological responses. Perhaps in contrast with the current literature 

investigating miRNA efficacy, particularly in negative states, it could be assumed that in this study the 

environmental change employed to induce positive states had a relatively lower impact on the 

pathological processes and/or stress systems by comparison. MiRNAs may therefore only be useful 

biomarkers as a consequence of events or treatments that are relatively invasive in nature, or impact on 

physiological systems, including those associated with stress. Further study would be necessary to 

confirm by means of investigating miRNAs in response to additional assumed positive events that have 

been shown to activate stress systems (i.e., during mating or social play (Koolhaas et al., 2011; Villalba 

and Manteca, 2019)).   

In Chapter 5 it was further hypothesised that pigs housed in enriched conditions would experience a 

more positive affective state and result in positive bias in the JBT. However, no difference in behaviour 

was observed between enriched and barren treatments, indicating that either the treatment was 

insufficient to alter the affective state or perhaps factors relating to training/testing design compromised 

the JBT results. A number of issues relating to the housing conditions, including the type of enrichment 
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provided, potential incidences of aggression between individuals in enriched housing, as well as potential 

of rebound behaviour during the JBT in pigs exposed to barren conditions, may have been confounding 

factors that compromised the behavioural outcomes in the JBT. Furthermore, a number of problems may 

have arisen during testing which could have affected latency outcomes, including a loss of ambiguity 

towards the ambiguous cue, as well as pigs learning to associate the ambiguous stimulus with an 

unrewarded outcome. In order to overcome these issues in future research, I put forward a number of 

suggestions that may help to minimise these effects.  It would be beneficial if future studies include the 

provision of different types of enrichment, including natural substrates assumed to be pleasurable and 

promote biological functioning (i.e., straw, wood shavings, and bark) (Bracke and Hopster, 2006). 

Furthermore, incorporation of additional behavioural observations in enriched housing treatments, 

including the level of activity towards enrichment, as well as an account of behaviours considered to 

reflect both positive (i.e., play), and negative (i.e., aggression, or tail biting), states will ensure that the 

positive effects of enrichment are not being overcome by negative behavioural events. Additionally, 

during testing of pigs, a design that incorporates either a secondary reinforcer (i.e., a clicker or auditory 

cue used in conjunction with the food reward in the positive stimulus and again in conjunction with the 

non-rewarded ambiguous stimulus), or a partial reinforcer (i.e., reducing the number of times the positive 

stimulus is rewarded), may maintain pig responsiveness towards the ambiguous stimulus (Cardoso et 

al., 2009; Keen et al., 2014).  

Lastly, although DA concentration significantly increased in the striatum of enriched pigs, the lack of 

difference in DA concentration in the other brain regions (i.e., the Amygdala and PFC) was surprising. 

Given these brain regions have high interconnectivity in their neural networks and are all known to be 

implicated in emotional regulation, it makes it difficult to conclude the change in striatal DA was a direct 

response to emotional processing alone, so perhaps another biological process (i.e., movement, attention 

or arousal) was involved. Moreover, DA is implicated in behavioural control and considered essential for 

reward-related processes such as reward learning, and thus I would have expected this difference to be 
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observed in the behavioural data. Given this was not the case, it makes it difficult to draw conclusions 

regarding the affective state of the pigs based on the DA data alone.  

Conclusions and future directions 
 

 The ability to identify the welfare of animals accurately is critically dependant on our ability to 

assess their constituent affective states. This is because it is now widely recognised that animals are 

sentient, having the capacity to experience both positive and negative emotions. Traditional measures 

used to infer the emotional states in animals include a range of behavioural and physiological indices, 

likely derived from the biological functioning of the animal as it attempts to cope with challenges, including 

neurological, physiological and behavioural components. Unfortunately, these measures, especially 

when used in isolation, lack specificity, are unable to determine valences of affect, or are not suitable for 

a production environment. As a result, the development of novel ways in which we can assess the 

emotions of animals accurately has gained momentum in the realm of animal welfare research. However, 

in order to develop new ways in which we can assess the emotions of animals, an understanding of the 

neurobiological processes involved in emotions, and how these processes impact other biological 

systems (i.e., behaviour and physiology) is paramount. Furthermore, novel measures of emotion must 

be robust, have the ability to differentiate between valences of affect, as well as be validated against 

existing behavioural and physiological parameters. 

This thesis describes an investigation into miRNAs’ efficacy as biomarkers of emotional states 

in pigs.  Differentially expressed miRNAs were observed in the brain in response to pain, suggesting a 

potential for their application as markers of negative emotional states. However, this difference was not 

reflected in blood and thus the functionality of circulating miRNA as a biomarker for pain processing is 

arguable in this case. Nonetheless, additional sampling of circulating miRNA will allow any acute 

response in miRNA expression to be captured. Further investigation is also required to determine what 

role these miRNAs play in the pain response, in particular, their targets and functions. This may allow for 
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differentiation between the neural process pertaining to negative emotional processing or perhaps other 

responses to tissue damage including inflammation. Furthermore, the efficacy of miRNAs as biomarkers 

of negative emotional states still requires validation via corroboration with other physiological or 

behavioural parameters. It is also important to mention the potential genetic differences in miRNA genes 

between individuals. Variability in miRNA genes that result in polymorphisms in miRNA genes, and thus 

their function, may have accounted for some of the variability observed in these studies.  

In this body of work, the investigation into miRNAs’ efficacy as biomarkers for positive emotional 

states revealed inconclusive results. No difference in miRNA expression was observed in the brain or 

blood in animals exposed to environments presumed to elicit positive affective states. As mentioned, a 

number of factors relating to the study design may have compromised the study’s outcomes and, given 

the absence of an adjunct measure indicative of the valence of response (i.e., behavioural or 

physiological indices), I am unable to confirm the validity of miRNAs as biomarkers of positive emotional 

states. The outcomes of this study are therefore not agreeable with the null hypothesis, at least under 

the type of conditions employed in this study. However, given their promise in the literature on humans, 

as well as the necessity to develop measures of emotions in animals, I recommend further investigation 

into their utility in this endeavour is warranted. 
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Contextual Statement 
 

 

 

The assessment of animal welfare has evolved to include measures of positive welfare states, which is 

now considered an important aspect of animal welfare thinking. To date, the majority of animal welfare 

assessment tools tend to rely on physiological and behavioural measures indicative of negative welfare, 

including measures of negative affective (emotional) state. In comparison to these measures, 

assessment tools that can accurately identify positive emotions in animals are underdeveloped, 

particularly where physiological indices taken, are unable to differentiate between positive or negative 

effect. As a consequence, the most practical and meaningful measures used to assess positive emotions 

in animals regularly rely on behavioural assessment.  

The supporting documentation provided below reviews the current literature pertaining to behaviours 

used to assess positive emotions in animals. The documentation discusses the various behavioural 

indices previously used in the assessment of positive emotions and highlights potential limitations with 

their use, including issues with interpretation of behavioural data, observer bias and behaviour 

subjectivity.  
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