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Abstract 

Pain and negative affect (anxiety and depression) modulate one another reciprocally. 

However, the neurobiological mechanisms underlying this interaction are unclear. The 

endogenous opioid system plays a key role in regulating pain and affect but its role in 

pain-negative affect interactions, and the influence of genetic background thereon, is 

poorly understood. The inbred Wistar-Kyoto (WKY) rat, a genetic model of anxiety and 

depression, displays increased sensitivity to noxious stimuli (hyperalgesia), compared 

with the control Sprague-Dawley (SD) strain. The overarching hypothesis of this thesis 

is that alteration in the expression and/or functionality of the opioid system in key 

components of the descending pain pathway underpin hyperalgesia to inflammatory pain 

in the WKY rat, compared with SD counterparts. 

The results show that WKY rats were hyporesponsive to the mu-opioid receptor (MOP) 

agonist morphine, administered systemically or into the ventrolateral periaqueductal grey 

(vlPAG), in the hot plate and formalin tests, compared to SD counterparts. Morphine-

induced effects on neuronal activity in regions downstream of the vlPAG were blunted in 

WKY rats. WKY rats were also hyporesponsive to kappa-opioid receptor (KOP) 

modulators, U50488 and DIPPA, in response to acute heat and inflammatory stimuli. In 

addition, WKY rats displayed exaggerated mechanical allodynia compared to SD 

counterparts in the complete Freund’s adjuvant (CFA) model of chronic inflammatory 

pain. Moreover, CFA induced a modest impairment in recognition memory in SD, but 

not in WKY, rats. Lastly, chronic SNC80 and DIPPA treatment had no effect on any of 

the behavioural domains (nociceptive responding/depression/cognition) in the CFA 

model in SD rats. 

In conclusion, these findings suggest that the vlPAG is a key locus for hyporesponsivity 

to MOP agonism in the WKY rat and a deficit in MOP-induced recruitment of the 

descending inhibitory pain pathway may underlie hyperalgesia in the WKY rats. 

Alteration in the KOP system may also contribute to the WKY behavioural phenotype. 

Furthermore, the results also provide evidence for genotype-dependent exacerbation of 

nociceptive responding in the CFA model of chronic inflammatory pain. Taken together, 

these results extend our understanding on the role of the opioid system in altered 

nociceptive responding in the WKY rats genetically predisposed to negative affect. 
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1. Chapter 1: General introduction 

 

1.1. Pain 

The International Association for the Study of Pain (IASP) defines pain as an unpleasant 

sensory and emotional experience associated with actual or potential tissue damage, or 

described in terms of such damage (IASP Task Force on Taxonomy, 1994). The 

experience of pain is complex and multidimensional. Pain can be considered to comprise 

of three aspects: sensory-discriminative (intensity, location, duration, temporal pattern, 

and quality of the stimulus), affective-motivational (associated unpleasantness and urge 

to escape the unpleasantness), and cognitive-evaluative (thoughts, beliefs, attitudes, 

intentions, and motivations related to pain). These dimensions of pain experience are 

processed in discrete but interconnected regions in the central nervous system (CNS) 

(Melzack and Casey, 1968; Price, 2000) and will be discussed in later sections. 

The ability to perceive pain is required for survival and maintaining integrity of the 

organism. Depending on its duration, pain can be categorised as either acute or chronic. 

Acute pain, resulting from an intense noxious stimulus (e.g. after touching a hot surface), 

is adaptive in nature and protects the organism from injury or tissue damage. However, 

in the setting of persistent injury (and sometimes even in the absence of any noxious 

stimulus), components of the pain transmission pathway of both the peripheral and central 

nervous systems exhibit plasticity that enhances pain signalling, producing 

hypersensitivity. When these changes persist, it results in the maladaptive chronic pain 

condition (Basbaum et al., 2009). 

Based on the aetiology, chronic pain (defined as pain persisting or recurring for more than 

3 months) is inflammatory, neuropathic, or idiopathic in nature (Aguggia, 2003). It is 

generally characterised by exacerbated sensory symptoms, including allodynia (pain in 

response to normally non-painful/innocuous stimulus) and hyperalgesia (increased pain 

response to painful stimuli). Chronic pain has been associated with emotional distress, 

decrease in daily activities and occupational productivity, interference in social roles, thus 

affecting the overall quality of life of the patients (Breivik et al., 2006; Meints and 

Edwards, 2018). It is a significant global health problem and common in both developed 

(37%) and developing (41%) countries (Tsang et al., 2008). Pain also imposes a huge 

economic burden on society. The total healthcare cost associated with pain in the United 



Chapter 1: General Introduction  

2 

 

States has been estimated at $560 to $635 billion per year, with average annual cost of 

treating patients with chronic pain being three times higher than of individuals without 

chronic pain (Gaskin and Richard, 2012). In Ireland the total cost of treating chronic pain 

is estimated at €5.34 billion per year, with costs increasing according to the severity of 

pain (Raftery et al., 2012). Current approaches to pain management include 

pharmacological treatment with opioid analgesics, non-steroidal anti-inflammatory drugs 

(NSAIDs), local anaesthetics, antidepressants, anticonvulsants, and gabapentinoids, as 

well as non-pharmacological methods such as cognitive-behavioural therapy, 

acupuncture, meditation, physiotherapy, medical devices, and psychotherapy (Coutaux, 

2017; Hylands-White et al., 2017). However, the available treatment options are not 

always effective (Breivik et al., 2006) and associated with unwanted side effects such as 

nausea and vomiting, constipation, gastrointestinal irritation and ulceration, respiratory 

depression, and with some drugs, development of tolerance and addiction (Hylands-

White et al., 2017). 

Furthermore, the intensity of pain does not always correlate with total tissue damage 

following an injury or inflammation and can be influenced by emotionality. It is now 

widely accepted that stress and negative affective states (anxiety/depression) can exert a 

complex modulatory influence on pain experience (Asmundson and Katz, 2009; Wiech 

and Tracey, 2009; Jennings et al., 2014; Olango and Finn, 2014). In addition, individuals 

suffering from chronic pain have high rates of comorbid psychiatric disorders including 

anxiety and depression (Poole et al., 2009; Beesdo et al., 2010; Gadermann et al., 2012; 

de Heer et al., 2014), which may further reduce activity and quality of life of the patients. 

It has been reported that patients with chronic pain are more likely to present with 

depression (21% vs 10%) or anxiety (35% vs 18%) when compared to the general 

population (McWilliams et al., 2003, 2004). It has also been hypothesised that negative 

affect can influence the transition from acute to chronic pain (Linton, 2000). However, 

the causal association between pain and anxiety/depression is yet unclear, with findings 

supporting both an antecedent and consequent association (Knaster et al., 2012). 

Nevertheless, pain and negative affect share a complex reciprocal relationship, whereby 

one can aggravate the other, which support the concept of a self-perpetuating cycle of 

events that may underpin the chronic nature of such comorbid disorders. Therefore, a 

better understanding of the pain-negative affect interaction is warranted both from basic 

research and therapeutic standpoint. 
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1.2. Neural pathways mediating and modulating pain 

A subpopulation of peripheral neurons called the nociceptors respond to intense and 

potentially noxious stimuli. These specialised neurons have their cell bodies in the dorsal 

root ganglia (DRG) for the body and the trigeminal ganglia for the face, head and neck 

region. The central axon of nociceptors innervates the dorsal horn of the spinal cord 

(DHSC) and the peripheral axon terminates in the target organ (soma or viscera). Based 

on the properties of axons, primary afferent neurons can be divided into three types: (1) 

large diameter myelinated Aβ-fibres of fast conduction velocity that respond to innocuous 

(non-nociceptive) mechanical stimulation (e.g. light touch, vibration); (2) medium 

diameter myelinated Aδ-fibres of intermediate conduction velocity that mediate acute, 

well-localised fast type of pain; and (3) thin unmyelinated C-fibres of slow conducting 

velocity that evoke a later poorly localised long-lasting dull pain (for review see Millan, 

1999). 

The peripheral endings of nociceptive primary afferents contain specialised transducer 

ion channels such as the transient receptor potential (TRP), acid-sensing ion channel 

(ASIC), and potassium channels (Woolf and Ma, 2007; Basbaum et al., 2009). Activation 

of these receptors in response to noxious stimuli of either thermal (heat or cold), 

mechanical, or chemical origin results in an influx of cations, generating action potential 

that relay nociceptive signal to the DHSC. In addition, a variety of substances (including 

glutamate, substance P, kinins, nitric oxide, histamine, adenosine, prostaglandins, and 

cytokines) released during tissue injury can directly activate or sensitise primary afferent 

neurons (Rosenthal, 1949; Stern et al., 1962; Hokfelt et al., 1975; Jahr and Jessell, 1983; 

Ferreira and Lorenzetti, 1994; Malmberg and Yaksh, 1994). The C-nociceptors project 

primarily to the superficial dorsal horn (laminae I and II) whereas the A-fibres terminate 

in the superficial layer (lamina I) as well as the deep layers (laminae III, IV, V, and X) of 

the dorsal horn (Willis, 1985). The primary afferent neurons synapse onto interneurons 

or second order neurons in the dorsal horn (or in the hindbrain in case of trigeminal 

ganglia). These second order neurons decussate (cross the midline to the contralateral 

side) at the spinal cord level and synapse onto the ascending fibres, relaying nociceptive 

signal to supraspinal (brain) regions (Nathan et al., 2001) (Figure 1.1). 
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1.2.1. Ascending pain pathways 

The ascending pain projection pathways are highly complex and include the 

spinothalamic, spinoreticular, spinomesencephalic, spinoparabrachial, 

spinohypothalamic, and spinocervical tracts (Willis and Westlund, 1997; Millan, 1999; 

Almeida et al., 2004). Of these, the spinothalamic tract, which originates from the 

superficial and deep layers of the dorsal horn and projects to the thalamus and onward to 

the cerebral cortex, is particularly relevant to the sensory-discriminative and 

motivational-affective aspects of the pain experience (Hodge and Apkarian, 1990). The 

spinothalamic tract also projects collaterally to the midbrain periaqueductal grey (PAG) 

matter (Zhang et al., 1990). The spinothalamic tract can be further subdivided into three 

pathways: (a) the ventral spinothalamic tract, projecting to nuclei of the lateral complex 

of the thalamus and onto the somatosensory cortex, is involved in the sensory-

discriminative component of pain; (b) the dorsal spinothalamic tract, projecting to the 

posterior medial and intralaminar nuclei of the thalamus, is involved in the emotional-

cognitive aspects of pain; and (c) the monosynaptic spinothalamic pathway, projecting 

directly to the medial central nucleus of the thalamus, is also involved in the affective 

dimension of the pain experience (Albe-Fessard et al., 1985; Millan, 1999). Similar to the 

neurons of the spinothalamic pathway, the spinomesencephalic tract originates from the 

superficial and deep layers of the dorsal horn and projects to the midbrain including the 

PAG. This bundle is particularly important in mediating the autonomic and motivational-

affective responses to pain (Willis and Westlund, 1997; Almeida et al., 2004). 

The spinoreticular tract, which originates mainly from the deep layers and, to a lesser 

extent, superficial layer of the dorsal horn, carries nociceptive information to the 

brainstem and is more relevant to poorly localised pain (Basbaum et al., 2009). The 

afferents of the spinoreticular bundle predominantly innervate the medial reticular 

formations, including the rostral ventromedial medulla (RVM), and onward to the 

thalamus and hypothalamus. This tract is also involved in mediating the emotional aspect 

of pain but more importantly in the modulation of brainstem regions that are responsible 

for descending suppression (Lima et al., 1991; Almeida et al., 2004). 

The spinoparabrachial tract originates from laminae I, II, and III of the dorsal horn and 

directly innervates the parabrachial nucleus (PBN) that, in turn, projects predominantly 

to the hypothalamus and amygdala and also to the PAG (Bernard et al., 1996; Gauriau 

and Bernard, 2002). In addition, the PBN receives indirect input from the spinoreticular 
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and spinomesencephalic fibres. The parabrachial pathway is involved in the thermal (heat 

and cold), mechanical, and visceral nociceptive processing along with autonomic, 

neuroendocrine, and motivational-affective responses to pain (Bester et al., 1997; 

Buritova et al., 1998; Millan, 1999). 

Lastly, the neurons of the spinohypothalamic and spinocervical tracts originate mainly 

from the deep layers and, to a lesser extent, from the superficial lamina I of the dorsal 

horn. The spinohypothalamic fibres project to the hypothalamus (and onward to the 

thalamus, amygdala, and striatum) and are associated with the autonomic, motivational-

affective, and alert responses to pain originating from the soma and viscera (Millan, 1999; 

Almeida et al., 2004). The spinocervical tract relays to the lateral cervical nucleus of the 

spine and onward to the thalamus that, in turn, projects further to the somatosensory 

cortices (Brown, 1981). The spinocervical bundle is involved in the sensory-

discriminative, motivational-affective, and autonomic responses of pain (Millan, 1999). 

Neuroimaging studies have demonstrated an extensive network of neural substrates, 

referred to as the “pain neuromatrix”, that are activated by a noxious stimulus (Tracey 

and Mantyh, 2007). The thalamus is a key relay site for reception, integration, and transfer 

of nociceptive inputs to several cortical and limbic structures (Turner and Herkenham, 

1991; Casey et al., 1994). Other areas including the PBN, PAG, prefrontal cortex (PFC), 

amygdala, hippocampus, striatum, and hypothalamus receive direct or indirect 

nociceptive inputs via ascending fibres (Derbyshire et al., 1997). Some of these regions 

are also involved in processing affect, emotion, motivation, and cognition. As such, these 

supraspinal regions accessed by multiple ascending pathways work in concert to produce 

sensory, affective, and cognitive aspects of pain experience. Moreover, these brain 

regions are themselves extensively interlinked and interact with mechanisms of 

descending modulation of pain at the level of DHSC as discussed below in section 1.2.2. 
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Figure 1.1: Ascending path pathways. Two of the main ascending pain pathways, 

spinothalamic and spinoparabrachial tracts, are depicted here (black arrow shows the 

direction of neurotransmission). Primary afferent (Aδ- or C-fibres, in red) neurons convey 

noxious information via the DRG to projection neurons within the DHSC. The 

spinothalamic pathway (in blue) transmits information to the cortex via the thalamus and 

provides information about the sensory-discriminative dimension of the painful stimulus. 

Neurons in the spinoparabrachial pathway (in purple) project to the PBN and onward to 

the hypothalamus, amygdala, and cortex, contributing to the affective-cognitive 

component of the pain experience. AMYG: amygdala, CTX: cortex, DRG: dorsal root 

ganglia, DHSC: dorsal horn of the spinal cord, HYPO: hypothalamus, PAG: 

periaqueductal grey, PBN: parabrachial nucleus, THAL: thalamus, RVM: rostral 

ventromedial medulla. Adapted from (Jennings, 2015). 
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1.2.2. Descending pain pathway 

The gate-control theory, first described by Melzack and Wall in 1965, postulated the 

operation of a neural gate in the DHSC to control activation of ascending projections 

(Melzack and Wall, 1965). This theory, along with subsequent work involving 

chemical/electrical stimulation and pharmacological manipulation of specific supraspinal 

regions (Reynolds, 1969; Mayer et al., 1971; Yeung et al., 1977; Willis, 1988; Fields et 

al., 1991), has greatly contributed to the understanding of the central mechanisms that 

modulate pain. The descending pain modulatory pathway is now a well-characterised 

anatomical network that enables regulation of nociceptive processing under various 

circumstances to either supress (inhibition) or enhance (facilitation) nociception (for 

review see Millan, 2002) (Figure 1.2). Descending pathways, originating from cerebral 

structures, modulate nociception generally by altering the release of neurotransmitters 

[e.g. noradrenaline, serotonin, dopamine, endogenous opioids, gamma aminobutyric acid 

(GABA)] from neurons largely within the DHSC that include the terminals of primary 

afferent neurons, secondary sensory neurons, and interneurons (Basbaum and Fields, 

1984; Millan, 1999). Interestingly, the substrates and supraspinal regions involved in 

descending inhibition and facilitation of nociception are often identical (Millan, 2002). 

 

 

 

 

 

 

 

 

 



Chapter 1: General Introduction  

8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Descending pain modulatory pathway. Neurons (in cyan) originating from 

higher brain regions such as the cortex, amygdala, and hypothalamus project to the PAG 

and RVM and finally to the SC where modulation (inhibition or facilitation) of 

nociceptive transmission occurs (black arrow shows direction of neurotransmission). 

Cortical areas can also project to the LC (dotted cyan line). The LC, in turn, projects 

directly to the dorsal horn and modulate nociceptive neurotransmission in the SC. 

AMYG: amygdala, CTX: cortex, DRG: dorsal root ganglia, HYPO: hypothalamus, LC: 

locus coeruleus, PAG: periaqueductal grey, RVM: rostral ventromedial medulla, SC: 

spinal cord. Adapted from (Jennings, 2015). 
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1.2.2.1. Descending inhibition 

Descending inhibition involves suppression of the activity of ascending pain pathways by 

supraspinal regions, which include the hypothalamus, locus coeruleus (LC), PBN, RVM, 

PAG, and limbic (amygdala) and cortical (insula, cingulate, frontal and parietal) areas 

(Millan, 2002). These higher brain regions with projections descending directly to the 

dorsal horn, primarily the superficial layers (Basbaum et al., 1978; Ruda et al., 1981), 

modulate nociceptive neurotransmission at the level of the spinal cord (Willis and 

Westlund, 1997; Millan, 2002). The basolateral nucleus of amygdala (BLA) receives 

highly processed information from the thalamus and cortex (prefrontal, insular, and 

anterior cingulate cortices) (McDonald, 1987; Augustine, 1996; Shi and Davis, 1999) and 

projects onto the central nucleus of amygdala (CeA) (Paré et al., 1995; Pitkänen et al., 

1997). The CeA serves as a major output toward the hypothalamus (Hopkins and 

Holstege, 1978; Bourgeais et al., 2001) and brainstem regions including the PAG 

(Hopkins and Holstege, 1978; Da Costa Gomez and Behbehani, 1995a; Pitkänen et al., 

1997; Oka et al., 2008). The PAG is also interconnected with the PBN (Mantyh, 1983; 

Gauriau and Bernard, 2002) that, in turn, projects onto the spinal cord (Ma and 

Peschanski, 1988; Yoshida et al., 1997). Additionally, the PAG receives afferents from 

the hypothalamus, and limbic forebrain regions (Keay and Bandler, 2001). Finally, the 

PAG relays to the RVM that further projects to the spinal dorsal horn (Basbaum and 

Fields, 1979; Beitz et al., 1983; Mantyh, 1983; Fields et al., 1995). The RVM can 

modulate nociceptive neurotransmission at the level of spinal cord through the activity of 

its ON and OFF cells, with OFF cells suppressing pain (descending inhibition) (Fields et 

al., 1977, 1983a; Heinricher et al., 1989; Millan, 2002). Hence, the amygdala, PAG, and 

RVM comprise major sites for this “top-down” pain modulating system which, when 

activated, either from within the PAG, RVM or higher centres, elicits antinociceptive 

response by inhibiting nociceptive transmission at the DHSC (Millan, 2002). 

1.2.2.2. Descending facilitation 

Descending facilitation refers to the potentiation of ascending transmission of nociceptive 

information from the DHSC via activity of top-down pathways (Porreca et al., 2002; 

Zhuo, 2017). Under basal conditions, the majority of nociceptive dorsal horn neurons are 

under tonic descending influence. Hence, a ‘balance’ between facilitation and inhibition 

dampens excessive sensitivity to a noxious stimulus, maintaining a baseline state of 

sensory processing that can be modified depending on physiological demand (Laird and 
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Cervero, 1990; Watkins et al., 1994). However, under pathological conditions, persistent 

nociceptive input can induce neuroplastic changes that perturb this balance, favouring a 

sustained facilitatory influence that manifests behaviourally as enhanced pain (Vanegas 

and Schaible, 2004). 

Descending facilitation has been proposed to contribute to chronic pain states and 

subsequent development and maintenance of hyperalgesia and/or allodynia (Urban et al., 

1996; Pertovaara, 1998; Wang et al., 2013a) and possibly pain-associated emotional 

disorder (Zhuo, 2016). Furthermore, descending facilitatory influences have been 

implicated in paradoxical increased pain conditions caused by sustained opioid exposure 

(Vanderah et al., 2001). The neurobiological mechanisms underlying sustained 

facilitation of nociceptive information that result in a chronic pain state remain poorly 

understood. However, it has been suggested that increased nociceptive stimuli due to 

tissue injury or inflammation elicit enhanced afferent input to the spinal dorsal horn 

(Porreca et al., 2002). Such sustained afferent input has been hypothesised to initiate a 

facilitated pain state (Baron et al., 2013) since application of a local anaesthetic 

(lidocaine) to the site of nerve injury prevents development of tactile and thermal 

hypersensitivity (Malan et al., 2000).  

Anatomically, there is no separation between the supraspinal regions involved in 

descending inhibition and facilitation (Millan, 2002). Of particular importance is the 

RVM that can either facilitate or inhibit spinal nociceptive transmission via activation of 

ON and OFF cells, respectively (Heinricher et al., 1989). Converging evidence suggests 

that an increase in ongoing activity of RVM ON cells may contribute to the descending 

facilitation and consequently exaggerated pain response (Bederson et al., 1990; Neubert 

et al., 2004; Kincaid et al., 2006; Sanoja et al., 2010; Cleary and Heinricher, 2013). 

Although most studies examining descending facilitation have focused on the RVM-

spinal cord connection, higher brain regions may also influence this phenomenon. One 

such emerging region of interest is the anterior cingulate cortex (ACC). Several studies 

have reported that activation of ACC enhances nociceptive transmission directly in spinal 

dorsal horn (Chen et al., 2014; Kang et al., 2015) or indirectly in downstream brain 

regions, including the RVM (Calejesan et al., 2000), which then facilitates spinal 

nociception. Taken together, these studies suggest contribution of both cortical and 

subcortical regions in the top-down descending facilitation of pain. 
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1.2.3. Pathophysiology of chronic pain 

Normally descending pain facilitatory and inhibitory systems function in concert, 

maintaining a baseline state of sensory processing (Vanegas and Schaible, 2004). This 

equilibrium can be modified during an acute injury or inflammation that generally 

resolves, restoring the balance between descending inhibition and facilitation. However, 

for reasons that are not yet understood completely, an imbalance in descending pain 

modulation can persist over time even after the removal of the causal stimulus, resulting 

in pathological chronic pain states (Terayama et al., 2000; Porreca et al., 2002; Kwon et 

al., 2014; Ossipov et al., 2014). The mechanism of chronic pain is complex and growing 

evidence indicates that the development and maintenance of chronic pain state involves 

alteration in pain modulatory pathways and hypersensitisation of the peripheral and 

central nervous systems (Aguggia, 2003; Basbaum et al., 2009). 

Persistent pain associated with injury or diseases (e.g. arthritis) can result from alterations 

in the properties of peripheral nerves, leading to increased spontaneous firing and 

decreased activation threshold (Aguggia, 2003; Basbaum et al., 2009). Peripheral 

sensitisation commonly occurs as a consequence of tissue damage that results in the 

accumulation of inflammatory agents (such as substance P, prostaglandins, bradykinin, 

neurotrophins, cytokines, and chemokines) within or near the site of injury. These 

endogenous factors, collectively referred to as the “inflammatory soup”, reduce threshold 

of nociceptors, thereby enhancing excitability of primary afferent fibres and heightening 

their sensitivity to noxious (hyperalgesia) or innocuous (allodynia) stimuli (Curatolo et 

al., 2006). This phenomenon results in an amplified nociceptive input to the spinal cord, 

which in turn may cause an increase in neuronal activity in the dorsal horn, known as 

central sensitisation. 

Central sensitisation refers to a state of hyperexcitability in the CNS, leading to enhanced 

processing of nociceptive signals (Woolf, 1983). Abnormal sensory processing, which 

persists beyond the normally expected timecourse of tissue insult, can induce neuroplastic 

changes within descending pain pathways, perturbing the balance between inhibitory and 

facilitatory activities (Porreca et al., 2002; Zhuo, 2017). Hence, increased activity of the 

descending facilitatory pain pathway may contribute to central sensitisation that, in turn, 

can lead to the development of chronic pain. Moreover, reduced top-down recruitment of 

descending inhibition has been implicated in chronic pain (Terayama et al., 2000; De 

Felice et al., 2011; Cheriyan and Sheets, 2018). Other mechanisms, such as increased 
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glutamatergic neurotransmission and reduced GABAergic interneuron activity in spinal 

dorsal horn, alteration in serotonergic neurotransmission in different brain sites, and 

activation of microglia and astrocytes in the spinal cord, may contribute to enhanced 

facilitation and diminished inhibition of nociceptive signals, resulting in manifestation of 

chronic pain (Zhang et al., 2000; Rahman et al., 2006; Torsney and MacDermott, 2006; 

Keller et al., 2007; Basbaum et al., 2009; Beggs and Salter, 2013). 

1.3. Emotional modulation of pain 

1.3.1. Interactions between pain and stress/affect 

Stress is experienced by all animals and generally refers to a biological response to a 

potentially dangerous or threatening situation. Stress causes a disturbance in the 

homeostasis of an organism which leads to alterations in physiology and behaviour 

(Chrousos, 2009). Stress can exert a complex bidirectional effect on pain. Depending on 

the nature, intensity, and duration of the stressful or aversive stimulus, nociceptive 

responding is either reduced (stress-induced analgesia, SIA) or exacerbated (stress-

induced hyperalgesia, SIH) during and/or following exposure to stress. SIA is a potent 

form of pain suppression, typically occurring during or following a stressful stimulus that 

is robust and intense but acute in nature. SIA is an innate adaptive response and therefore 

has protective, survival value (Bolles and Fanselow, 1980). A plethora of studies has 

demonstrated conditioned and unconditioned SIA in humans and rodents and mechanisms 

underlying this phenomenon have been studied extensively in animal models (Yamada 

and Nabeshima, 1995; Ford and Finn, 2008; Butler and Finn, 2009). A greater 

understanding of the neurobiological mechanisms underpinning SIA will aid in 

understanding of endogenous analgesia and inform the development of novel therapeutic 

strategies to better treat pain. 

On the other hand, stress can also heighten sensitivity to, or exacerbate the experience of, 

pain via the phenomenon of SIH. Prolonged or repeated exposure to physical or 

psychological stress may result in maladaptive alterations, resulting in exacerbated 

nociceptive responding in humans (Rhudy and Meagher, 2000; Dufton et al., 2008; Kuehl 

et al., 2010; Crettaz et al., 2013; Ortego et al., 2016) and rodents (Imbe et al., 2004; 

Gameiro et al., 2006; Chung et al., 2009; Dina et al., 2009; Le Roy et al., 2011; Quintero 

et al., 2011; Qi et al., 2016). For instance, stress can amplify intensity and severity of 

perceived pain in irritable bowel syndrome (Blanchard et al., 2008; Popa et al., 2018), 
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headaches (Schramm et al., 2015), and abdominal pain (Walker et al., 2012). In addition, 

it is now well-documented that stress can amplify existing symptoms associated with 

chronic pain. Thus, stress is an important aetiological factor for a number of chronic pain 

disorders such as musculoskeletal pain disorders (including arthritis and neck/low back 

pain), complex regional pain syndrome, and fibromyalgia (Grande et al., 2004; Nilsen et 

al., 2007; Zautra et al., 2007; Kraatz et al., 2013; Heidari et al., 2016; Buscemi et al., 

2019). Although SIH is of high clinical relevance, neurobiological mechanisms 

underlying this phenomenon are relatively less studied. 

Stress can also be a predisposing factor for neuropsychiatric disorders, including anxiety 

and major depressive disorder (Davidson and McEwen, 2012). Moreover, negative 

affective states (anxiety and depression) share a complex reciprocal relationship with 

pain, and this also constitutes a particular area of clinical interest within the context of 

stress-pain interactions. Alteration (an exacerbation in most cases) in nociceptive 

responding has been reported in patients with anxiety and depression (Bair et al., 2008, 

2013; Kroenke et al., 2011), as well as in rodent models of negative affect (Zeng et al., 

2008; Burke et al., 2010, 2013b; Rivat et al., 2010; Shi et al., 2010; Zhang et al., 2012; 

Ide et al., 2015). The relationship between chronic pain and altered emotional states is 

complex and it is difficult to ascertain which condition precedes or predisposes the other. 

There is considerable overlap in the neurobiological pathways (including the descending 

modulatory pain pathway) and substrates implicated in both pain and stress/affect. Thus, 

it is postulated that these closely linked neural systems can modulate one another 

reciprocally and any maladaptive change in one system may have consequences in 

another, leading to debilitating comorbid conditions. The following sections will give 

brief overviews of the comorbidity between pain and negative affect in the clinical 

population, the preclinical models used to investigate SIH and pain-negative affect 

interaction (with particular emphasis on the Wistar-Kyoto rat model), and the common 

supraspinal and spinal neural substrates implicated in SIH. 

1.3.2. Comorbidity between pain and anxiety and depression 

Chronic pain is a major unmet health problem of current times, causing emotional distress 

and impairing quality of life, work, and functioning in daily life. Epidemiological studies 

have indicated that chronic pain is one of the leading causes of global non-fatal health 

loss measured in terms of years lost to disability (GBD 2017 Disease and Injury Incidence 

and Prevalence Collaborators, 2018). The prevalence of chronic pain of moderate to 
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severe intensity is 19% in Europe alone (Breivik et al., 2006, 2013; Reid et al., 2011). In 

Ireland, this prevalence is 35.5% and the total healthcare cost associated with chronic pain 

has been estimated to be €5.34 billion per year, or annually €5,665 per patient (Raftery et 

al., 2011, 2012; Gannon et al., 2013). 

In addition, a growing body of literature indicates that chronic pain and psychiatric 

disorders such as anxiety and depression are highly comorbid (Velly and Mohit, 2018). 

Clinical studies have revealed a high prevalence of chronic pain disorders and altered pain 

thresholds and tolerance in patients with anxiety or depression (Lautenbacher et al., 1999; 

Bair et al., 2003, 2008; Asmundson and Katz, 2009). Patients with anxiety or depression 

are more likely to report pain complaints, both in terms of frequency and severity, 

compared to their healthy cohort (Pompili et al., 2012; de Heer et al., 2014). Moreover, 

occurrence of depressive symptoms could predict future disposition to various 

musculoskeletal pain conditions such as low back and neck/shoulder pain (Ohayon and 

Schatzberg, 2003). Conversely, patients with chronic pain are more likely to present with 

depression or anxiety than individuals without pain (McWilliams et al., 2003, 2004; 

Beesdo et al., 2010; de Heer et al., 2014; Taloyan and Lofvander, 2014). Other reports 

have stated that the prevalence of anxiety or depression in patients with chronic pain may 

be as high as 50% or 80%, respectively (Poole et al., 2009; Gadermann et al., 2012). Thus, 

comorbid chronic pain and stress-related affective disorders further aggravate the severity 

of each individual disorder, resulting in poor therapeutic outcome and quality of life for 

patients and imposing a huge socioeconomic burden.    

1.3.3. Preclinical models of hyperalgesia associated with stress and negative 

affective state 

As mentioned earlier, the underlying neurobiological and molecular mechanisms of 

interactions between stress/negative affect and pain are poorly understood. As such, there 

has been growing interest in elucidating the mechanistic underpinnings of hyperalgesia 

co-occurring with stress and/or anxiety and depression, which might then be harnessed to 

develop more effective therapeutic strategies. In this respect, preclinical studies reveal 

critical information for the understanding of the neurobiological mechanisms underlying 

these comorbid conditions and their dynamic interactions, and also provide animal 

models with which to assess putative novel treatments. A relatively large number of well-

characterised animal models have been employed to study SIH that generally involve 

repeated or persistent application of a psychological and/or physical stressor (e.g. forced 
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swim stress, restraint stress, social defeat, maternal separation/deprivation, chronic 

unpredictable mild stress) for several days to weeks, in combination with a test for 

assessing nociceptive responding (spontaneous or evoked). The descriptions of these SIH 

models and the effects of different stressor paradigms on nociceptive responding in 

rodents have been reviewed in great detail by Jennings and coworkers (Jennings et al., 

2014) and will be discussed in section 1.4.6 of this chapter in the context of the role of 

opioid system in mediating SIH. Furthermore, in the past several years, emerging research 

has also examined the relationship between pain and negative affect (anxiety and 

depression) in animal models. In general, these studies can be categorised into three 

groups (see Table 1.1 and 1.2): (1) studies that examined whether pain leads to anxiety-

/depression-like behaviours; (2) studies that examined behavioural manipulations 

precipitating anxiety and depression-like behaviours alter nociceptive responses; and (3) 

studies that simultaneously examined nociceptive responses and negative affect. On the 

whole, these studies provide strong evidence for the complex bidirectional interaction 

between pain and negative affect with persistent/chronic pain aggravating emotional 

disorders whilst negative affective states exacerbating nociceptive responses. It should 

also be noted that some discrepancies are observed in the behavioural outcomes. In our 

view, these inconsistencies might be due to, but not limited to, use of different animal 

species, behavioural assays, pain modalities, time points for behavioural tests, and other 

subtle experimental variables. 
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Table 1.1: Preclinical studies examining whether chronic inflammatory or neuropathic 

pain leads to anxiety-/depressive-like behaviours 

Model 
Species/ 

strain 

Behavioural 

test(s) 
Key behavioural findings Reference 

Studies examining if pain induces and/or exacerbates anxiety 

Carrageenan SD rats EZM Anxiety-like behaviour (5-6 h) (Ji et al., 2007) 

CFA 
C57Bl/6J 

mice 
EPM, LDB Anxiety-like behaviour (week 4) 

(Narita et al., 

2006a) 

 
C57Bl/6J 

mice 
OF, EPM Anxiety-like behaviour (week 1) 

(Chen et al., 

2013; Yue et al., 

2018) 

 
C57Bl/6J 

mice 
OF, EPM Anxiety-like behaviour (week 3) 

(Wang et al., 

2015a; Guo et 

al., 2016; Sun et 

al., 2016b)  

 
C57Bl/6J 

mice 
OF 

No anxiety-like behaviour (Day 2 

and 5) 

(Sheahan et al., 

2017) 

 

Balb/c and 

C57BL/6 

mice 

OF, EZM, MB No anxiety-like behaviour (week 4) 
(Urban et al., 

2011) 

 
C57Bl/6J 

mice 
OF, EPM No anxiety-like behaviour (10 days) 

(Liu et al., 

2015) 

 SD rats 
OF, EPM, 

LDB 
Anxiety-like behaviour (week 4) 

(Parent et al., 

2012) 

 SD rats EZM Anxiety-like behaviour (week 4) 
(Wu et al., 

2017) 

 Wistar rats EPM, LDB 
Anxiety-like behaviour (Day 1, 3, 

and 10) 

(do Nascimento 

and Leite-

Panissi, 2014) 

SNL SD rats 
OF, EPM, 

LDB 
No anxiety-like behaviour (week 2) 

(Kontinen et al., 

1999) 

 SD rats OF, EPM Anxiety-like behaviour (week 2) 
(Jiang et al., 

2014a) 

SNI 

Wistar and 

Wistar Han 

rats 

OF, EPM Anxiety-like behaviour (week 3-4) 

(Leite-Almeida 

et al., 2012; 

Avila-Martin et 

al., 2015) 

 
Long–

Evans rats 
OF, EPM 

Anxiety-like behaviour (week 20-

24) 

(Seminowicz et 

al., 2009; Low 

et al., 2012) 

 

Balb/c and 

C57BL/6 

mice 

OF, EZM, MB No anxiety-like behaviour (week 4) 
(Urban et al., 

2011) 

 
C57BL/6 

mice 

EPM, HB, 

LDB 
Anxiety-like behaviour (week 4-6) 

(Sieberg et al., 

2018) 

 
C57BL/6 

mice 

Emergence, 

novelty 

suppressed 

feeding 

Anxiety-like behaviour (week 2) 
(Mutso et al., 

2012) 

CCI Wistar rats EPM Anxiety-like behaviour (week 3-4) 
(Roeska et al., 

2008) 
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Balb/c and 

C57BL/6 

mice 

OF, EZM, MB No anxiety-like behaviour (week 4) 
(Urban et al., 

2011) 

SNC 
C57Bl/6J 

mice 
EPM, MB Anxiety-like behaviour (week 4-5) 

(Benbouzid et 

al., 2008) 

PSNL 
C57Bl/6J 

mice 
EPM, LDB Anxiety-like behaviour (week 4) 

(Narita et al., 

2006a, 2006b; 

Matsuzawa-

Yanagida et al., 

2008; Sawada et 

al., 2014) 

 ddY mice OF No anxiety-like behaviour (week 1) 
(Kodama et al., 

2011) 

Studies examining if pain induces and/or exacerbates depression 

CFA Wistar rats FST 
Depressive-like behaviour (week 1-

2) 

(Kim et al., 

2012) 

 Swiss mice FST, TST 
Depressive-like behaviour (week 1-

3) 

(Maciel et al., 

2013) 

SNL SD rats  Depressive-like behaviour (week 4) (Hu et al., 2010) 

SNI 
C57BL/6 

mice 
FST Depressive-like behaviour (week 1) 

(Norman et al., 

2010) 

 SD rats FST, SPT Depressive-like behaviour (week 2) 

(Wang et al., 

2011; Goffer et 

al., 2013) 

CCI Wistar rat FST 
Depressive-like behaviour (week 3-

4) 
(Hu et al., 2009) 

 SD rats FST 
Depressive-like behaviour (week 2-

3) 

(Fukuhara et al., 

2012) 

 ICR mice FST, TST 
Depressive-like behaviour (week 2-

6) 

(Zhao et al., 

2014) 

 
C57Bl/6J 

mice 
SPT 

Depressive-like behaviour (week 4-

11) 

(Dellarole et al., 

2014) 

 Swiss mice FST Depressive-like behaviour (week 2) 
(Jesse et al., 

2010) 

PSNL 
C57Bl/6J 

mice 
SPT 

Depressive-like behaviour (week 1-

2) 

(Bura et al., 

2013) 

 Swiss mice FST, TST Depressive-like behaviour (week 4) 
(Gai et al., 

2014) 

Studies examining if pain induces and/or exacerbates both anxiety and depression 

Kaolin/ 

carrageenan 
Wistar rats 

EPM, FST, 

SPT 

Anxiety- and depressive-like 

behaviour (week 4) 

(Amorim et al., 

2014) 

CFA SD rats 
MB, EZM, 

FST 

Anxiety- and depressive-like 

behaviour (week 4) 

(Borges et al., 

2014) 

 SD rats OF, SPT 
Anxiety- and depressive-like 

behaviour (week 3-4) 

(Grégoire et al., 

2014) 

 SD rats 
OF, EPM, 

FST, SPT 

Anxiety-like behaviour (week 3-4) 

but no depressive-like behaviour 

(Zhong et al., 

2019) 

 
C57BL/6 

mice 
EZM, SPT 

Anxiety- and depressive-like 

behaviour (Day 1-2) 

(Refsgaard et 

al., 2016) 
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C57BL/6N 

or 

C57BL/6J 

mice 

OF, EPM, 

LDB, HB, 

FST 

No anxiety- or depressive-like 

behaviour (week 2) 

(Pitzer et al., 

2019) 

SNL 
C57BL/6 

mice 

OF, EPM, 

LDB, FST 

Anxiety- (week 4) and depressive-

like behaviour (week 2-4) 

(Suzuki et al., 

2007) 

 SD rats EPM, SPT 
Anxiety- and depressive-like 

behaviour (week 4) 
(Ji et al., 2017) 

SNI 
C57BL/6 

mice 

OF, EPM, 

FST, SPT 

Anxiety- and depressive-like 

behaviour (week 8-9) 

(Descalzi et al., 

2017) 

 

C57BL/6N 

or 

C57BL/6J 

mice 

OF, EPM, 

LDB, HB, 

FST 

No anxiety- or depressive-like 

behaviour (week 12) 

(Pitzer et al., 

2019) 

 
Wistar-

Han rats 

OF, EPM, 

FST 

Anxiety- (week 4) and depressive-

like behaviour (week 4) 

(Leite-Almeida 

et al., 2009) 

 
Wistar-

Han rats 

OF, EPM, 

FST 

Increased immobility but no 

anxiety-like behaviour (7 weeks) 

(Gonçalves et 

al., 2008) 

 SD rats 
EPM, FST, 

SPT 

Anxiety- and depressive-like 

behaviour (week 4) 

(Satyanarayanan 

et al., 2019) 

CCI 
Wistar-

Han rats 
EPM, FST 

Anxiety- (week 3) and depressive-

like behaviour (week 5)   

(Caspani et al., 

2014) 

 SD rats EPM, FST 
Anxiety- and depressive-like 

behaviour (week 1-3)   
(Li et al., 2014) 

 SD rats 
OF, EPM, 

SPT 

Anxiety-like behaviour (week 2-3) 

but no decreased sucrose preference 

(Gregoire et al., 

2012) 

 SD rats EZM, FST 
Anxiety- and depressive-like 

behaviour (week 4)   

(Alba-Delgado 

et al., 2013) 

SNC 
C57BL/6 

mice 

LDB, MB, 

novelty 

suppressed 

feeding, FST, 

splash 

Anxiety- (week 4-8) and 

depressive-like behaviour (week 6-

8)   

(Yalcin et al., 

2011) 

 
C57BL/6 

mice 

OF, EZM, 

FST 

Anxiety- (week 5) and depressive-

like behaviour (week 6)   

(Dimitrov et al., 

2014) 

PSNL 
C57Bl/6J 

mice 

OF, EPM, 

TST 

No anxiety- or depressive-like 

behaviour (week 1-4) 

(Hasnie et al., 

2007) 

 SD rats 
OF, EPM, 

FST, SPT 

Anxiety-like behaviour (week 4) 

but no depressive-like behaviour 

(Wang et al., 

2015d) 
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Table 1.2: Preclinical studies examining whether negative affect induces and/or 

exacerbates nociceptive response. 

Model of 

negative 

affect 

Species/ 

strain 

Behavioural 

test(s) 

Key behavioural 

findings 
Reference 

Genetic 

(anxiety 

and 

depression) 

WKY rats Hot plate, tail flick 

Increased sensitivity on 

the hot plate but tail flick 

test 

(Burke et al., 2010) 

WKY rats Formalin Increased sensitivity 
(Burke et al., 2010; 

Rea et al., 2014) 

WKY rats von Frey No difference (Burke et al., 2010) 

WKY rats von Frey Increased sensitivity 

(Taylor et al., 2001; 

Hestehave et al., 

2019a) 

WKY rats CCI: von Frey Increased allodynia (Zeng et al., 2008) 

WKY rats TMJ: algometer Increased allodynia (Wang et al., 2012) 

WKY rats MIA: von Frey Increased allodynia 
(Burston et al., 

2019) 

OB 

(depression) 

Wistar rats Paw pressure Decreased sensitivity 
(Belcheva et al., 

2009) 

SD rats Hargreaves’ Decreased sensitivity (Su et al., 2010) 

SD rats 

Hargreaves’ Decreased sensitivity 
(Wang et al., 2010; 

Jiang et al., 2014b) 
Formalin Increased sensitivity 

Lister-

Hooded rats 

von Frey, formalin Increased sensitivity 

(Burke et al., 2010) 

Hot plate, tail flick No difference 

SD rats 

SNL: von Frey, 

acetone 
Increased allodynia 

(Burke et al., 2013a, 

2014) 
SNL: Hargreaves’ No difference 

SD rats 
SNL: von Frey, 

Hargreaves’ 
Decreased sensitivity (Wei et al., 2017) 
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1.3.3.1. Wistar-Kyoto rat: a genetic model of hyperalgesia associated with negative 

affect 

When investigating the influence of negative affect on nociceptive responding, one 

important aspect to consider is genetics. In this regard, the inbred Wistar-Kyoto (WKY) 

rat strain is a genetic model of negative affect and exhibits hypersensitivity to both stress 

and pain. Originally, the WKY strain was developed from the Wistar rat to serve as the 

normotensive control strain for the spontaneously hypertensive rats (SHR) (Okamoto and 

Aoki, 1963). However, it was later noted that the behaviour of the WKY rats was not 

‘normal’, resulting in a series of investigations that established the WKY rat strain as a 

genetic model of stress hyperresponsivity, anxiety and depression. As an inbred strain, 

the WKY rats offer the advantage to dissociate genetic and environmental components of 

a trait since the animals, in theory, are identical to each other genotypically. Hence, the 

WKY rat is a useful model for studying the neurobiology of anxiety and depression, and 

their tendency to alter nociceptive responding. 

WKY rats display aberrant behavioural and neurochemical responses to stress compared 

to commonly used outbred rat strains. WKY rats are more prone to develop stress-induced 

gastric ulcers (Paré, 1989c, 1989a; Paré and Redei, 1993). Physiologically, these rats have 

altered neuroendocrine stress responses, including exaggerated hypothalamic-pituitary-

adrenal (HPA) axis responses to stress (Redei et al., 1994; Rittenhouse et al., 2002; De 

La Garza and Mahoney, 2004) and sustained elevated levels of corticosterone and 

adrenocorticotropic hormone in plasma (Bucher et al., 1987; Paré and Redei, 1993; 

Pardon et al., 2002; Malkesman et al., 2006). Moreover, turnover of monoamines 

(serotonin, noradrenaline, and dopamine) and their metabolites is altered in the PFC,  

nucleus accumbens and hippocampus, regions implicated in anxiety and depression, in 

the WKY rats compared with outbred Sprague-Dawley (SD) and Wistar rats (Pardon et 

al., 2002; De La Garza and Mahoney, 2004; Ferguson and Cada, 2004; Scholl et al., 2010; 

Shetty and Sadananda, 2017).  

The anxiety and depression-like phenotype of the WKY rats have been reported by 

several groups. Compared to other rat strains, the WKY rats exhibit increased immobility 

in the forced swim test (Paré, 1992; Paré and Redei, 1993; Tejani-Butt et al., 1994, 2003; 

Lopez-Rubalcava and Lucki, 2000; Rittenhouse et al., 2002; Burke et al., 2010; Nam et 

al., 2014), indicating behavioural despair which is linked to depression-like behaviour in 

rodents (Slattery and Cryan, 2012). WKY rats show anhedonia in the sucrose preference 
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test (Malkesman et al., 2005; Burke et al., 2016; D’Souza and Sadananda, 2017), which 

is again indicative of depressive-like phenotype. Of interest, noradrenergic and 

dopaminergic, but not serotonergic, modulating antidepressant drugs can reverse the 

increased immobility displayed by WKY rats in the forced swim test (Lahmame et al., 

1997; Lopez-Rubalcava and Lucki, 2000; Tejani-Butt et al., 2003). In addition, WKY rats 

spend reduced time in the aversive zones of the open field and elevated plus maze 

(Gentsch et al., 1987; Paré, 1989b, 1994; Tejani-Butt et al., 1994; Malkesman et al., 2005; 

Malkesman and Weller, 2009; Burke et al., 2010, 2016), indicating anxiety-like 

behaviour. Moreover, WKY rats display anxiety-vulnerable behavioural inhibition trait 

in a variety of situations (McAuley et al., 2009), such as increased immobility and higher 

latency to leave the centre of the open field (Paré, 1989c; Berton et al., 1997; O’Malley 

et al., 2010), increased freezing in a novel environment (Nosek et al., 2008), and increased 

time spent in the centre zone of the elevated plus maze arena (Nam et al., 2014). Although 

WKY rats exhibit pronounced hypolocomotor activity in the open field (Paré, 1989a; 

Pardon et al., 2002; Burke et al., 2010), deficit in motor activity is not seen in home cage 

activity (Burke et al., 2016) or in the rotarod test (Ferguson et al., 2003). It has been 

suggested that the WKY rats may not have an overt deficit in motor ability, but their 

deficiencies or emotional abnormalities are unmasked in a novel aversive environment 

(Burke et al., 2016). Furthermore, WKY rats demonstrate increased social avoidance 

(Paré, 2000; Pardon et al., 2002; Ferguson and Cada, 2004; Nam et al., 2014) and 

impaired recognition and spatial memory (Grauer and Kapon, 1993; Wyss et al., 2000; 

Langen and Dost, 2011; Gonzales et al., 2015; Shoval et al., 2016; Doharty, 2018; Willner 

et al., 2019). 

Of importance, the WKY rats have a hyperalgesic phenotype. WKY rats show thermal 

hyperalgesia in the hot plate test (but not in the tail flick test) compared to SD rats (Burke 

et al., 2010). Greater nociceptive responding following intraplantar formalin injection, a 

noxious inflammatory stimulus, has also been reported in the WKY rats (Burke et al., 

2010; Rea et al., 2014). Several studies have demonstrated visceral hypersensitivity in the 

WKY rats (Gunter et al., 2002; Greenwood-Van Meerveld et al., 2005; Gibney et al., 

2010; O’Mahony et al., 2010; Johnson et al., 2012; O’ Mahony et al., 2013). Moreover, 

WKY rats exhibit mechanical hypersensitivity under baseline (naïve) conditions (Taylor 

et al., 2001; Hestehave et al., 2019a) and following peripheral nerve injury (Zeng et al., 

2008) and complete Freund’s adjuvant injection into the temporomandibular joint (Wang 
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et al., 2012). Also, repeated forced swim stress can reduce formalin-evoked nociceptive 

behaviour in the WKY rats, compared to SD rats (Jennings et al., 2016). Furthermore, 

exposure to water avoidance stress can enhance urinary bladder hyperalgesia in the WKY 

rats (Robbins et al., 2007; Lee et al., 2015), perhaps due to reduced glutamate clearance 

in the spinal cord (Ackerman et al., 2016). A recent study has shown that baseline anxiety-

like behaviour in the WKY rats is predictive of augmented nociceptive response 

(mechanical allodynia) in the monosodium iodoacetate model of knee osteoarthritis pain 

(Burston et al., 2019). Taken together, these studies strongly indicate that the WKY rats 

represent a useful preclinical model for studying the influence of genetic background on 

the interrelationship between negative affect and pain. 

The genetics underlying the characteristic phenotype of the WKY rat model is, as yet, 

unclear. Microarray analysis has revealed differences in the expression of several genes 

in the LC and dorsal raphe (the main noradrenergic and serotonergic nuclei, respectively, 

in the brain) between WKY and SD rats. WKY rats have higher expression of the genes 

encoding for the enzymes involved in noradrenaline turnover in the LC (Pearson et al., 

2006). In the dorsal raphe nucleus, genes encoding for several potassium channels and 

cytoskeletal proteins for structural plasticity are lower in the WKY rats, compared with 

SD counterparts (Pearson et al., 2006). Furthermore, the expression of mRNA encoding 

catechol-O-methyltransferase (COMT, an enzyme involved in catecholamine 

degradation) is 4-7 fold higher in the cerebral cortex of WKY rats compared to SD rats 

(Walker et al., 2004). Thus, it is possible that a dysfunction in the monoaminergic system 

in the WKY rat strain may underlie its genetic predisposition to anxiodepressive-like 

behaviours. 

Although the WKY is classed as an inbred rat strain and, as such, genetic homogeneity is 

assumed, several studies have revealed that this may not be the case. There is evidence of 

genetic heterogeneity in the WKY rat strain supplied commercially by different vendors, 

thus confounding results that may account for behavioural and neurochemical differences 

seen across similar studies that use different vendors. Zhang-James and colleagues have 

reported that WKY rats from Charles River (WKY/NCrl) show an overall 2.64% genetic 

difference in the form of single nucleotide polymorphisms (SNPs) from the WKY rats 

obtained from Harlan (now Envigo, WKY/NHsd) (Zhang-James et al., 2013). The WKY 

rats, which were bred to F10 generation in Kyoto School of Medicine, were sent to the 

National Institute of Health (NIH) in 1971 (Kurtz et al., 1989). NIH then distributed the 
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WKY breeding stock first to Charles River Laboratories in 1971 and much later to 

Harlan/Envigo in 1982 (Kurtz et al., 1989). Hence, genetic drift as a result of maintenance 

policies of the WKY lines by individual vendors (Browne et al., 2015) may account for 

such genetic variability between the WKY rats from these two suppliers. 

WKY rats from Charles River, Envigo, and Taconic also exhibit differences at the 

behavioural level. For instance, WKY/NHsd rats display three times greater behavioural 

variability compared to other in- and outbred rat strains (Will et al., 2003). WKY/NCrl 

rats though not hyperactive or impulsive, show deficits in sustained attention whereas 

WKY/NHsd rats are not hyperactive, impulsive, or inattentive (Sagvolden et al., 2008). 

In addition, the authors found substantial genomic differences between the WKY/NCrl 

and WKY/NHsd with large stretches of divergence in the form of SNPs on chromosomes 

1, 2, and 3 (Sagvolden et al., 2008). Moreover, WKY/NCrl rats develop greater stress-

induced ulcer than WKY/NHsd rats (Paré and Kluczynski, 1997). In addition, WKY/NCrl 

and WKY/NHsd  rats show high baseline immobility in the forced swim test compared 

to WKY rats from Taconic (Browne et al., 2015). Furthermore, WKY/NCrl rats display 

greater hypolocomotor activity than WKY/NHsd rats when exposed to a novel aversive 

environment in the open field test (van Zyl et al., 2014). In the literature, the WKY rats 

from all suppliers continue to be used equally and often interchangeably which may affect 

interpretation of results from the studies. Hence, it is extremely important to choose a 

supplier and indeed continue with the same supplier when comparing across studies 

(Zhang-James et al., 2013). 

1.3.4. Neural substrates implicated in hyperalgesia associated with negative affect 

There is considerable overlap in the regions within the CNS that are important in 

processing stress, affect, and pain. In turn, nociceptive signalling can be influenced by 

stress and negative affect (Jennings et al., 2014). Persistent stress and/or negative 

affective states may result in maladaptive neuroplastic changes in many of these key 

regions, resulting in altered neuronal activity and hence exacerbated pain perception. The 

following sections will review the role of these key supraspinal and spinal components in 

mediating hyperalgesia associated with stress or negative affect. 

1.3.4.1. Prefrontal cortex 

The PFC is not only important in executive functions, but also in the processing of both 

sensory and affective dimensions of pain experience (Ong et al., 2019). The medial PFC 
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(mPFC) is composed of multiple nuclei, including the infra- and prelimbic and anterior 

cingulate cortices. Human neuroimaging studies have consistently shown reduced volume 

of the mPFC in different types of chronic pain (Apkarian et al., 2004; Schmidt-Wilcke et 

al., 2005; Blankstein et al., 2010; Niddam et al., 2017). In addition to morphological 

changes, hyperactivity of PFC, particularly increased activity in the ACC, has been 

reported in patients with chronic pain (Apkarian et al., 2001). Also, a positive correlation 

has been reported between enhanced pain sensitivity in patients with chronic pain and 

increased mPFC activity (Baliki et al., 2006). Nevertheless, how stress and negative affect 

mediates alterations in prefrontal cortical activity in patients with chronic pain remains 

unclear. Some studies have shown that healthy volunteers experience increased pain 

sensitivity to electrical stimulation in the presence of a negative context, which has been 

associated with increased pain-related activation of the ACC (Yoshino et al., 2010, 2012). 

An imaging study in patients with irritable bowel syndrome exposed to a psychological 

stressor has reported that enhanced visceral pain sensitivity is associated with increased 

activation of several brain regions including the mid-cingulate and ventrolateral PFC, 

compared to healthy subjects (Elsenbruch et al., 2010). Hence, both morphological and 

functional changes in the PFC may contribute to the interaction between stress and pain. 

Similar to those observed in clinical populations, studies in rat models of chronic pain 

suggest morphological and functional reorganisation of the mPFC, particularly the ACC 

(Metz et al., 2009; Seminowicz et al., 2009; Kiritoshi and Neugebauer, 2015). Electrical 

stimulation and optogenetic activation of the ACC facilitates spinal nociception (Zhang 

et al., 2005a; Chiou et al., 2016) whereas lesioning this region prevents nociception-

related aversion (Johansen et al., 2001; Qu et al., 2011), indicating that the ACC is 

important in mediating enhanced nociception as well as the negative affective component 

of pain. SIH was associated with increased expression of c-Fos, a marker of neuronal 

activity, in the PFC in rats (Felice et al., 2014; Jain et al., 2015). In a rat model of chronic 

inflammatory pain, persistent stress further exaggerated allodynia and concurrently 

increased expression of phosphorylated extracellular signal-regulated kinase (ERK) in the 

mPFC (Qi et al., 2014). Moreover, levels of the excitatory neurotransmitter glutamate 

were enhanced in the PFC in a mouse model of neuropathic pain exhibiting comorbid 

anxiety- and despair-like behaviours (Gonzalez-Sepulveda et al., 2016). These studies 

indicate that abnormal activity of the PFC may play a role in hyperalgesia induced by 

stress and negative affect. Furthermore, lesioning of the prelimbic cortex attenuated 
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complete Freund’s adjuvant-induced hyperalgesia and anxiety-like behaviours in rats 

(Wang et al., 2015b). The PFC is also extensively interconnected with the limbic brain 

structures (Millan, 2002). Hence, there is a possibility that alteration in this cortical 

structure may affect neuronal activity in downstream regions and contribute to SIH (Liu 

et al., 2019a).  

1.3.4.2. Amygdala 

The amygdala is an important neural substrate of the limbic brain system and plays a 

prominent role in the interaction between pain and emotion/affect (Neugebauer et al., 

2004). Neuroimaging studies have demonstrated reduced volume and aberrant 

functioning of the amygdala in patients with chronic pain (Labus et al., 2014; Simons et 

al., 2014b; Mao and Yang, 2015; Vachon-Presseau et al., 2016). Increased functional 

connectivity in amygdala-PFC circuitry was also identified as a risk factor for the 

persistence of back pain (Hashmi et al., 2013; Vachon-Presseau et al., 2016). In addition, 

chronic stress was associated with increased activity of the amygdala in a cohort of 

healthy subjects (Rosenberger et al., 2009). 

In agreement with clinical findings, stress-induced visceral hypersensitivity has been 

shown to correlate positively with functional activity of the amygdala in rats (Wang et 

al., 2013b; Holschneider et al., 2016). Additionally, a few studies have reported that 

stress-induced exacerbation of neuropathic pain is associated with increased neuronal 

activity of the amygdala in rats (Ait-Belgnaoui et al., 2009; Nishinaka et al., 2016). Direct 

injection of corticotropin-releasing factor (CRF) into the central nucleus (CeA, a 

subnucleus of amygdala) results in visceral hypersensitivity in rats (Su et al., 2015). The 

CRF in the brain has been implicated in stress-related affective disorders (Reul and 

Holsboer, 2002). Pharmacological blockade of the CRF-1 receptor in the CeA has been 

shown to prevent development of allodynia and anxiety-like behaviour in a rat model of 

arthritis pain (Ji et al., 2007). Moreover, a recent study has shown that chronic forced 

swim stress-induced augmentation of  allodynia in a rat model of neuropathic pain is 

associated with neuroplastic changes and sensitisation of CeA neurons (Li et al., 2017), 

further indicating a key role of this amygdalar nucleus in SIH. 

1.3.4.3. Hippocampus 

Another key limbic brain region is the hippocampus, which has a well-established role in 

cognition (Fanselow and Dong, 2010). The hippocampus has also emerged as a critical 
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region in emotionality, particularly anxiety and depression, and comorbid pain (Barkus 

et al., 2010; Mutso et al., 2012; Liu et al., 2017). Abnormal hippocampal activity has been 

reported in patients with chronic pain (Niddam et al., 2008; Maleki et al., 2013; Vachon-

Presseau et al., 2013). Hippocampal volume is decreased in patients with depression 

(Chan et al., 2016) and chronic low back pain (Mutso et al., 2012; Vachon-Presseau et 

al., 2013). In line with this, dendritic atrophy within the hippocampus has been shown in 

a rat model of chronic stress with associated hyperalgesia (Kim et al., 2013). Reduced 

expression and phosphorylation of ERK and synaptic plasticity was reported in rodent 

models of neuropathic pain and comorbid depression, further suggesting involvement of 

hippocampus in learning and emotional deficits observed in chronic pain (Mutso et al., 

2012; Wang et al., 2015d). Furthermore, some studies have reported alterations in glial 

cell activity (astrocytes and microglia) and increased levels of inflammatory mediators 

(particularly tumour necrosis factor alpha) in the hippocampus in rat models of SIH with 

comorbid anxiety and/or depression (Burke et al., 2013b; Sun et al., 2016a; Zhao et al., 

2019). Taken together, aberrant changes in the structure, function, and connectivity of the 

hippocampus with other brain regions could contribute stress/affect-pain interaction. 

1.3.4.4. Periaqueductal grey 

The midbrain PAG is a key component of the descending pain pathway. It can be 

anatomically and functionally divided into 4 subregions along the rostro-caudal axis: 

dorsomedial (dmPAG), dorsolateral (dlPAG), lateral (lPAG), and ventrolateral (vlPAG) 

columns. Each PAG column receives a distinctive set of ascending and descending 

afferents, thus mediating distinct emotional coping strategies (active and passive) to 

different types of stress and allowing the organism to respond appropriately to potential 

threats and noxious stimuli (Keay and Bandler, 2001). Despite its key role in modulating 

nociceptive and aversive behaviours, neuroimaging study of SIH with regard to the PAG 

in humans is scarce. Only one study to date has shown that chronic stress (rated on the 

perceived stress questionnaire) is correlated with activation of the PAG during visceral 

stimulation in healthy female volunteers (Rosenberger et al., 2009). The authors have 

suggested that chronic stress may alter pain control from the PAG, resulting in increased 

enhanced pain. 

Animal studies have demonstrated that lesioning the vlPAG subcolumn attenuates 

formalin-evoked nociceptive behaviour but does not affect anxiety-like behaviour in the 

elevated plus maze test (Mendes-Gomes et al., 2011). Furthermore, early life stress can 
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affect functional activity of a number of brain regions including the PAG in adult rats  

(Holschneider et al., 2016). In this regard, Wouter and colleagues have studied brain 

responses to noxious visceral stimulation in a rat model of early life stress (maternal 

separation, MS) before and after an acute stress (water avoidance, WA) challenge 

(Wouters et al., 2012). The authors found that MS rats displayed increased PAG 

activation during noxious visceral stimulation both pre- and post-WA stress. However, 

MS rats exposed to WA stress also showed increased activation of the somatosensory 

cortex, compared with pre-stress activity. Based on these findings, the authors suggested 

that enhanced visceral hypersensitivity in the MS rats post-WA stress may be due to 

increased pain perception rather than an alteration in descending pain inhibition by the 

PAG, as the acute stress challenge did not further affect PAG activity to noxious stimulus. 

Of note, this study did not include a non-MS cohort which makes it difficult to fully 

interpret the data in the context of MS-induced changes. In a series of studies, Devall and 

coworkers reported that exposure to anxiogenic vibration stress induced hyperalgesia in 

only those female Wistar rats that were at late dioestrous stage (Devall and Lovick, 2010; 

Devall et al., 2011). This was accompanied by a robust increase in c-Fos expression in 

the PAG (which was not seen in other cycle stages), indicating an enhanced PAG activity 

in response to changes in gonadal hormone levels. Thus, the PAG may be involved in 

mediating the oestrous cycle-linked hyperalgesia in the setting of mild anxiety. 

Chronic restraint stress induces allodynia that was associated with a decrease in the 

expression of glial fibrillary acidic protein (GFAP, a marker for astrocytes) and excitatory 

amino acid transporter 2 (a glutamate transporter protein) in the PAG (Imbe et al., 2012). 

However, expression of GFAP was upregulated in the rat spared nerve injury (SNI) model 

of neuropathic pain (Norman et al., 2010). Moreover, exposure to chronic restraint stress 

before nerve injury exacerbated mechanical allodynia and depression-like behaviours and 

additionally increased expression of brain derived neurotrophic factor (BDNF) in the 

PAG, compared to non-stress counterparts (Norman et al., 2010). These findings suggest 

that stress-induced behavioural responses are possibly due to alterations in the PAG level 

of various neuromodulators that are involved in neural plasticity, but the directionality of 

changes may depend on the type of model used. A recent RNA sequencing study has 

reported that SNI and chronic unpredictable stress induce changes in gene expression 

patterns in the PAG that belong to common biological signal transduction pathways and 

show robust overlap with the genes previously implicated in anxiodepressive states and 
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pain in the clinical population (Descalzi et al., 2017). Taken together, stress-induced 

alterations in the neurobiology of the PAG may contribute to changes in the activity of 

the descending inhibitory pain pathway to facilitate hyperalgesia. 

1.3.4.5. Rostral ventromedial medulla 

The RVM is the final supraspinal relay station and a major component of the descending 

inhibitory pain pathway. It contains ON and OFF cells (Fields et al., 1983a; Heinricher et 

al., 1992a, 1994) that are involved in descending facilitation and inhibition of nociceptive 

signal, respectively, and it projects to the DHSC and trigeminal nucleus to exert 

bidirectional control over nociception (Heinricher et al., 2009). The RVM Neutral cells 

represent a third subset, but their exact physiological function is not yet known 

(Heinricher et al., 2009). Evidence from preclinical studies indicates a key role of the 

RVM in SIH. Repeated restraint stress-induced hyperalgesia is associated with a decrease 

in GFAP (Imbe et al., 2013) and an increase in phosphorylated ERK (Imbe et al., 2004) 

in the RVM. In addition, Imbe and colleagues has reported an increase in acetylation of 

histone H3 in GABAergic, but not serotonergic, neurons in the RVM using the same 

model of SIH (Imbe and Kimura, 2018). Also, MS-induced hyperalgesia is associated 

with an increase in the expression of tyrosine kinase receptor B but not its ligand BDNF 

in the RVM in rats (Chung et al., 2009). 

Chemical lesion or inactivation of the RVM using  ibotenic acid or lidocaine, respectively, 

attenuates SIH in rats (Imbe et al., 2010). Furthermore, air puff-induced hyperalgesia is 

prevented by selectively blocking the RVM ON cells with excitatory amino acid 

antagonist kynurenate (Martenson et al., 2009). In addition, direct administration of the 

cholecystokinin (CCK)-2 receptor antagonist, CI-988, into the RVM reverses chronic 

social defeat stress-induced mechanical hypersensitivity (Rivat et al., 2010). The CCK 

system has been implicated in descending pain facilitation and anxiety (Hebb et al., 2005). 

In summary, these studies suggest stress-induced neural plasticity in the RVM may result 

in top-down facilitation of pain. 

1.3.4.6. Spinal cord 

The effect of stress and mechanisms underlying SIH at the level of spinal cord is poorly 

understood. Preclinical animal studies suggest stress-induced alterations in spinal 

circuitry can potentially perturb the balance between inhibitory and excitatory 

neurotransmission in the spinal cord. Some studies have demonstrated that SIH is 
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associated with increased expression of c-Fos in the lumbar spinal cord and DRG in rats 

(Quintero et al., 2003, 2011; Tsang et al., 2012; Qi et al., 2016), indicating enhanced 

neuronal activity in spinal circuitry. Quintero et al have also reported that repeated forced 

swim stress enhances formalin-evoked nociceptive response in rats, which is associated 

with decreased GABA but increased glutamate levels in the lumbar spinal cord (Quintero 

et al., 2011). Moreover, blocking the N-methyl-d-aspartic acid (NMDA) glutamate 

receptor prior to stress exposure prevented SIH and changes in spinal glutamate levels 

(Suarez-Roca et al., 2006; Quintero et al., 2011), suggesting a possible role for spinal 

glutamate transmission in mediating SIH. In addition, upregulation in glial cell activation 

(particularly microglia) in the spinal cord has been reported in several rodent models of 

SIH (Akagi et al., 2014; Suarez-Roca et al., 2014; Qi et al., 2016; Sun et al., 2017; 

Mizoguchi et al., 2019), indicating a possible crosstalk between neurons and activated 

glial cells in the spinal cord that may contribute to a stress-induced hyperactivated state, 

leading to increased pain sensitivity. Others have shown alterations in BDNF levels in the 

spinal dorsal horn, although the direction of change may be species-dependent (Winston 

et al., 2014; Huang et al., 2019). Together, these findings suggest that stress can affect 

neurobiology of spinal cord circuitry. Thus, alterations in spinal signalling, mediated 

either via direct effects of stress or via top-down (indirect) stress-induced modulation 

from supraspinal sites, play a key role in mediating SIH. 

1.4. Endogenous opioid system 

Opium, an extract of the opium poppy plant (Papaver somniferum), has been used for 

medicinal and recreational purposes for centuries. Its use to relieve pain dates to as early 

as 3400 BC (Breasted, 1930). In the early 19th century, the first naturally occurring 

alkaloid in opium was isolated by the German pharmacist Serturner and was named 

morphine (Schmitz, 1985). Subsequent pharmacological studies with morphine 

demonstrated that its analgesic effect was similar to that produced by electrically 

stimulating the PAG (Akil et al., 1972), giving rise to the concept of particular receptive 

structures for opioids in cells and tissues. Both morphine-induced and stimulation-

produced antinociception could be blocked by naloxone (Akil et al., 1976), further 

implicating that both these phenomena were mediated by the same endogenous system. 

The existence of an endogenous opioid system was further substantiated by the discovery 

of specific opioid-binding sites in the brain in 1973 (Pert and Snyder, 1973). Shortly after 

the identification of the receptors, enkephalin was isolated in mammalian brain and 
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characterised as the first endogenous ligand for these sites (Hughes, 1975; Simantov and 

Snyder, 1976). 

1.4.1. Opioid receptors 

The current understanding is that the endogenous opioid system is comprised of three 

opioid receptors, μ (mu or MOP), κ (kappa or KOP), and δ (delta or DOP), which are also 

sometimes referred to as the classical opioid receptors. Characterisation of orphan 

receptors using molecular cloning methodology led to the identification of a fourth type 

of opioid receptor, nociceptin/orphanin FQ receptor [NOP, also referred to as opioid 

receptor-like receptor-1 (ORL-1) initially]. NOP shares a high degree of structural 

homology (~60%) with the classical opioid receptors (Mollereau et al., 1994). All four 

opioid receptors have been cloned. The genes encoding the opioid receptors – OPRM1 

(Min et al., 1994; Wang et al., 1994b; Zastawny et al., 1994), OPRK1 (Meng et al., 1993; 

Liu et al., 1995; Simonin et al., 1995), OPRD1 (Kieffer et al., 1992; Abood et al., 1994; 

Knapp et al., 1994), and OPRL1 (Bunzow et al., 1994; Wang et al., 1994a) – have been 

identified and their chromosomal locations pinpointed (Befort et al., 1994; Mollereau et 

al., 1994; Wang et al., 1994b; Yasuda et al., 1994). In addition, high-resolution crystal 

structures of the opioid receptors have been reported, further facilitating understanding 

of receptor-ligand interaction (Granier et al., 2012; Manglik et al., 2012; Thompson et al., 

2012; Wu et al., 2012). 

1.4.2. Opioid peptides 

The endogenous ligands for the opioid receptors are derived from large precursor 

proteins, namely proopiomelanocortin (POMC), prodynorphin (PDYN), proenkephalin 

(PENK), and pronociceptin (PNOC). Following complex posttranslational modifications, 

POMC yields several active peptides, of which the major opioid peptide is β-endorphin 

that shows affinity for MOP and to a lesser degree for DOP (Li and Chung, 1976; Raynor 

et al., 1994). PDYN is cleaved to dynorphins (including dynorphins A and B, 

neodynorphins, and big dynorphin), which have preferential affinity for the KOP 

(Chavkin et al., 1982). Met- and Leu-enkephalins are derived from PENK, both of which 

bind preferentially to DOP but also display high affinity for MOP (Lord et al., 1977; 

Kosterlitz, 1985). PNOC is the precursor of the peptide, nociception/orphanin FQ 

(N/OFQ), which acts via the NOP (Meunier et al., 1995; Reinscheid et al., 1995). All 

opioid peptides contain a common N-terminal tetrapeptide sequence [Tyr-Gly-Gly-Phe-
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(Met or Leu)] referred to as an “opioid motif” that is slightly modified in N/OFQ. As a 

result, the endogenous ligand N/OFQ shows a high degree of selectivity for NOP over 

the three classical opioid receptors (Meunier, 1997). Another group of endogenous 

peptides called the endomorphins (endomorphin-1 and endomorphin-2) have also been 

isolated. Endomorphins demonstrate high affinity and remarkable selectivity for MOP 

(Zadina et al., 1997) but their synthetic pathway in vivo is yet to be elucidated. The DNA 

sequence of a novel protein, named proMexneurin, has been identified recently from the 

whole mouse brain cDNA library using immunoscreening technique (Matus-Ortega et al., 

2017). ProMexneurin contains a peptide sequence similar to an endomorphin-like peptide 

and, hence, has been proposed as a candidate for precursor of endomorphins. The opioid 

peptides are rapidly degraded by hydrolysis, predominantly by two enzymes: 

aminopeptidase N and neutral endopeptidase (also known as enkephalinase) (Schwartz et 

al., 1981; Hersh, 1985; Waksman et al., 1986; Noble et al., 2001). 

1.4.3. Anatomical distribution 

The opioid receptors are present abundantly on pre- and postsynaptic neurons throughout 

the CNS. Each of the opioid receptors show overlapping but distinct anatomical 

distribution in the CNS (Figure 1.3) as demonstrated by autoradiography, in situ 

hybridisation, immunohistochemistry, and neuroimaging studies in rodents and humans 

(Mansour et al., 1995; Melichar et al., 1997; Le Merrer et al., 2009; Lutz and Kieffer, 

2013). All four opioid receptors are expressed in the cortex, limbic regions, brainstem, 

DRG, and spinal dorsal horn (Le Merrer et al., 2009). The MOP are densely expressed in 

the neocortex, throughout the midbrain and subcortical regions, including the insula, 

thalamus, and PAG (Mansour et al., 1995; Zubieta et al., 2001; Le Merrer et al., 2009). 

The MOP are also moderately expressed in the amygdala, hippocampus, and striatum. 

High expression of KOP is found in the PFC and limbic brain areas such as the amygdala, 

hippocampus, and hypothalamus (Simonin et al., 1995; Le Merrer et al., 2009; Lutz and 

Kieffer, 2013). The KOP are found at moderate level in the PAG and RVM (Gutstein et 

al., 1998). The DOP are expressed abundantly in the frontal cortex, amygdala, and 

striatum and, to a moderate extent, in the hippocampus (Scherrer et al., 2006; Pradhan et 

al., 2011). Compared to the expression of MOP and KOP, the distribution of DOP seems 

more restricted since their expression is low in the hypothalamus, midbrain, and 

brainstem (Le Merrer et al., 2009). High level of NOP expression is found in the cortex 

and limbic structures including amygdala (Neal et al., 1999; Berthele et al., 2003; Lohith 
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et al., 2012; Ozawa et al., 2015). The opioid receptors are also expressed in the main 

monoaminergic nuclei of the brain: dorsal raphe nucleus, LC, and ventral tegmentum 

area, from where the neurons for the serotonergic, noradrenergic, and dopaminergic 

systems, respectively, originate and project to several brain regions, including the PFC, 

hippocampus, and amygdala (Le Merrer et al., 2009; Lutz and Kieffer, 2013). 

Additionally, opioid receptors are located on glial cells (astrocytes and microglia) 

(Ruzicka et al., 1995; Chao et al., 1996), as well as neurons in peripheral tissues (Stander 

et al., 2002; Salemi et al., 2005), immune cells (Kapitzke et al., 2005), and other organs 

(Bagnol et al., 1997). 

Distribution of opioid peptides in the CNS largely overlaps with the localisation of opioid 

receptors. PDYN, PENK, PNOC are expressed in local neurons at multiple levels 

distributed throughout the CNS, including the cortex, hippocampus, hypothalamus, PAG, 

RVM, and DHSC (Le Merrer et al., 2009; Benarroch, 2012a). In contrast, the POMC-

expressing neurons are more restricted to two locations, arcuate nucleus of the 

hypothalamus and brainstem nucleus tractus solitarius, which have projections to the 

limbic regions, midbrain, brainstem, and spinal cord (Le Merrer et al., 2009; Benarroch, 

2012a). In some regions, opioid peptides are coexpressed with other neurotransmitters, 

such as glutamate and GABA (Renno et al., 1999; Huang et al., 2008; Marvizon et al., 

2009). Similar to opioid receptors, non-neuronal tissues particularly immune cells also 

contain opioid peptides (Kapitzke et al., 2005). In summary, the widespread distribution 

of opioid receptors and peptides in supraspinal, spinal, and peripheral sites positions the 

endogenous opioid system for a key role in the regulation of a range of physiological 

processes, including (but not limited to) nociceptive signalling, stress response, 

mood/emotion, aversion, and cognition. 
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Figure 1.3: Anatomical distribution of the three classical opioid receptors – MOP, KOP, 

and DOP (in red, blue, and yellow, respectively) – in neural substrates implicated in pain, 

affect, and cognition. The filled, shaded, and open squares indicate high, moderate, and 

low receptor expression, respectively. AMYG: amygdala, CTX: cortex, DOP: delta-

opioid receptor, DRG: dorsal root ganglia, HIPP: hippocampus, HYPO: hypothalamus, 

KOP: kappa-opioid receptor, MOP: mu-opioid receptor, PAG: periaqueductal grey, PBN: 

parabrachial nucleus, SC: spinal cord, THAL: thalamus, RVM: rostral ventromedial 

medulla. Adapted and modified from (Le Merrer et al., 2009; Pradhan et al., 2011; Lutz 

and Kieffer, 2013; Browne and Lucki, 2019). 
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1.4.4. Opioid signalling mechanism 

All four opioid receptors belong to the superfamily of seven-transmembrane spanning G-

protein-coupled receptors (GPCR), coupled to pertussis toxin sensitive heterotrimeric 

inhibitory G-protein (Gi/Go) (Al-Hasani and Bruchas, 2011) (Figure 1.4). Activation of 

opioid receptors by an endogenous (e.g. opioid peptides) or exogenous (e.g. morphine) 

agonist results in dissociation of the Gα and Gβγ subunits from each other, subsequently 

leading to a cascade of intracellular events. The Gαi subunit mediates inhibition of 

adenylyl cyclase (reducing cyclic adenosine monophosphate (cAMP) levels in the cell) 

(Ho et al., 1973; Attali and Vogel, 1986; Taussig et al., 1993) and rapid activation of 

inwardly rectifying potassium (K+) channels (Williams et al., 1982; North and Williams, 

1985; Meunier, 1997). The Gβγ subunit mediates inhibition of presynaptic voltage-gated 

calcium (Ca2+) channels, thus reducing Ca2+ conductance (Mudge et al., 1979; Seward et 

al., 1991; Meunier, 1997; Rusin et al., 1997). Moreover, because activation of opioid 

receptors blocks adenylyl cyclase activity, the cAMP-dependent Ca2+ influx is also 

reduced. At the cellular level, the net effects are inhibition of presynaptic calcium-

dependent neurotransmitter release and hyperpolarisation of postsynaptic neuronal 

membranes, consequently reducing overall neuronal excitability (Al-Hasani and Bruchas, 

2011). 

Opioid receptor activation may also recruit other intracellular second messenger systems 

including phospholipase C/protein kinase C (Murthy and Makhlouf, 1996) and 

phosphoinositide-3-kinase/protein kinase B (Olianas et al., 2011) pathways. Following 

agonist-induced activation, signalling through opioid receptors is regulated by 

desensitization of the receptors, which is a complex feedback regulatory process 

involving phosphorylation of the receptors by G-protein-coupled receptor kinases and 

binding of β-arrestin to the receptors. This interferes with further G-protein coupling and 

facilitates receptor internalization, which is then followed by recycling or degradation via 

endocytosis (Law et al., 2000). Phosphorylated-arrestin bound opioid receptor complex 

can also recruit alternate signal transduction cascades such as the mitogen activated 

protein kinases (MAPK) (Fukuda et al., 1996; Zhang et al., 1999; Bruchas et al., 2006; 

Melief et al., 2010). Thus, there are various functional consequences of opioid receptor 

activation that are dependent on the differential expression and strategic localisation of 

the different opioid receptors and peptides in discrete neural substrates. Moreover, the 

fact that these opioid receptors not only share some common signalling pathways but can 
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also recruit multiple second messenger systems enables them to regulate and modulate 

many aspects of cellular events, physiology, and behaviour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.5. Endogenous opioid system and pain 

As described previously, the opioid receptors and peptides are located extensively at all 

levels of the descending pain pathway and are key components in modulating the 

experience of pain (Ossipov et al., 2010; Benarroch, 2012a). Pharmacological 

manipulation of the opioid system has confirmed its involvement in the inhibition of 

nociceptive signalling. The activation of all three classical opioid receptors (MOP, KOP, 

Figure 1.4: Opioid receptor signalling. In general, all opioid receptors share these 

common signalling pathways. Agonist-induced activation of GPCR leads to a cascade of 

intracellular events, which result in an increase in K+ and a decrease in Ca2+ conductance, 

consequently reducing overall neuronal activity of both pre- and postsynaptic neurons. 

Desensitisation of the receptor involves phosphorylation and binding of β-arrestin, 

resulting in internalisation, which is followed by degradation or recycling of the receptor 

complex or further recruitment of MAPK signalling pathways. Arrows refer to activation 

steps; T lines refer to blockade or inhibition of function. βγ: G protein βγ subunit, cAMP: 

cyclic adenosine monophosphate, Ca2+: calcium, Gi: inhibitory G-protein, ERK: 

extracellular signal-regulated kinase, JNK: c-jun N-terminal kinase, K+: potassium, 

MAPK: mitogen-activated protein kinases, P: phosphorylation. Adapted from (Al-Hasani 

and Bruchas, 2011). 



Chapter 1: General Introduction  

36 

 

and DOP) produces antinociceptive effect (Kivell and Prisinzano, 2010; Pradhan et al., 

2011; Corder et al., 2018). Direct microinjection of opioids (e.g. morphine) into discrete 

brain regional components of the descending pain pathway produces antinociception 

(Tsou and Jang, 1964; Basbaum et al., 1976; Yaksh et al., 1976b; Lewis and Gebhart, 

1977; Yeung et al., 1977; Porreca et al., 1987; Manning et al., 1994; Helmstetter et al., 

1998), effects that can be blocked by naloxone (Akil et al., 1976), a nonselective opioid 

receptor antagonist (Blumberg et al., 1961). Moreover, lesions of the RVM or amygdala 

disrupt the antinociceptive effects of morphine (Fields et al., 1976; Matthies and Franklin, 

1992; Manning and Mayer, 1995b, 1995a). Opioid-induced antinociception within 

descending pain modulatory circuits is mediated, at least in part, via supressing the tonic 

inhibitory influence of GABAergic interneurons within PAG and RVM, thereby 

disinhibiting the antinociceptive drive of the neuronal output to the spinal dorsal horn 

(Vaughan et al., 1997; Lau and Vaughan, 2014). In addition, opioid receptors present in 

the primary afferent neurons in peripheral tissues can mediate antinociceptive effects, 

particularly in the setting of inflammation, by inhibiting the release of excitatory 

neurotransmitters (e.g. substance P) from these terminals (Zachariou and Goldstein, 

1996b, 1996a; Kondo et al., 2005). Like the classical opioid receptors, the NOP modulate 

nociception. However, the effects of activating NOP in spinal and supraspinal sites for 

modulating nociception in rodents are bidirectional (exhibiting both pronociception and 

antinociception)  depending on the doses, assays, and pain modalities (Kiguchi et al., 

2016). 

Of note, many of the brain regions (such as PFC, amygdala, and PAG) within the 

descending pain pathway are involved in the modulation of stress response, emotion, and 

affect (McEwen, 2007; Caputi et al., 2019). As such, the opioid receptors have been 

shown to modulate these behavioural responses along with the regulation of nociceptive 

signalling. In general, activation of MOP and DOP enhances mood whereas that of KOP 

produces aversion and prodepressive or dysphoric state in humans and rodents (Lutz and 

Kieffer, 2013), which will be discussed in more detail in respective chapters. Hence, the 

endogenous opioid system has been identified as a potential mediator of SIH and 

alteration in this system may play a key role in the reciprocal interactions between pain 

and stress/negative affect. The following section (section 1.4.6) will provide an overview 

of the clinical and preclinical evidence to date supporting a role of the opioid system in 

this interaction. 
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1.4.5.1. Opioid-induced hyperalgesia 

Opioid-induced hyperalgesia (OIH) is a state of nociceptive sensitisation caused by 

exposure to opioids. It is a paradoxical response whereby sustained exposure to opioids 

leads to hyperalgesia to certain painful stimuli (Roeckel et al., 2016; Lueptow et al., 

2018). OIH has been implicated in the development of tolerance to chronic opioid 

treatment. The precise neurobiological mechanisms of OIH are yet to be elucidated. Some 

studies suggest that increased activation (facilitation) of the descending pain pathway by 

chronic morphine exposure produces neuroadaptations, particularly in the RVM (e.g. 

increase in the number of ON cells), that may result in hyperalgesia (Vanderah et al., 

2001; Meng and Harasawa, 2007). Other proposed mechanisms include long-term 

potentiation of the C-fibre synapses on the dorsal horn (Klein et al., 2007; Drdla et al., 

2009), aberrant spinal glutamatergic signalling (Zhao et al., 2012), increased descending 

serotonergic facilitatory drive via 5-HT3 receptors (Vera-Portocarrero et al., 2007; Liang 

et al., 2011), and activation of glial cells (astrocytes and microglia) and subsequent 

downregulation of the K+-Cl− co-transporter (KCC2) in the spinal dorsal horn (Ferrini et 

al., 2013, 2017; Grace et al., 2015). Further understanding of the mechanisms that 

underlie OIH is necessary and may help to find better solution for the adverse effects 

associated with long-term usage of opioids. 

1.4.6. Endogenous opioid system in hyperalgesia associated with stress/negative 

affect 

1.4.6.1. Evidence from clinical studies 

A limited number of studies have investigated the role of the endogenous opioid system 

in SIH in humans and the findings are rather inconclusive at this stage (Table 1.3). In 

early studies, β-endorphin levels were measured in the CSF or plasma of patients with 

comorbid chronic pain and depression using radioimmunoassay. These studies found 

elevated (Almay et al., 1978; Atkinson et al., 1983), reduced (Nappi et al., 1985), or no 

change (Davis et al., 1982; Beutler et al., 1987; Daly et al., 1987; France et al., 1987; 

France and Urban, 1991) in β-endorphin level in the patients compared to healthy 

subjects. The heterogeneity of the patient population studied in these reports could result 

in this inconsistency. In addition, real-life stressful events such as sitting an exam 

(Michelotti et al., 2000) or dental surgery (Hargreaves et al., 1983) have been shown to 
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elevate anxiety levels and pain sensitivity in subjects with no change in plasma β-

endorphin levels. 

Some studies using functional neuroimaging have explored central opioidergic activity in 

pain-negative affect interaction in humans. Using [11C]diprenorphine, a nonselective 

radiotracer that binds with equal affinity to MOP, KOP, and DOP, Jones and coworkers 

have assessed receptor-binding potential in trigeminal neuralgia patients before and after 

surgery for pain relief (Jones et al., 1999). Following surgery, patients showed increased 

[11C]diprenorphine binding in brain regions related to pain modulation such as the 

prefrontal, insular, and cingulate cortices and thalamus, which also correlated with 

reduced pain and anxiety/depression scores in the patients. In contrast, higher opioid 

receptor availability in the contralateral temporal cortex, measured using [18F]fluoroethyl-

diprenorphine, was associated with high depression scores in patients with complex 

regional pain syndrome (Klega et al., 2010). Another study employing MOP selective 

radiotracer [11C]carfentanil has shown that healthy subjects with higher MOP availability 

in the prefrontal, insular, and anterior cingulate cortices are prone to negative emotions 

during stress (Tuominen et al., 2012). Furthermore, increased baseline MOP availability 

in the thalamus of patients with chronic low back pain is inversely associated with 

positive affect ratings in the patients (Martikainen et al., 2013). However, reduced MOP 

availability in the amygdala is correlated with symptoms of depression in fibromyalgia 

patients (Harris et al., 2007). These studies suggest a region-dependent effect of MOP in 

chronic pain comorbid with negative affect. 

To our knowledge, only one study to date has investigated the genetic association between 

chronic pain and negative affect in the context of the opioid system. Max and colleagues 

collected DNA samples from a group of 280 patients with sciatica to identify any genetic 

polymorphism in chronic pain-induced anxiety and depression (Max et al., 2006). 

Following surgery for pain relief, patients whose pain scores reduced by more than 25% 

showed improvement in symptoms of anxiety and depression. Three single-nucleotide 

polymorphisms (SNPs) in OPRM1 were identified linking pain and postoperative mood. 

However, the sample size used in the study was small, limiting the power of statistical 

analysis, and future studies with larger sample sizes are warranted. 
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Table 1.3: Summary of clinical studies investigating the role of the endogenous opioid system in SIH in humans. ↑: increase, ↓: decrease, ↔: no 

change. 

Clinical pain 

state/Painful 

stimulus 

Stressor/source of 

anxiety or 

depression 

Behavioural 

response 
Methodology 

Changes in opioid 

system 
Reference 

Migraine headache Major depression  Radioimmunoassay ↓ CSF β-endorphin (Nappi et al., 1985) 

Perceived pain 

score 
Surgical stress 

↑ pain sensitivity and 

anxiety levels during 

surgery 

Radioimmunoassay ↔ plasma β-endorphin 
(Hargreaves et al., 

1983) 

Mechanical 

pressure 

Undertaking 

academic exam 

↑ pain sensitivity and 

state anxiety levels 
Radioimmunoassay ↔ plasma β-endorphin 

(Michelotti et al., 

2000) 

Mild electric 

shocks 
Affective illness ↓ pain sensitivity Radioreceptor assay ↔ CSF β-endorphin (Davis et al., 1982) 

Somatic pain 

complaints 
Depression  Radioimmunoassay ↔ plasma β-endorphin (Daly et al., 1987) 

Rheumatoid 

arthritis 

Depressive 

symptoms 
  ↔ plasma β-endorphin (Beutler et al., 1987) 

Chronic low back 

pain/sciatica 

Major depressive 

disorder 
 Radioimmunoassay ↔ CSF β-endorphin 

(France et al., 1987; 

France and Urban, 

1991) 
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Chronic pain 
Depressive 

symptoms 
 Radioimmunoassay ↑ plasma β-endorphin (Atkinson et al., 1983) 

Chronic pain 

Self-reported 

depressive 

symptoms 

 Radioreceptor assay ↑ CSF β-endorphin (Almay et al., 1978) 

Chronic low back 

pain/sciatica 
 

↓ pain and 

anxiety/depression 

scores after surgery 

SNP markers and PCR 

3 SNPs in OPRM1 gene 

linked to pain and 

postoperative mood 

(Max et al., 2006) 

Trigeminal 

neuralgia 
 

↓ pain sensitivity and 

anxiety levels after 

surgery 

PET, [11C]diprenorphine 

↑ binding in prefrontal, 

insular, and cingulate 

cortices and thalamus 

(Jones et al., 1999) 

Complex regional 

pain syndrome 
 ↑ depression scores 

PET, [18F]fluoroethyl-

diprenorphine 

↑ binding in 

contralateral temporal 

cortex 

(Klega et al., 2010) 

Fibromyalgia  ↑ depression scores PET, [11C]carfentanil 
↓ MOP binding in 

amygdala 
(Harris et al., 2007) 

Chronic low back 

pain/sciatica 
 

↓ positive affect 

ratings 
PET, [11C]carfentanil 

↑ MOP binding in 

thalamus 

(Martikainen et al., 

2013) 

 



Chapter 1: General Introduction  

41 

 

1.4.6.2. Evidence from preclinical studies 

1.4.6.2.1. Pharmacological studies 

A growing body evidence from preclinical studies has implicated the endogenous opioid 

system in mediating SIH (Table 1.4). Both naloxone and naltrexone (nonselective opioid 

receptor antagonists) reverse hyperalgesia induced by novel environment stress (Le Roy 

et al., 2011) and prolonged exposure to restraint (Huang and Shyu, 1987) or forced swim 

(Suarez-Roca et al., 2006) stress in rats, indicating SIH is mediated by the opioid system. 

Repeated stress in the form of restraint or maternal separation induces an overall reduction 

in opioid receptor density in the CNS, particularly in the cortex, hippocampus, and spinal 

cord (Bernardi et al., 1986; Dantas et al., 2005). It is postulated that stress can induce 

long-lasting alterations in intracellular signalling pathways that facilitate a pronociceptive 

response (Khasar et al., 2008; Dina et al., 2009). Hence, such changes in neural substrates 

within descending pain pathway may underpin SIH (Green et al., 2011). Indeed, a recent 

study has demonstrated how stress may alter the directionality of opioidergic signalling 

of DRG neurons (Guerrero-Alba et al., 2017). DRG neurons from naïve mice, when 

incubated with supernatants from inflamed (chronic colitis) mouse colons, exhibited a 

naloxone-sensitive decrease in neuronal excitability. However, incubation in colonic 

supernatants from mice which were exposed to both chronic colitis and repeated WA 

stress resulted in a paradoxical enhancement of DRG neuronal excitability that was 

unmasked by naloxone. The authors have suggested that in the presence of chronic stress, 

endogenous opioid signalling switches from an antinociceptive to a pronociceptive 

pathway in DRG neurons that leads to visceral hyperalgesia. This stress-induced switch 

of the endogenous opioid signalling may involve the Gs-Protein Kinase A and/or Gβγ-

Phospholipase C excitatory pathways (Guerrero-Alba et al., 2017). 

In addition, alteration in the opioid system has been demonstrated in rodent models of 

chronic pain with associated anxiety/depression-like behaviour. Rats displaying 

anhedonia three months after inducing neuropathic pain showed reduction in opioid 

receptor availability (measured using in vivo brain imaging) in the insular cortex and 

striatum, regions involved in nociception and emotion (Thompson et al., 2018).  In 

addition, Narita and coworkers have reported reduced MOP and DOP, but increased 

KOP, activity (measured using agonist-induced [35S]GTPγS binding assay) in the 

amygdala (Narita et al., 2006a) and frontal cortex (Narita et al., 2006b) in mice models 

of chronic pain exhibiting comorbid anxiety-like behaviour. These studies indicate 
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receptor-dependent and region-specific alterations in the opioid system in pain-

stress/negative affect interaction. The following sections will further review the roles of 

specific opioid receptor-peptide systems in SIH. 

1.4.6.2.1.1. Mu-opioid system 

The MOP system is the most studied in the context of SIH and several studies have 

reported alterations in the expression and functionality of the MOP in SIH. Repeated cold 

water swim stress-induced thermal hyperalgesia is associated with increased MOP 

expression in the midbrain, brainstem, and spinal cord in mice (Kim et al., 2003). In 

contrast, reduction in MOP expression in the spinal cord and DRG has been shown in rat 

models of SIH (Wang et al., 2015c; Hormozi et al., 2018, 2019), indicating possible 

species difference in chronic stress-induced alterations in MOP. Reduced expression of 

MOP has also been reported in brain regions such as the insular cortex, striatum, and 

hippocampus, as well as in the spinal cord, in rodent models of neuropathic pain with 

associated anxiety and depression-like behaviour (Ferreira-Chamorro et al., 2018; 

Thompson et al., 2018). Furthermore, selective ablation of MOP containing neurons in 

the RVM prevents development of mechanical hypersensitivity in rats following repeated 

whisker pad stimulation stress, suggesting that MOP in the RVM play a role in mediating 

SIH (Reynolds et al., 2011). 

Blocking the MOP before stress sessions prevents SIH in rats, further implicating MOP 

in the development of SIH (Suarez-Roca et al., 2006). Antinociceptive efficacy of 

systemically administered morphine is reduced in rodents following various chronic 

stress paradigms such as exposure to cold (Schlen and Bentley, 1980; Nishiyori et al., 

2010), immobilization/restraint (Puglisi-Allegra et al., 1986; da Silva Torres et al., 2003; 

Gameiro et al., 2005, 2006), intermittent cold-water swim (Girardot and Holloway, 

1984b), forced swim (Suarez-Roca et al., 2006), maternal separation (Kalinichev et al., 

2001), and unpredictable mild stress (Ide et al., 2015). These studies suggest a 

maladaptive change in MOP during repeated exposure to stress that possibly leads to the 

development of hyperalgesia. Moreover, morphine injected intracerebrally, but not 

intrathecally, failed to reduce thermal and mechanical hyperalgesia induced by chronic 

intermittent cold stress in mice (Nishiyori et al., 2010; Mukae et al., 2015), indicating 

maladaptive alterations of supraspinal MOP (perhaps not spinal MOP) contribute to SIH. 
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Monoamines play a key modulatory role in opioidergic signalling. Pretreatment with a 

noradrenaline reuptake inhibitor rescues the antinociceptive effect of morphine in a 

murine model of SIH (Ide et al., 2015), suggesting that the lower efficacy of morphine 

could be due to reduced noradrenergic tone in SIH. In comparison, a serotonin reuptake 

inhibitor did not affect morphine efficacy in the same model, which was attributed to the 

selection of drug dose by the authors (Ide et al., 2015). However, serotonin may have a 

role in modulating MOP signalling in SIH. Nishiyori and coworkers has demonstrated 

that intracerebral morphine failed to attenuate SIH in mice and concomitantly did not 

affect the turnover ratio of serotonin and its metabolite (5-HIAA) in the spinal cord 

(Nishiyori et al., 2010). Turnover of serotonin is crucial for opioid-mediated 

antinociception via the descending pathway (Tao and Auerbach, 1994; Taylor and 

Basbaum, 2003). Hence, a loss of spinal serotonergic activation due to stress-induced 

alteration of supraspinal MOP may also contribute to the reduced efficacy of morphine in 

SIH. These studies also suggest that, from a therapeutic standpoint, drugs that can 

modulate both MOP and monoaminergic signalling may have beneficial effects in 

patients with comorbid stress and pain. Indeed, unlike morphine, tramadol (a MOP 

agonist and reuptake inhibitor of both serotonin and noradrenaline) retains its 

antinociceptive efficacy in SIH (Ide et al., 2015). Moreover, repeated treatment with 

tramadol has been shown to reverse both mechanical hypersensitivity and associated 

anxiety- and depressive-like behaviours in a rat model of neuropathic pain, further 

illustrating therapeutic potential of tramadol in the context of pain-negative affect 

comorbidity (Caspani et al., 2014). Overall, these studies reveal chronic stress results in 

a dysfunction and/or desensitisation of the MOP signalling pathway that is key in 

mediating SIH. 

1.4.6.2.1.2. Kappa-opioid system 

Changes in the expression of KOP in SIH are mostly similar to those for MOP described 

above. Repeated cold water swim stress-induced hyperalgesia is associated with 

increased expression of KOP in the brainstem, midbrain, and spinal cord in mice (Kim et 

al., 2003). In contrast, KOP expression is lower in the spinal cord and dorsal root ganglia 

in rats displaying enhanced postsurgical pain following chronic sleep disturbance stress, 

compared to non-stress control rats (Wang et al., 2015c). In line with increased KOP 

functionality in SIH (Narita et al., 2006a), the KOP agonist U50488 produces greater 

antinociception in mice subjected to repeated cold stress compared to the non-stressed 
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control group (Omiya et al., 2000). In addition, both prophylactic and therapeutic 

treatment with the KOP agonist SA14867 attenuate hypersensitivity to pressure in rats 

exposed to specific alternation of rhythm in an environmental temperature (SART) stress 

(Tsukahara-Ohsumi et al., 2011). Indeed, blockade of KOP with MR1452 augments 

restraint stress-induced hyperalgesia in rats (Pilcher and Browne, 1983). However, the 

KOP antagonist nor-BNI has no effect on hyperalgesia induced by chronic forced swim 

stress in rats (Suarez-Roca et al., 2006). Methodological differences, such as nociceptive 

tests (pressure versus thermal) used to assess the effect of antagonists in SIH, may account 

for the discrepancy here since stress may not influence different pain modalities to the 

same extent. In summary, these studies show KOP play a crucial role SIH and, therefore, 

further investigation is warranted to fully understand the underlying mechanisms. 

1.4.6.2.1.3. Delta-opioid system 

Only a few studies have investigated the DOP in SIH. Unlike expression of MOP and 

KOP, levels of DOP are reduced in the brainstem, midbrain, and spinal cord in mice 

exposed to repeated cold water swim stress (Kim et al., 2003). Moreover, chronic 

intermittent foot shock-induced hyperalgesia markedly reduces levels of Met- and Leu-

enkephalin in rat whole brains (McGivern et al., 1983). Pharmacological studies have 

shown that the antinociceptive potency of a DOP selective agonist DPDPE is not affected 

in a mice model of SIH (Omiya et al., 2000). Similarly, the DOP selective antagonist 

naltrindole has no effect on SIH in rats (Suarez-Roca et al., 2006), suggesting a limited 

contribution of the DOP in SIH. A recent study has shown that the DOP agonist UFP-512 

is effective in alleviating nociceptive (mechanical, heat, and cold) hypersensitivity and 

depressive-like behaviour associated with chronic neuropathic pain in mice (Polo et al., 

2019). This suggests that the DOP could be a useful therapeutic target in comorbid 

chronic pain and depression. 

1.4.6.2.1.4. Nociceptin/orphanin FQ-opioid system 

Visceral hypersensitivity induced by partial restraint stress in rats is attenuated by 

systemic, but not by intracerebroventricular, administration of the endogenous peptide 

N/OFQ, suggesting a modulatory role of the spinal and/or peripheral NOP system in SIH 

(Agostini et al., 2009). However, work from Zhang and coworkers provides evidence for 

a role of central NOP in the modulation of SIH. The authors have reported that single 

prolonged stress, which mimics clinical post-traumatic stress disorder (PTSD)-like stress, 
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induces mechanical allodynia, thermal hyperalgesia, and anxiety-like behaviour in rats 

(Zhang et al., 2012, 2015), which is reversed by systemic administration of the NOP 

antagonist JTC-801 (Zhang et al., 2015). Moreover, JTC-801 reduces N/OFQ peptide 

levels in the serum and cerebrospinal fluid (CSF) and in brain regions such as the PAG 

and hippocampus (Zhang et al., 2015), which are important in modulating nociception, 

aversion, and memory. In addition, chronic JTC-801 administration reverse stress-

induced increases in NOP mRNA and protein levels in the amygdala and PAG (Zhang et 

al., 2015). Thus, upregulation of NOP and its endogenous opioid peptide N/OFQ in the 

brain may mediate SIH in rodents, positioning the NOP system as a potential therapeutic 

target in comorbid PTSD and pain. 

1.4.6.2.2. Genetic studies 

There is a paucity of studies employing transgenic mice to examine the involvement of 

the endogenous opioid system in exacerbated nociceptive response induced by stress or 

negative affect (Table 1.4). One study by Negrete and coworkers has demonstrated that 

KOP and PDYN null mice exhibit enhanced mechanical allodynia and anhedonia, but 

reduced anxiety-like behaviour, compared with their respective wildtype littermates. This 

finding suggests that the KOP and its endogenous ligand dynorphin may have a complex 

modulatory role in chronic pain state and associated anxiodepressive states (Negrete et 

al., 2017). Paretkar and Dimitrov have recently conducted a series of experiments where 

they used chemogenetics and transgenic mice to selectively modulate activity of the 

enkephalinergic neurons in the CeA. Targeted chemogenetic activation of 

enkephalinergic neurons in the CeA produced robust antinociception and also reduced 

anxiety-like behaviour in a model of chronic neuropathic pain (Paretkar and Dimitrov, 

2019). Furthermore, sustained chemogenetic activation of the CeA enkephalinergic 

neurons prevented the development of anxiodepressive-like behavior in mice with 

neuropathic pain (Paretkar and Dimitrov, 2019). Hence, future studies using genetic 

models is warranted to further elucidate the complex roles played by the opioid receptors 

in the interaction between pain and negative affect. 

Besides the use of transgenic mice, a small number of studies have used the inbred Wistar 

Kyoto (WKY) rat strain to investigate the role of the opioid system in altered nociceptive 

response associated with stress and/or negative affect. Gene microarray analysis has 

shown higher expression of the KOP-encoding gene in the LC in the WKY rats versus 

SD rats (Pearson et al., 2006). Other studies have revealed higher expression of KOP and 
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dynorphin in the amygdala, nucleus accumbens, and piriform cortex (regions important 

in stress and affect) in naïve WKY compared with SD rats (Carr et al., 2010; Dennis et 

al., 2016; Burke et al., 2019). The expression of the gene encoding for the MOP was 

higher in the hippocampus, but lower in the striatum, in the WKY rats compared with SD 

rats (Burke et al., 2019). WKY rats also have lower levels of NOP mRNA in the 

hippocampus, compared with SD rats (Burke et al., 2019). The functional/behavioural 

consequence of such alterations in the opioid system underlying the phenotype of WKY 

rats is yet to be determined. In addition, WKY rats demonstrate hyporesponsivity to 

opioid drugs including morphine, buprenorphine, butarphenol, and nalbuphine in tests of 

acute thermal (heat) pain, suggesting that a dysfunction of the opioid system may underlie 

the WKY phenotype (Hoffmann et al., 1998; Plesan et al., 1999; Terner et al., 2003; 

Avsaroglu et al., 2007; Hestehave et al., 2019b). WKY rats are also less sensitive to 

morphine in the test of mechanical hyperalgesia (Randall Selitto) in a model of chronic 

inflammatory pain, compared to SD rats (Hestehave et al., 2019b). Thus, the WKY rat 

represents a valuable model to explore the role of the opioid system in hyperalgesia 

associated (or co-occurring) with stress and negative affective states, which is a primary 

focus of the body of work presented in this thesis. 
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Table 1.4: Summary of studies investigating the role of the endogenous opioid system in hyperalgesia associated with stress and/or negative affect 

in animal models. ↑: increase, ↓: decrease, ↔: no change. 

Target 
Species/ 

strain 

Stressor/pain 

model 

Tests of pain 

and/or affect 
Drugs used 

Key behavioural 

findings 

Changes in opioid 

system/method used 
Reference 

Pharmacological studies 

 ICR mice 

Repeated cold 

water swim 

stress 

Tail flick  

Tolerance in the 

production of 

antinociception 

↑ MOP and KOP and ↓ DOP in 

the brainstem, midbrain, and 

spinal cord (radioligand binding) 

(Kim et al., 2003) 

 SD rats 
Chronic sleep 

disturbance 

von Frey, 

Hargreaves’, 

cold plate 

 SIH 

↓ MOP and KOP in the spinal 

cord and dorsal root ganglia 

(Western blot) 

(Wang et al., 

2015c) 

 SD rats Neuropathic pain 

von Frey, cold 

plate, sucrose 

preference 

 
Mechanical and cold 

allodynia; anhedonia 

Reduced opioid receptor 

availability in the insular cortex 

and striatum (PET imaging) 

(Thompson et al., 

2018) 

 C57BL/6 mice 

Neuropathic and 

inflammatory 

pain 

von Frey, 

Hargreaves’, 

Light-dark, 

elevated plus 

maze 

 

Mechanical allodynia, 

thermal hyperalgesia; 

anxiety-like   

behaviour 

↓ MOP and DOP and ↑ KOP 

activity in the amygdala and ↓ 

DOP activity in the frontal 

cortex (selective agonist-induced 

[35S]GTPγS binding assay) 

(Narita et al., 

2006b, 2006a) 

MOP/ 

KOP/ 

DOP 

SD rats 

Novel 

environment 

stress 

Paw pressure 

vocalization test 
Naltrexone (s.c.) ↓ SIH  

(Le Roy et al., 

2011) 

MOP/ 

KOP/ 

DOP 

WKY and SHR 

rats 

Prolonged 

restraint stress 
Tail flick test Naloxone (i.v.) ↓ SIH  

(Huang and 

Shyu, 1987) 
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MOP/ 

KOP/ 

DOP 

SD rats 
Forced swim 

stress 
Hot plate test Naloxone (i.p.) ↓ SIH  

(Suarez-Roca et 

al., 2006) 

MOP 
SD and Wistar 

rats 

Chronic 

electrical foot-

shock 

Tail-flick, 

formalin 
 SIH 

↓ MOP mRNA in the spinal cord 

and DRG (RT-qPCR) 

(Hormozi et al., 

2018, 2019) 

MOP SD rats Neuropathic pain 

von Frey, cold 

plate, sucrose 

preference 

 
Mechanical and cold 

allodynia, anhedonia 

↓ MOP in the insula and striatum 

(immunohistochemistry) 

(Thompson et al., 

2018) 

MOP C57BL/6J mice Neuropathic pain 

von Frey, 

Hargreaves’, 

cold plate, 

elevated plus 

maze, tail 

suspension 

 

Mechanical and cold 

allodynia, thermal 

hyperalgesia; anxiety- 

and depression-like 

behaviour 

↓ MOP in the hippocampus and 

spinal cord (Western blot) 

(Ferreira-

Chamorro et al., 

2018) 

MOP SD rats 
Forced swim 

stress 
Hot plate 

Naloxonazine 

(i.p.) 
↓ SIH  

(Suarez-Roca et 

al., 2006) 

MOP Swiss mice 
Cold temperature 

(4°C) 

Abdominal 

writhing 
Morphine (i.p) 

Reduced 

antinociceptive effect 
 

(Schlen and 

Bentley, 1980) 

MOP C57BL/6 mice 
Intermittent cold 

stress 
Hargreaves’ 

Morphine (s.c. or 

i.c.v.) 

Reduced 

antinociceptive effect 

 
(Nishiyori et al., 

2010) Morphine (i.t. or 

i.pl.) 
↓ SIH 

MOP C57BL/6 mice 
Repeated 

restraint stress 
Hot plate Morphine (i.p.) 

Reduced 

antinociceptive effect 
 

(Puglisi-Allegra 

et al., 1986) 

MOP Wistar rats 
Chronic restraint 

stress 
Tail flick test Morphine (i.p.) 

Reduced 

antinociceptive effect 
 

(da Silva Torres 

et al., 2003) 
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MOP Wistar rats 
Chronic restraint 

stress 

Formalin 

(injected into the 

TMJ) 

Morphine (i.p.) 
Reduced 

antinociceptive effect 
 

(Gameiro et al., 

2005, 2006) 

MOP SD rats 

Intermittent cold-

water swim 

stress 

Tail flick Morphine 
Reduced 

antinociceptive effect 
 

(Girardot and 

Holloway, 1984) 

MOP SD rats 
Forced swim 

stress 
Hot plate Morphine (i.p.) 

Reduced 

antinociceptive effect 
 

(Suarez-Roca et 

al., 2006) 

MOP 
Long-Evans 

hooded rats 

Maternal 

separation 

Tail flick, hot 

plate 
Morphine (s.c.) 

Reduced 

antinociceptive effect 
 

(Kalinichev et al., 

2001) 

MOP C57BL/6J mice 
Intermittent cold 

stress 

von Frey, 

Hargreaves’ 
Morphine (i.c.v) 

Reduced 

antinociceptive effect 
 

(Mukae et al., 

2015) 

MOP ddY mice 
Intermittent cold 

stress 
Tail pressure DAMGO (i.c.v.) 

Reduced 

antinociceptive effect 
 

(Omiya et al., 

2000) 

MOP BALB/c mice 

Unpredictable 

chronic mild 

stress 

Hot plate 

Morphine (i.p.) Reduced 

antinociceptive effect 

of morphine, but not 

tramadol, in stressed 

rats 

 (Ide et al., 2015) 

Tramadol (i.p.) 

MOP Wistar Han rats Neuropathic pain 

von Frey, 

elevated plus 

maze, forced 

swim 

Tramadol (i.p.) 

Reversed mechanical 

allodynia and 

associated anxiety- 

and depressive-like 

behavior 

 
(Caspani et al., 

2014) 

MOP SD rats 

Repeated 

whisker pad 

stimulation 

von Frey 

Lesioning the 

RVM 

 

Absence of SIH in rats 

with selective ablation 

of MOP neurons in the 

RVM 

 
(Reynolds et al., 

2011) 
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KOP Hooded rats Restraint stress Paw pressure MR1452 ↑ SIH  
(Pilcher and 

Browne, 1983) 

KOP SD rats 
Forced swim 

stress 
Hot plate Nor-BNI (i.p.) ↔ SIH  

(Suarez-Roca et 

al., 2006) 

KOP Wistar rats SART stress Randall-Selitto SA14867 (p.o.) ↓ SIH  

(Tsukahara-

Ohsumi et al., 

2011) 

KOP ddY mice 
Intermittent cold 

stress 
Tail pressure 

U50488 

(s.c. or i.t.) 

Greater 

antinociceptive effect 

in stressed mice than 

controls 

 
(Omiya et al., 

2000) 

DOP SD rats 

Repeated 

intermittent foot 

shock 

Tail flick  SIH 

↓ Met- and Leu-enkephalin in 

the brain (high pressure liquid 

chromatography) 

(McGivern et al., 

1983) 

DOP SD rats 
Forced swim 

stress 
Hot plate Naltrindole (i.p.) ↔ SIH  

(Suarez-Roca et 

al., 2006) 

DOP ddY mice 
Intermittent cold 

stress 
Tail pressure DPDPE ↔ SIH  

(Omiya et al., 

2000) 

DOP C57BL/6J mice 

Neuropathic and 

inflammatory 

pain 

von Frey, 

Hargreaves’, 

cold plate, tail 

suspension 

UFP-512 (i.p) 

Reversed mechanical 

and cold allodynia and 

thermal hyperalgesia 

and associated 

depression-like 

behaviour 

 
(Polo et al., 

2019) 

NOP SD rats 
Single-prolonged 

stress 

von Frey, 

Hargreaves’ 
 SIH 

↑ N/OFQ levels in CSF and 

serum (radioimmunoassay) 

(Zhang et al., 

2012) 

NOP Wistar rats 
Partial restraint 

stress 

Colorectal 

distension 

N/OFQ peptide 

(i.p.) 
↓ SIH 

 
(Agostini et al., 

2009) N/OFQ peptide 

(i.c.v) 
↔ SIH 
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UFP-101 (i.p.) ↑ SIH 

NOP SD rats 
Single-prolonged 

stress 

von Frey, 

Hargreaves’ 
JTC-801 (i.p.) ↓ SIH 

• ↓ N/OFQ levels in serum, 

CSF, PAG, and 

hippocampus 

(radioimmunoassay) 

• ↓ NOP mRNA levels in the 

amygdala and PAG (RT-

qPCR) 

• ↓ NOP in the PAG (Western 

blot) 

(Zhang et al., 

2015) 

Genetic studies 

KOP, 

PDYN 

KOP-/- and 

PDYN-/- mice 

(C57BL/6 

background) 

Monosodium 

iodoacetate 

model of knee 

osteoarthritis 

von Frey, 

sucrose 

preference, 

elevated plus 

maze, novel 

object 

recognition 

 

Greater mechanical 

allodynia and 

anhedonia but reduced 

anxiety-like behaviour 

and cognitive deficit 

in knockout mice 

compared with 

wildtype counterparts 

 
(Negrete et al., 

2017) 

 WKY rats     

↑ KOP mRNA in the LC of 

Wistar-Kyoto versus Sprague-

Dawley rats 

(gene microarray and RT-qPCR) 

(Pearson et al., 

2006) 

 WKY rats     

• ↑ MOP mRNA in the 

hippocampus (RT-qPCR) 

• ↓ MOP mRNA in the 

striatum (RT-qPCR) 

(Carr et al., 2010; 

Dennis et al., 

2016; Burke et 

al., 2019) 
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• ↑ KOP mRNA in the nucleus 

accumbens, amygdala, and 

hippocampus (RT-qPCR) 

• ↑ KOP in the piriform cortex 

(Western blot) 

• ↑ dynorphin in the nucleus 

accumbens (ELISA) 

• ↓ NOP mRNA in the 

hippocampus 

 WKY rats  

Hot plate, warm 

water tail 

withdrawal 

Morphine (s.c., 

i.p., or i.v.), 

buprenorphine 

(i.p. or i.v.), 

butorphanol (i.p.) 

and nalbuphine 

(i.p. or i.v.) 

Reduced 

antinociceptive effect 

in the WKY strain 

 

(Hoffmann et al., 

1998; Plesan et 

al., 1999; Terner 

et al., 2003; 

Avsaroglu et al., 

2007; Hestehave 

et al., 2019b) 

 WKY rats 

Inflammatory 

pain (CFA-

induced) 

Randall-Selitto Morphine (s.c.) 

Reduced 

antinociceptive effect 

in the WKY strain 

 
(Hestehave et al., 

2019b) 
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1.4.7. Endogenous opioid system and cognition 

Given the abundant expression of the opioid receptors in corticolimbic areas of the brain, 

it is not surprising that they have been implicated in cognitive processes such as learning 

and memory. These cognitive domains are often impaired in chronic pain or affective 

disorders (Moriarty et al., 2011; Jacobson et al., 2018) and, hence, the opioid system may 

play a role in comorbidity of chronic pain with affective disorders and impaired cognition. 

Early studies in healthy subjects showed that agonists of MOP (Saarialho-Kere et al., 

1989; Walker et al., 2001) and KOP (MacLean et al., 2013) impaired normal cognitive 

processes, including recall for episodic and spatial memory (Martín del Campo et al., 

1992). Preclinical studies in knockout transgenic mice have revealed insights into the role 

of opioid receptors in learning and memory. MOP null mice exhibit impairment in spatial 

memory in two distinct tasks, the 8-arm radial and Morris water maze (Jamot et al., 2003; 

Jang et al., 2003), possibly due to reduced hippocampal long-term potentiation (Matthies 

et al., 2000), which is a long lasting and activity-dependent synaptic plasticity important 

for memory formation (Bliss and Collingridge, 1993). No spatial memory impairment is 

seen in KOP knockout mice (Jamot et al., 2003). Genetic deletion of PDYN has no effect 

on spatial and recognition memory in aged mice compared to wild-type littermates 

(Ménard et al., 2013). Interestingly, pharmacological activation of KOP in PDYN 

knockout mice impairs recognition memory (Bilkei-Gorzo et al., 2014). Constitutive 

knockout of DOP results in impairment in object location learning and short-term 

memory (Le Merrer et al., 2013), as well as deficiencies in place conditioning tasks (Le 

Merrer et al., 2011). In addition, deletion of NOP gene improves spatial memory in Morris 

water maze task (Manabe et al., 1998) Overall, these genetic studies suggest that all four 

opioid receptors have a role in learning and memory, with MOP and DOP facilitating, 

and KOP and NOP impeding, these cognitive processes. 

Pharmacological manipulation of opioid receptors also reveals some interesting results. 

Spatial learning in the water maze task is impaired by blocking MOP (Meilandt et al., 

2004) or activating KOP (Daumas et al., 2007) in the hippocampus in rodents. Also, the 

KOP selective antagonist nor-BNI reverses dynorphin B-induced or stress-induced 

impairment in spatial (Sandin et al., 1998) and recognition (Carey et al., 2009) memory 

in rodents. DOP has been studied the most with respect to cognitive processing. However, 

pharmacologically activating DOP either facilitates or impairs learning depending on the 

task employed to assess memory performance (Pellissier et al., 2018), warranting further 
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investigation to understand the role of DOP in cognitive performance. Nevertheless, the 

DOP antagonist naltrindole reduces performance in the hippocampus-dependent object-

place recognition task in mice (Le Merrer et al., 2013). With regard to NOP system, NOP 

agonists impair memory whereas NOP antagonists have been shown to block this effect 

(Andero, 2015). Taken together, the data from pharmacological studies are largely in line 

with those obtained from genetic studies and further support role of the opioid system in 

memory. However, only two studies to date have investigated the opioid system with 

respect to comorbidity of chronic pain with negative affect and cognitive impairment. 

Deletion of the KOP gene in a mouse model of knee osteoarthritis pain enhances 

mechanical allodynia and pain-induced anhedonia but reduces anxiety-like behaviour and 

deficits in object recognition memory (Negrete et al., 2017). In another study, using the 

rat model of knee osteoarthritis pain, Grégoire et al showed that although low doses of 

morphine administered systemically or into the BLA did not reduce mechanical allodynia, 

pain-induced anxiety-like behaviours and impairment in spatial memory were reversed 

(Grégoire et al., 2014). These studies indicate a complex receptor-dependent role of the 

opioid system in modulating pain and associated negative affect and cognitive 

impairment. 

1.5. Overall hypothesis and aims of the thesis 

The studies discussed above provide substantial evidence for a key role of the opioid 

system in the interrelationship between pain and stress-related negative affective states 

(anxiety and depression). However, the influence of genetic background on such 

interaction remains largely unexplored. In addition, the underlying neural substrates 

within the descending pain pathway mediating this enhanced nociceptive response are 

still poorly understood. Moreover, only a few studies so far have investigated the 

involvement of the opioid system in comorbidity between chronic pain and negative 

affect and/or cognitive impairment. Thus, the overarching hypothesis of the work 

presented herein is that alteration in the expression and/or functionality of the endogenous 

opioid system in key components of the descending pain pathway may underpin 

hyperalgesia to inflammatory pain in WKY rats, compared with SD counterparts. In 

addition, given the hyperalgesic and stress hyperresponsive phenotype of the WKY rats, 

we hypothesised that this strain will have exacerbated response/deficits in behavioural 

domains relating to nociceptive response, negative affect, and cognition in a model of 

chronic inflammatory pain.  



Chapter 1: General Introduction  

55 

 

Our overall objective was to advance our understanding of the role of the opioid system 

in pain-negative affect interactions. In this respect, the aims of the studies discussed in 

this body of work were as follows: 

• To investigate the effects of pharmacologically modulating MOP on acute thermal 

(heat) and formalin-evoked nociceptive behaviour and anxiety- and depression-

related behaviour in SD and WKY rats (Chapter 2). 

• To examine the role of MOP in the ventrolateral subcolumn of the PAG on 

formalin-evoked nociceptive behaviour in SD and WKY rats (Chapter 3). 

• To investigate the effects of pharmacologically modulating the KOP on acute 

thermal (heat) and formalin-evoked nociceptive behaviour, the affective component 

of persistent inflammatory pain, and anxiety- and depression-related behaviour in 

SD and WKY rats (Chapter 4). 

• To investigate nociceptive hypersensitivity and associated deficits in affect and 

cognition in a model of chronic inflammatory pain in WKY and SD rats (Chapter 

5). 

• To examine the effects of pharmacologically modulating KOP and DOP on 

nociceptive hypersensitivity and associated deficits in affect and cognition in a 

model of chronic inflammatory pain in SD rats (Chapter 6). 
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2. Chapter 2: Effects of modulating mu-opioid receptors on 

nociceptive and anxiety/depression-related behaviours in 

Wistar-Kyoto and Sprague-Dawley rats 

 

2.1. Introduction 

Pain and negative affective states, such as anxiety and depression, share a complex 

reciprocal relationship. Numerous clinical studies have reported a high prevalence of 

chronic pain disorders (Bair et al., 2003; Asmundson and Katz, 2009; Wiech and Tracey, 

2009) and alterations in the sensitivity to, and tolerance of, pain (Lautenbacher et al., 

1999; Kain et al., 2000; Rhudy and Meagher, 2000; Bar et al., 2005) in patients with 

anxiety and depression. On the other hand, the prevalence rates of anxiety or depression 

in chronic pain patients can reach as high as 77% or 80%, respectively (Poole et al., 2009; 

Knaster et al., 2012). Moreover, patients with chronic pain are at greater risk of 

developing anxiety or major depressive disorder when compared to the general 

population (McWilliams et al., 2003; Twillman, 2008). Such comorbid conditions have 

significant clinical implications, often amplifying the severity of each individual disorder 

and resulting in poor therapeutic outcomes and reduced quality of life of the patients. 

Thus, co-occurrence of pain and negative affect is more debilitating than either condition 

alone and imposes a huge socioeconomic burden. 

In preclinical studies, animal models have been used to investigate neurobiological 

mechanisms underlying pain-negative affect interactions (for review see Liu and Chen, 

2014; Li, 2015). One such preclinical model is the inbred Wistar-Kyoto (WKY) rat strain, 

a genetic model with a number of anxiety and depression-related deficits (Gentsch et al., 

1987; Paré and Redei, 1993; Paré, 1994; Malkesman and Weller, 2009; Burke et al., 

2010). WKY rats display hyperresponsivity to stress (Tejani-Butt et al., 1994; 

Rittenhouse et al., 2002; De La Garza and Mahoney, 2004), including increased 

susceptibility to stress-induced ulcers (Paré, 1989a; Redei et al., 1994) and heightened 

activation of the stress-responsive neuroendocrine pathways (Redei et al., 1994; 

Rittenhouse et al., 2002; De La Garza and Mahoney, 2004). In addition, WKY rats exhibit 

a hyperalgesic phenotype. WKY rats show thermal hyperalgesia in the hot plate test 

compared to Sprague-Dawley (SD) rats (Burke et al., 2010), a commonly used control 
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comparator strain. Greater nociceptive responding following intraplantar formalin 

injection (noxious inflammatory stimulus) has also been reported in the WKY rats, 

compared to SD counterparts (Burke et al., 2010; Rea et al., 2014). Several studies have 

demonstrated visceral hypersensitivity in the WKY rats (Gunter et al., 2002; Gibney et 

al., 2010; O’Mahony et al., 2010; O’ Mahony et al., 2013). Moreover, WKY rats exhibit 

mechanical allodynia under baseline conditions (Taylor et al., 2001; Hestehave et al., 

2019a) and following peripheral nerve injury (Zeng et al., 2008). Thus, the WKY rat is a 

valuable experimental model for studying altered nociceptive responding in the context 

of comorbid pain and anxiety/depression and the influence of genetic background 

thereon. 

The endogenous opioid system plays a key role in the regulation of various physiological 

functions including pain, emotion, and response to stress (Benarroch, 2012a; Lutz and 

Kieffer, 2013; Valentino and Van Bockstaele, 2015). A growing body of evidence has 

also indicated a maladaptive response of the opioid system in comorbid pain and affective 

disorders (for review see Ferdousi and Finn, 2018). Emerging research in the WKY rat 

model suggests that the mu-opioid (MOP) system is dysfunctional in this strain, which 

may account for the characteristic behavioural phenotype. Recently, Burke and coworkers  

(Burke et al., 2019) reported higher expression of the gene encoding the MOP in the 

hippocampus (a key brain region for processing mood) in WKY versus SD rats. 

Pharmacological studies have revealed a differential effect of opioidergic drugs targeting 

the MOP in WKY rats. Buprenorphine, a partial MOP agonist and a functional KOP 

antagonist, reduced immobility in the forced swim test in WKY rats; this antidepressant-

like effect of buprenorphine was not seen in SD rats (Browne et al., 2015; Burke et al., 

2019). In the tail withdrawal test for noxious heat stimulus, buprenorphine did not affect 

latency to respond in the WKY rats (Avsaroglu et al., 2007). Furthermore, WKY rats 

exhibit reduced responsivity to the antinociceptive effects of morphine, a high efficacy 

MOP agonist, in tests of acute heat nociception (Hoffmann et al., 1998; Plesan et al., 

1999; Terner et al., 2003; Hestehave et al., 2019b), suggesting that a dysregulation of the 

MOP may underlie the WKY phenotype. However, to date, morphine sensitivity in the 

WKY rats has not been investigated in other persistent or chronic pain models, except for 

a recent study by Hestehave and colleagues who has reported reduced morphine 

sensitivity in a rat model of chronic inflammatory pain (Hestehave et al., 2019b). 

Additionally, potential underlying neurobiological differences in the MOP system that 
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may underpin such strain-related differences in nociception and morphine sensitivity in 

the WKY rats have not yet been investigated. 

Therefore, this chapter examines the hypothesis that reduced expression and/or 

functionality of MOP may underlie hyperalgesia and differential responsivity to MOP 

agonism in WKY rats, compared to SD counterparts. More specifically, the aims of the 

experiments described in this chapter were as follows: 

• To compare the effects of systemic administration of the MOP agonist morphine on 

nociceptive responding to acute (thermal) and persistent (tonic inflammatory) 

noxious stimuli in WKY versus SD rats. 

• To compare the effects of systemic administration of morphine on anxiety- and 

depression-related behaviours in WKY versus SD rats. 

• To further elucidate whether these behavioural responses of morphine were mediated 

via MOP by employing a highly selective MOP antagonist cyprodime 

(Schmidhammer et al., 1989) in tests of nociception and negative affect in WKY and 

SD rats. 

• To assess if the observed behavioural differences between WKY and SD rats were 

due to a difference in the pharmacokinetics of morphine in the two strains. 

• To compare the expression of the genes encoding MOP and POMC (prepropeptide 

precursor to the endogenous ligand β-endorphin) in discrete brain regions involved 

in processing pain and negative affect in WKY and SD rats. 
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2.2. Materials and methods 

2.2.1. Animals 

Experiments were carried out in male WKY and SD rats (8-10 weeks old, 170-230 g on 

arrival; Envigo, Bicester, UK). Upon arrival, all animals were housed in groups of 3-4 

per cage in plastic bottom cages (45x20x20 cm3) containing 3Rs basic bedding (>99% 

recycled paper; 3Rs Lab, Fibrecycle Ltd, North Lincolnshire, UK) and sizzle nest material 

(LBS Biotechnology, Horley, UK) to acclimatise to the unit. Animals were housed singly 

in cages for 7 days prior to commencing behavioural testing. A separate cohort of naïve 

WKY and SD rats were pair-housed according to strain throughout the study and did not 

undergo any behavioural testing. The animals were maintained under a standard 12:12 h 

light/dark cycle (lights on from 07:00-19:00 h) in a temperature- (21±2°C) and humidity-

controlled (45-55%) room. All experimental procedures were carried out during the light 

phase between 08:00 and 18:00 h. Food (14% protein rodent diet; Envigo, Bicester, UK) 

and water were available ad libitum. The experimental procedures were approved by the 

Animal Care and Research Ethics Committee, National University of Ireland Galway. 

The work was carried out under license from the Health Products Regulatory Authority 

in the Republic of Ireland and in accordance with EU Directive 2010/63. The study was 

also designed and carried out in accordance with the ARRIVE guidelines (Kilkenny et 

al., 2010). 

2.2.2. Chemicals and drug preparation 

The MOP agonist morphine sulphate (10 mg/mL solution for injection; MercuryPharma, 

Surrey, UK) was purchased from a local pharmacy in Galway, Ireland. The MOP 

antagonist cyprodime hydrochloride was obtained from Tocris (Bristol, UK). Both 

morphine sulphate and cyprodime hydrochloride were dissolved in the vehicle citrate 

buffer (50 mM citric acid monohydrate in sterile deionised water, pH 5; Lennox, Dublin, 

Ireland) and administered via the subcutaneous (s.c.) route in an injection volume of 1 

mg/mL. The final doses of the drugs were corrected for the salt form and given as mg free 

base equivalent per kg body weight. All drugs were freshly prepared on the days of 

behavioural testing. For Experiment 3, formalin (Sigma-Aldrich, Wicklow, Ireland) was 

diluted from a stock of 37% to 2.5% in sterile 0.89% w/v NaCl (Fisher Scientific, 

Leicestershire, UK) on the test day. 
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2.2.3. Study design 

The study consisted of three separate experiments (Figure 2.1). Animals were randomly 

assigned to treatment groups in Experiment 1 and subsequently reallocated into treatment 

groups for Experiment 2 and 3 following a within-subjects modified Latin square design 

to ensure counterbalancing of treatments over the course of the study (see Table 2.1 for 

experimental groups and n numbers). In Experiments 2 and 3, each animal received two 

injections to control for the times of drug administration. The sequence of treatments was 

randomised in all experiments to control for the order of testing and time of the day. A 

period of 7 days was allowed for washout of the drugs between each experiment. 

Experiment 1 compared dose response of morphine (0.5, 2, 5, and 7.5 mg/kg, s.c.) on 

nociceptive responding to noxious heat and anxiety-/depression-related behaviours in 

WKY and SD rats. Following morphine/vehicle administration, rats were tested on the 

hot plate (at +30 and +60 min), followed 5 min later by exposure to the elevated plus 

maze (EPM) for 5 min, then in the open field (OF) for another 5 min and subsequently in 

the forced swim test (FST) for a period of 15 min. Doses of morphine used in subsequent 

experiments were chosen based on the results of Experiment 1. In Experiment 2, the 

effects of morphine (2 mg/kg, s.c.) and cyprodime (0.3 and 1 mg/kg, s.c.), alone or in 

combination, on thermal nociceptive responding and anxiety-/depression-related 

behaviours were investigated in WKY versus SD rats in a series of behavioural tests as 

in Experiment 1. Cyprodime was administered subcutaneously 30 min before morphine 

injection. The dose and time point of cyprodime administration were determined from a 

pilot study (data not shown) conducted in the facility of Alkermes Inc demonstrating the 

timecourse of its action in blocking the antinociceptive effect of morphine in the hot plate 

test.  Experiment 3 assessed the effects of morphine (0.5 and 2 mg/kg, s.c.) and cyprodime 

(0.3 mg/kg, s.c.), alone or in combination, on formalin-evoked nociceptive behaviour in 

WKY and SD rats. Cyprodime was administered 15 min before morphine injection. 30 

min following morphine administration, all rats received an intraplantar formalin 

injection into the right hindpaw under brief isoflurane anaesthesia. The rats were assessed 

in the formalin test for 60 min after which they were immediately euthanised by 

decapitation and trunk blood was collected. The naïve animals were also euthanised by 

decapitation, whole brain was harvested, and brain regions of interest were dissected out. 

All tissues were collected in RNase-free Eppendorf tubes, and snap frozen on dry ice 

before storing at -80°C for later use.
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Figure 2.1: Schematic of the study outlining the design, timeline and behavioural tests of Experiments 1, 2, and 3. A period of 7 days was allowed 

for washout of the drugs between each experiment. Cyp: cyprodime, EPM: elevated plus maze, Form: formalin, FST: forced swim test, HP: hot 

plate, OF: open field, Morph: morphine, Preform: pre-formalin, T: time, Veh: vehicle.
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Table 2.1: Summary of experimental groups for Experiments 1-3. n: number, s.c.: 

subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 

Group Strain Treatment, s.c. n 

Experiment 1 

1 SD Vehicle 11 

2 SD Morphine 0.5 mg/kg 11 

3 SD Morphine 2 mg/kg 11 

4 SD Morphine 5 mg/kg 11 

5 SD Morphine 5 mg/kg 11 

6 WKY Vehicle 11 

7 WKY Morphine 0.5 mg/kg 11 

8 WKY Morphine 2 mg/kg 11 

9 WKY Morphine 5 mg/kg 11 

10 WKY Morphine 5 mg/kg 11 

Experiment 2 

1 SD Vehicle 11 

2 SD Morphine 2 mg/kg 11 

3 SD Morphine 2 mg/kg + Cyprodime 0.3 mg/kg 11 

4 SD Morphine 2 mg/kg + Cyprodime 1 mg/kg 11 

5 SD Cyprodime 1 mg/kg 11 

6 WKY Vehicle 11 

7 WKY Morphine 2 mg/kg 11 

8 WKY Morphine 2 mg/kg + Cyprodime 0.3 mg/kg 11 

9 WKY Morphine 2 mg/kg + Cyprodime 1 mg/kg 11 

10 WKY Cyprodime 1 mg/kg 11 

Experiment 3 

1 SD Vehicle 9 

2 SD Morphine 0.5 mg/kg 9 

3 SD Morphine 2 mg/kg 9 

4 SD Morphine 0.5 mg/kg + Cyprodime 0.3 mg/kg 9 

5 SD Morphine 2 mg/kg + Cyprodime 0.3 mg/kg 10 

6 SD Cyprodime 0.3 mg/kg 9 

7 WKY Vehicle 9 

8 WKY Morphine 0.5 mg/kg 9 

9 WKY Morphine 2 mg/kg 9 

10 WKY Morphine 0.5 mg/kg + Cyprodime 0.3 mg/kg 9 

11 WKY Morphine 2 mg/kg + Cyprodime 0.3 mg/kg 10 

12 WKY Cyprodime 0.3 mg/kg 9 
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2.2.4. Behavioural testing 

2.2.4.1. Nociceptive responding 

2.2.4.1.1. Hot plate test 

The hot plate test was used to assess nociceptive responding to an acute (phasic) noxious 

thermal stimulus. On the test day (in Experiments 1 and 2), baselines were measured once 

in WKY and SD rats 30 min before administering morphine/vehicle. Following drug 

injection, rats were tested on the hot plate at two time points (+30 and +60 min). The 

animal was placed onto the hot plate (IITC Life Science Inc, CA, USA) that was heated 

at 54.5±1°C. Nociceptive behaviour was measured manually with a stopwatch as the time 

elapsed (latency to respond in seconds) between placing the animal on the hot plate and 

when the animal first licked one of its hindpaws or jumped off the surface of the hot plate. 

A cut-off point of 40 s was set to avoid any tissue damage. The hot plate was cleaned 

between animals using a cleaning solution (Milton:tap water = 1:5; Milton Sterilising 

Fluid, CW Distributors Ltd, Galway, Ireland). 

2.2.4.1.2. Formalin-evoked nociceptive responding 

In Experiment 3, nociceptive responding to a persistent (tonic) noxious inflammatory 

stimulus was assessed in WKY and SD rats in the formalin test as described previously 

(Burke et al., 2010; Rea et al., 2014; Jennings et al., 2016; Okine et al., 2017). On the test 

day, rats were habituated in a darkened Perspex arena with clear base (30x30x40 cm3, 30 

lux) for 10 min prior to formalin injection. This is called the pre-formalin trial. To assess 

any effect of the drug on locomotor activity, the general exploratory behaviours (distance 

moved in the arena, rearing, and grooming) of the rats were recorded using a video camera 

located underneath the arena during pre-formalin trial. The rats then received an 

intraplantar formalin injection (2.5%, 50 µL) into the right hindpaw under brief isoflurane 

anaesthesia (3% in 0.8 L/min O2) and were immediately returned to the same Perspex 

arena. The test began when the rat righted itself lasting for 60 min and nociceptive and 

exploratory behaviours were recorded. All behaviours were analysed later with the aid of 

EthoVision video tracking software (EthoVision XT, version 11.5; Noldus, Wageningen, 

Netherlands). 

Formalin-evoked nociceptive behaviour was categorised as times spent (a) elevating the 

formalin-injected paw above the floor without contact to any other surface (P1) and (b) 

holding, licking, biting, shaking, or flinching the injected paw (P2). A weighted 
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composite pain score [CPS = (P1+2*P2)/(total duration of analysis period)] was then 

obtained as described previously (Watson et al., 1997). Exploratory behaviours in pre- 

and post-formalin trials were also rated. The diameter of the formalin-injected hindpaw 

was measured using Vernier callipers immediately before injecting formalin and 

following euthanasia as a measure formalin-induced oedema. The number of faecal 

pellets produced during pre- and post-formalin trials was also counted. The arena was 

cleaned between animals with Milton cleaning solution. 

2.2.4.2. Anxiety- and depression-related tests 

2.2.4.2.1. Elevated plus maze test 

The EPM was employed to assess the effects of drug treatment on anxiety-related 

behaviours in WKY and SD rats. The arena was elevated 50 cm above the floor of the 

testing room and consisted of a white plus-shaped wooden maze with two arms enclosed 

by walls (30 cm high, closed arms) and two open arms with no enclosure. The floor of 

the maze was covered in a black rubbery material. Each arm was 50 cm in length and 10 

cm in width. A central platform (10x10 cm2) connected the four arms. The light levels 

were fixed at 60 lux in the open arms and 25 lux in the closed arms. A video camera was 

positioned over the arena to record the behaviours of the animal. On the test day, 5 min 

after the hot plate test, rats were removed from the home cage, placed in the centre zone 

of the maze with their heads facing an open arm, and the behaviours were recorded for 5 

min that were later analysed using EthoVision system. Entries and duration in open arms 

over the 5 min period were used as experimental indices for anxiety-like behaviour (Walf 

and Frye, 2007). Entry into an arm was counted when all four paws of the rat were on 

that arm. The EPM was cleaned between animals with Milton cleaning solution. 

2.2.4.2.2. Open field test 

Following EPM test, rats were immediately exposed to the OF test. The circular arena 

consisted of a white floor (plastic covered wood flooring) of diameter 75 cm and 

reflective aluminium wall 40 cm high. Animals were placed in the centre of the novel 

open environment that was brightly lit (280-300 lux). A video camera positioned 35 cm 

above the floor of the OF arena was used to record the behaviours for 5 min for subsequent 

analysis using the EthoVision system. Entries and duration in the centre zone (diameter 

45 cm) were assessed as indices for anxiety-related behaviour. Other behaviours 

measured included distance moved in the arena, latency to leave centre zone, and number 
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of pellets produced (defaecation) over the 5 min trial period. The OF was cleaned between 

animals with Milton cleaning solution. 

2.2.4.2.3. Forced swim test 

The effects of drug treatment on behavioural despair in WKY and SD rats were assessed 

using a single exposure of the modified FST (Porsolt et al., 2001; Slattery and Cryan, 

2012). It should be noted that the WKY rats exhibit spontaneous immobility in the FST 

and, hence, it is deemed that a pretest exposure to forced swimming 24 h before may not 

be necessary to induce helplessness or behavioural despair in this strain (Getachew et al., 

2008; Tizabi et al., 2012; Akinfiresoye and Tizabi, 2013). Immediately after the OF test, 

rats were placed into an inescapable glass cylinder (45 cm high and 20 cm in diameter) 

containing water (depth: 30 cm) at 25±1°C for 15 min. Behaviours were recorded using 

a video camera positioned in front of the cylinder. Ethovision software was used to score 

rat behaviours that included time spent immobile (only floating, no additional movement 

of any paw), swimming (horizontal movements), and climbing (vigorous, upward 

directed movements). After the FST, rats were towel-dried and placed in a cage, which 

was on a heating pad, for 15 min before returning to home cage. 

2.2.5. Tissue harvesting 

2.2.5.1. Blood 

Immediately after decapitation of the animals, trunk blood was collected in 10 mL EDTA-

coated tubes (Becton Dickinson, Plymouth, UK) to prevent coagulation and centrifuged 

at 1600g (Eppendorf Centrifuge 5810 R, Hamburg, Germany) for 10 min at 4°C. Clear 

straw-coloured plasma was collected in microcentrifuge tubes and stored at -80°C until 

further use. 

2.2.5.2. Whole brain 

Following decapitation, the skin on top of the head was cut with scissors from the neck 

until the eyes to expose the skull. The optic ridge between the eyes was broken with 

rongeurs. The tip of a small scissors was inserted into the foramen magnum and pressure 

exerted to break the posterior part of the cranium. Then the small scissors were used to 

carefully cut the cranium starting from the upper edge of the foramen magnum and 

moving along the midline, always maintaining pressure upward and outward to preserve 

the brain tissue underneath. The occipital, parietal, and frontal parts of cranium were 
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removed to expose the brain. After removing the dura mater, forceps with curved tips was 

carefully slid between the bone and the lateral part of one of the brain hemispheres. The 

process was repeated for the other brain hemisphere, carefully removing the brain from 

the skull. The olfactory, optical, and trigeminal nerve attachments were gently cut with 

the forceps to aid the process. Once removed from the skull, regions of interest (in the 

following order: hypothalamus, PFC, amygdala, hippocampus, and PAG) were rapidly 

dissected on ice using forceps and a scalpel blade fitted on a handle. Gross dissected 

regions were weighed (Table 2.2) and collected in RNase-free Eppendorf tubes, snap 

frozen on dry ice, and stored at -80°C for subsequent use. 

2.2.6. Liquid chromatography/tandem mass spectrometry 

Morphine levels in plasma were measured in the vehicle- and morphine-treated (0.5 and 

2 mg/kg) WKY and SD rats to investigate whether strain-related pharmacokinetic 

differences may underpin the observed difference in antinociceptive effectiveness of 

morphine in the two strains. The plasma samples were analysed by our industry 

collaborator Alkermes Inc in their facility. A method was optimised for measuring the 

level of morphine in rat plasma. All reagents were purchased from J. T. Baker® (NJ, 

USA). Samples were analysed using a 20 µL aliquot volume and a protein-precipitation 

extraction procedure was employed.  A mixture of plasma and acetonitrile (1:4) was 

vortexed and centrifuged. The supernatant was then removed and diluted with water (1:1). 

5 µL of this mixture was injected for liquid chromatography/tandem mass spectrometry 

(LC-MS/MS) analysis. The mobile phase consisted of 0.1% formic acid in water (mobile 

phase A) and 0.1% formic acid in acetonitrile (mobile phase B) and was delivered via 

Shimadzu LC-30AD at a flow rate of 0.4 mL/min onto an Acquity UPLC BEH C18 

column (particle size: 1.7 µm, length: 50 mm, internal diameter: 2 mm; Waters®, MA, 

USA). Under these conditions, the retention time for elution of morphine was 1.97 min. 

An AB Sciex Qtrap® 5500 was operated in the Selected Reaction Monitoring (SRM) 

mode under optimized conditions for the detection of morphine and morphine-d3 

(internal standard) positive ions formed by electrospray ionization. Morphine 

concentrations were calculated with a 1/x linear regression over a concentration range of 

1 to 1000 ng/mL using the internal standard morphine-d3. 
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2.2.7. Real-time quantitative polymerase chain reaction (RT-qPCR) 

Quantitative real-time polymerase chain reaction (RT-qPCR) was employed to analyse 

the expression of the relevant genes in gross dissected brain tissues from naïve animals. 

Total RNA was extracted from the tissues (mean weights given in Table 2.2) using the 

Macherey-Nagel NucleoSpin® RNA extraction kit (Nucleospin RNA, Fisher Scientific, 

Dublin, Ireland) according to manufacturer instructions. Tissue was homogenised in 

353.5 μL of lysis buffer (RA1) containing β-mercaptoethanol (Sigma-Aldrich, Wicklow, 

Ireland) for 3-5 s using an automated homogenizer (Ultra-Turrax® tissue disruptor, 

Staufen, Germany). The tissue homogenate was kept on ice until transferred to a 

Nucleospin filter with violet ring and centrifuged at 11000g for 1 min to reduce viscosity 

and clear the lysate. The lysate was then treated with 350 μL of 70% molecular grade 

ethanol (Sigma-Aldrich, Wicklow, Ireland), transferred to a Nucleospin RNA column 

with light blue ring and centrifuged at 11000g for 30 s to bind the RNA to the membrane. 

The membrane column was then desalted by adding 350 μL membrane desalting buffer 

(MDB) and centrifuging again at 11000g for 1 min to dry the membrane. The samples 

were incubated with 10 μL rDNase for 15 min at room temperature to degrade any DNA. 

The samples were then serially washed using washing buffers (200 μL RAW2, 600 μL 

RA3, and 250 μL RA3). Finally, RNA was eluted in 50 μL of RNase-free water (Sigma-

Aldrich, Wicklow, Ireland) and collected in 1.5 mL RNase-free microcentrifuge tubes. 

The concentration, purity, and integrity of RNA extracted were measured using a 

Nanodrop spectrophotometer (ND-1000 Nanodrop, Labtech International, Ringmer, 

UK). RNA concentration was determined by measuring optical density (OD) at 260 nm. 

RNA integrity and purity were determined by measuring the ratios OD260/OD280 and 

OD260/OD230, respectively, where a ratio of approximately 1.8-2.0 was deemed 

indicative of good quality and pure RNA. All RNA samples were within the acceptable 

range for both integrity and purity. Samples were then equalised to the same concentration 

of RNA for each region using RNase-free water (Table 2.2) and stored at -80°C until 

required for cDNA synthesis. 
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Table 2.2: Weight of the tissue after dissection, concentration, quality, and purity of 

isolated RNA, and equalised RNA concentration of the brain regions studied. Data are 

expressed as mean ± SEM. Amyg: amygdala, Hipp: hippocampus, Hypo: hypothalamus, 

PAG: periaqueductal grey, PFC: prefrontal cortex. 

Tissue Weight (mg) 

Mean RNA 

concentration 

(ng/μL) 

Integrity 

(260:280) 

Purity 

(260:230) 

Equalised 

RNA 

concentration 

(ng/μL) 

PFC 79.52±4.14 204.02±9.75 2.1-2.2 1.8-2.1 150 

Amyg 71.66±4.94 167.41±9.83 1.9-2.1 1.8-2.0 75 

Hipp 53.51±3.20 212.51±15.24 2.1-2.2 1.9-2.1 80 

Hypo 26.69±1.76 292.22±22.48 2.1-2.2 1.9-2.1 130 

PAG 62.43±2.37 106.06±1.64 2.1-2.2 1.7-2.1 70 

 

 

Equal amount of total RNA from each sample was reverse transcribed into cDNA. All 

reagents for cDNA synthesis were purchased from Bio-Sciences (Dublin, Ireland). Two 

master mixes were made up as shown below in Table 2.3. 10 μL equalised RNA from 

each sample was added to a newly labelled PCR tube where 2 μL of master mix 1 was 

added to each tube. The mixture was then heated to 65ºC for 5 min in a thermocycler 

(PTC-200 Thermal Cycler, MJ Research, MN, USA) followed by quick chilling on ice. 

The contents of the tube were collected by brief centrifugation. 7 μL master mix 2 was 

then added to each tube and incubated at 37ºC for 2 min on the thermocycler. 1 μL 

superscript III reverse transcriptase was then added to each sample and mixed gently. 

Samples were incubated at room temperature for 10 min and loaded again on the 

thermocycler to incubate further at 50ºC for 50 min. The reaction was inactivated by 

heating the samples at 70ºC for another 15 min. Finally, the newly synthesised cDNA 

samples were diluted (1:4) using RNase-free water and stored at -20ºC. 
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Table 2.3: Composition of master mixes for cDNA synthesis. 

Master mix Reagents 
Volume per sample 

(μL) 

Master mix 1 Random Primers (250 ng/ μL) 1 

10mM dNTP mix 1 

Total volume (μL) 2 

Master mix 2 5X First Strand Buffer 4 

0.1M DTT 2 

RNase Out 1 

Total volume (μL) 7 

 

 

cDNA strands were then analysed by RT-qPCR using the Applied Biosystems StepOne 

PlusTM Real-Time PCR System (Bio-Sciences, Dublin, Ireland). TaqMan gene expression 

assays (Bio-Sciences, Dublin, Ireland) containing forward and reverse primers and FAM-

labelled TaqMan MGB probes were used (Bio-Sciences, Dublin, Ireland) to quantify the 

genes of interest. The assay IDs and fluorescent labels for the rat genes examined are 

listed in Table 2.4. VIC-labelled β-actin was used as the endogenous control (house-

keeping) gene. All samples were run in a multiplex assay. Briefly, 2.5 μL cDNA samples 

were pipetted in duplicate into an optical 96 well plate (Bio-Sciences, Dublin, Ireland). 

7.5 μL reaction mixture (containing 5 μL Taqman Universal PCR master mix, 0.5 μL 

target (Oprm1/Pomc) primer, 0.5 μL endogenous control primer, and 1.5 μL RNase-free 

water) was then added to the cDNA samples to give a total reaction volume of 10 μL per 

well. No template control was included in all assays, where the reaction mixture was 

added to the wells but the cDNA was replaced with RNase-free water. Plates were then 

sealed with transparent adhesive covers, spun at 1000g for 1 min to ensure complete 

mixing, and ran in StepOnePlus™ Real Time PCR machine (Bio-Sciences, Dublin, 

Ireland). The cycling conditions were 50°C for 2 min, 95°C for 10 min, and 40 cycles of 

(95°C for 15 s followed by 60°C for 1 min). Amplification plots and copy threshold (Ct) 

values were examined using Applied Biosystems 7500 System SDS Software 1.3.1 and 

exported to Microsoft Excel for final analysis. Ct values of the target gene were normalised 

to the endogenous control gene expression for each sample. ΔΔCt method was employed 

to calculate the relative expression of the target gene to the control gene for each sample 
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and data were expressed as a percentage of the mean of the ΔΔCt for the control group 

(SD naïve). 

 

Table 2.4: Assay IDs and fluorescent labels for the target and endogenous control genes 

examined in rat brain tissues by RT-qPCR. 

 

 

2.2.8. Statistical analysis 

The SPSS statistical software (IBM SPSS Statistics, version 24 for Windows; SPSS Inc, 

Chicago, IL, USA) was used to analyse all data. In all datasets the presence of possible 

outliers was checked by assessing the distribution of data. In case a data point fell out of 

the range of (mean-2*standard deviation) to (mean+2*standard deviation), it was 

considered an outlier and excluded from subsequent analysis. The normality and 

homogeneity of variance of the datasets were checked using Shapiro-Wilk and Levene’s 

tests, respectively. The timecourse behavioural data were analysed with repeated 

measures analysis of variance (RM ANOVA) with strain and drug treatment as between-

subject factors and time as within-subject factor. For RM ANOVA, sphericity of the 

datasets was checked with Mauchly's Test for Sphericity; if the assumption of sphericity 

was violated, a Greenhouse-Geisser correction was used. All other behavioural data 

except for defaecation were analysed using two-way ANOVA with strain and drug 

treatment as factors. Post hoc Student-Newman-Keuls (SNK) test was carried out for 

pairwise group comparisons, where appropriate. MOP and POMC gene expression data 

in naïve rats were analysed using Student’s unpaired, two-tailed t-test. The level of 

significance was deemed p<0.05. If the data were not normally distributed and/or the 

variance was not homogeneous, three transformations were applied, in the order: square 

root, natural logarithm, and ranking of the data values to evaluate if parametric statistics 

can be used. In addition, if the highest standard deviation was less than or equal to 2 times 
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the smallest standard deviation for the particular dataset being analysed, parametric 

statistical approach was still employed (Moore et al., 2009). 

If any dataset was ordinal (e.g. defaecation) or found to be not normally distributed and/or 

the variance was not homogeneous even after transformation, non-parametric statistical 

analysis was performed using Kruskal-Wallis (KW) one-way analysis of variance by 

rank, followed by post hoc Mann-Whitney U-test (p-value was adjusted using Bonferroni-

Holm correction for multiple comparisons), where appropriate. In all cases statistical 

analysis of a dataset was carried out for all the groups together. However, in some 

instances, the groups are graphed separately to present the results clearly in a reader-

friendly format. Data are expressed as either mean ± standard error of the mean (SEM) 

or median with interquartile range (IQR) depending on the statistical approach 

undertaken, parametric or non-parametric, respectively. 
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2.3. Results 

2.3.1. Experiment 1 

2.3.1.1. Effects of morphine on nociceptive responding to noxious heat stimulus in 

WKY and SD rats 

The hot plate test was used to assess the dose response of morphine (0.5-7.5 mg/kg, s.c.) 

on nociceptive responding to acute noxious heat in WKY and SD rats (Figure 2.2). At 

baseline, latency to respond on the hot plate did not differ between WKY and SD rats. 

Animals were tested on the hot plate again at +30 and +60 min post morphine 

administration. Two-way RM ANOVA revealed significant effects of time 

(F1.675,162.477=47.217, p<0.001), time x strain (F1.675,162.477=17.990, p<0.001), and time x 

treatment (F6.700,162.477=9.901, p<0.001) in tests of within-subjects effects. A significant 

overall effect of treatment (F4,97=32.807, p<0.001) was also found in tests of between-

subjects effects on response latency. Further post hoc SNK analysis showed that 

morphine dose-dependently increased response latency in both SD (Figure 2.2A) and 

WKY rats (Figure 2.2B), compared to their respective vehicle counterparts. However, the 

minimum effective doses for morphine-induced antinociception were 0.5 and 2 mg/kg in 

SD and WKY rats, respectively, indicating a reduced responsivity to low dose morphine 

in the WKY versus SD rats in the hot plate test. 
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Figure 2.2: Effects of morphine (0.5-7.5 mg/kg, s.c.) on nociceptive responding to acute 

noxious heat stimulus (Experiment 1) in (A) SD and (B) WKY rats. Data are expressed 

as mean ± SEM, n = 9-11/group. *p<0.05 (vs SD-Vehicle), +p<0.05 (vs WKY-Vehicle). 

HP: hot plate, Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-

Kyoto. 
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2.3.1.2. Effects of morphine on anxiety-related behaviour and general locomotor 

activity in WKY and SD rats 

After the hot plate test, animals were exposed to the EPM and then immediately to the 

OF to evaluate the effects of morphine on anxiety-related behaviours and general 

locomotor activity. In the EPM, an increase in open arm activity (time spent and/or 

number of entries) reflects reduced anxiety-related behaviour. KW test revealed a 

significant main effect (χ2(9)=17.211, p<0.05) on time spent in open arms; further post 

hoc pairwise comparisons revealed there were no significant differences between drug-

treated groups within each strain or between the two strains (Figure 2.3A). KW also 

showed a significant main effect (χ2(9)=38.550, p<0.001) on number of entries into open 

arms. Post hoc test revealed that morphine at dose 7.5 mg/kg significantly reduced entries 

into open arms in SD (SD-Morphine 7.5 mg/kg vs SD-Vehicle, p<0.001), but not in 

WKY, rats (Figure 2.3B). Activity in closed arms (time spent and/or number of entries) 

in the EPM provides an indirect measure of spontaneous locomotor activity. A significant 

main effect (χ2(9)=23.000, p<0.01) on time spent in closed arms was revealed in KW test 

but post hoc analysis showed there were no significant difference between relevant groups 

(Figure 2.3C). KW test also revealed a significant main effect (χ2(9)=72.570, p<0.001) 

on number of entries into closed arms. Further post hoc test showed vehicle-treated WKY 

rats exhibited a significant reduction in closed arm entries, compared to SD counterparts 

(WKY-Vehicle vs SD-Vehicle, p<0.001) (Figure 2.3D), indicating their hypolocomotor 

trait. Morphine 7.5 mg/kg significantly reduced closed arm entries in both SD and WKY 

rats (SD-Morphine 7.5 mg/kg vs SD-Vehicle, p<0.001; WKY-Morphine 7.5 mg/kg vs 

WKY-Vehicle, p<0.001) (Figure 2.3D), suggesting a locomotor impairing effect of the 

high dose morphine. 
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Figure 2.3: Effects of morphine (0.5-7.5 mg/kg, s.c.) on duration and number of entries 

in (A and B) open and (C and D) closed arms in the EPM test in SD and WKY rats 

(Experiment 1). Data are expressed as median with IQR, n = 9-11/group. *p<0.05, 

***p<0.001 (SD-Morphine 7.5 mg/kg vs SD-Vehicle), +++p<0.001 (WKY-Morphine 7.5 

mg/kg vs WKY-Vehicle), ###p<0.001 (WKY vs SD counterpart). EPM: elevated plus 

maze, Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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In the OF test, KW test revealed a significant main effect (χ2(9)=69.150, p<0.001) on the 

distance moved in the OF arena (Figure 2.4A). Vehicle-treated WKY rats exhibited a 

significant reduction in distance moved in the OF compared to SD controls (WKY-

Vehicle vs SD-Vehicle, p<0.001), indicating their hypolocomotor phenotype. High doses 

of morphine significantly reduced distance moved in the arena in the SD rats (SD-

Morphine 5 mg/kg vs SD-Vehicle, p<0.01; SD-Morphine 7.5 mg/kg vs SD-Vehicle, 

p<0.001), whereas distance moved was increased in the WKY counterparts (WKY-

Morphine 5 mg/kg or WKY-Morphine 7.5 mg/kg vs WKY-Vehicle, p<0.01), suggesting 

a differential effect of morphine on locomotor activity in WKY versus SD rats. 

Entries and time spent in the centre zone of the arena are used as indices to measure 

anxiety-like behaviours in rats. KW revealed a significant main effect (χ2(9)=28.356, 

p<0.01) on number of entries into the centre zone of the arena (Figure 2.4C). Post hoc 

test revealed that vehicle-treated WKY rats demonstrated a significant reduction in centre 

zone entries compared to SD counterparts (WKY-Vehicle vs SD-Vehicle, p<0.01). 

Morphine reduced entries into the centre zone in SD rats with the dose 5 mg/kg reaching 

statistical significance compared to vehicle controls (SD-Morphine 5 mg/kg vs SD-

Vehicle, p<0.01); these effects were not observed in the WKY rats. KW also revealed a 

significant main effect (χ2(9)=20.652, p<0.05) on time spent in the centre zone (Figure 

2.4D). Subsequent post hoc test indicated there were no significant difference between 

relevant groups within or between strains. Faecal output, another measure for anxiogenic 

behaviour (O’Malley et al., 2010; Hyland et al., 2015), during the 5 min trial period in 

the OF was also recorded (Figure 2.4B). KW analysis revealed a significant main effect 

(χ2(9)=72.056, p<0.01) on pellets excreted. Post hoc test showed that the number of faecal 

pellets excreted by vehicle-treated WKY rats was significantly higher than SD 

counterparts (WKY-Vehicle vs SD-Vehicle, p<0.01). Of note, morphine significantly 

reduced faecal output in the WKY, but not in the SD, rats. KW test also revealed a 

significant main effect (χ2(9)=28.179, p<0.01) on latency to leave the centre zone (Figure 

2.4E). Post hoc analysis showed that the vehicle-treated WKY rats exhibited higher 

latency to initially leave the centre of the OF at the beginning of the trial, compared to 

SD counterparts (WKY-Vehicle vs SD-Vehicle, p<0.001). 

 

 



Chapter 2: Modulation of MOP in WKY and SD rats 

 

77 

 

 

Figure 2.4: Effects of morphine (0.5-7.5 mg/kg, s.c.) on (A) distance moved in the arena, 

(B) defaecation (number of pellets produced), (C) number of entries into centre zone, (D) 

time spent in centre zone, and (E) latency to leave centre zone in the OF test in SD and 

WKY rats (Experiment 1). Data are expressed as median with IQR, n = 9-11/group. 

**p<0.01, ***p<0.001 (SD-Morphine 5 mg/kg or SD-Morphine 7.5 mg/kg vs SD-

Vehicle); ++p<0.01, +++p<0.001 (WKY-Morphine 2 mg/kg or WKY-Morphine 5 mg/kg 

or WKY-Morphine 7.5 mg/kg vs WKY-Vehicle); ##p<0.01, ###p<0.001 (WKY vs SD 

counterpart). OF: open field, Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, 

WKY: Wistar-Kyoto. 
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2.3.1.3. Effects of morphine on behaviours in the forced swim test in WKY and SD 

rats 

Following OF test, animals underwent a single 15 min exposure to FST to evaluate the 

effects of morphine in this test of behavioural despair (Figure 2.5). Both passive 

(immobility) and active (swimming and climbing) behaviours were rated and analysed. 

Two-way ANOVA revealed significant effects of strain (F4,107=18.814, p<0.001) and 

treatment (F1,107=7.666, p<0.001) but no strain x treatment interaction (F4,107=1.908, 

p>0.05) on time spent immobile in the FST. Further post hoc test indicated there was no 

significant difference in duration of immobility in vehicle-treated WKY versus SD rats. 

However, morphine 7.5 mg/kg markedly increased duration of immobility in the WKY 

rats compared to vehicle controls (WKY-Morphine 7.5 mg/kg vs WKY-Vehicle, p<0.05); 

this effect was not observed in the SD counterparts (Figure 2.5A). The data was further 

analysed as temporal profile divided into 5 min time bins (Table 2.5). RM ANOVA 

revealed significant effects of time (F1.278,125.287=23.836, p<0.001) and time x treatment 

interaction (F5.114,125.287=15.212, p<0.001) in tests of within-subjects effects and a 

significant overall effect of strain (F1,98=24.255, p<0.001), treatment (F4,98=10.303, 

p<0.001), and strain x treatment interaction (F4,98=3.980, p<0.01) in tests of between-

subjects effects on duration of immobility. Post hoc tests showed that vehicle-treated 

WKY rats exhibited progressive increase in duration of immobility, compared to SD 

controls, that reached statistical significance in the last 5 min of the trial (T10-15: WKY-

Vehicle vs SD-Vehicle, p<0.05), indicating a depressive-like phenotype in the WKY rats. 

High doses of morphine (5 and 7.5 mg/kg) significantly increased time spent immobile 

in both strains (T0-5: SD-Morphine 7.5 mg/kg vs SD-vehicle, p<0.05; WKY-Morphine 5 

mg/kg or WKY-Morphine 7.5 mg/kg vs WKY-Vehicle, p<0.05) in the first 5 min of the 

trial, which reduced to the level of control rats over the course of the trial. 

Two-way ANOVA revealed significant effects of treatment (F4,107=11.235, p<0.001) and 

strain x treatment interaction (F4,107=4.182, p<0.01), but not of strain (F1,107=0.261, 

p>0.05), on time spent swimming during 15 min trial. Post hoc test showed that morphine 

increased duration of swimming in both SD (SD-Morphine 2 mg/kg or SD-Morphine 5 

mg/kg or SD-Morphine 7.5 mg/kg vs SD-Vehicle, p<0.05) and WKY (WKY-Morphine 

2 mg/kg or WKY-Morphine 5 mg/kg vs WKY-Vehicle, p<0.05) rats. In addition, a 

significant effect of treatment (F4,107=11.700, p<0.001) only was observed on time spent 

climbing during the 15 min trial. Further post hoc testing revealed that morphine 
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significantly reduced duration of climbing in the WKY rats (WKY-Morphine 2 mg/kg or 

WKY-Morphine 5 mg/kg or WKY-Morphine 7.5 mg/kg vs WKY-Vehicle, p<0.05). 

 

Figure 2.5: Effects of morphine (0.5-7.5 mg/kg, s.c.) on duration of (A) immobility, (B) 

swimming, and (C) climbing over 15 min in the FST in SD and WKY rats (Experiment 

1). Data are expressed as mean ± SEM, n = 10-11/group. *p<0.05 (SD-Morphine 2 mg/kg 

or SD-Morphine 5 mg/kg or SD-Morphine 7.5 mg/kg vs SD-Vehicle), +p<0.05 (WKY-

Morphine 2 mg/kg or WKY-Morphine 5 mg/kg or WKY-Morphine 7.5 mg/kg vs WKY-

Vehicle). FST: forced swim test, Morph: morphine, s.c.: subcutaneous, SD: Sprague-

Dawley, WKY: Wistar-Kyoto. 
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Table 2.5: Temporal profile of the effect of morphine (0.5-7.5 mg/kg, s.c.) on duration 

of immobility in the FST in SD and WKY rats (Experiment 1). Data are presented in 5 

min time bins and expressed as mean ± SEM, n = 10-11/group. *p<0.05 (SD-Morphine 

7.5 mg/kg vs SD-Vehicle), +p<0.05 (WKY-Morphine 5 mg/kg or WKY-Morphine 7.5 

mg/kg vs WKY-Vehicle), #p<0.05 (WKY vs SD counterpart). FST: forced swim test, 

Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 

 

 

 

 

 

 

 

 

 

 

Groups 
Time spent (s) 

0-5 min 5-10 min 10-15 min 

SD-Vehicle 40.52±7.38 51.10±5.80 63.75±4.96 

SD-Morph 0.5 mg/kg 55.29±10.20 51.30±5.70 62.03±7.54 

SD-Morph 2 mg/kg 75.56±22.71 41.29±7.52 52.68±5.62 

SD-Morph 5 mg/kg 79.23±11.25 34.20±7.23 63.29±7.62 

SD-Morph 7.5 mg/kg 131.66±24.62* 35.44±7.00 48.52±6.65 

WKY-Vehicle 39.92±7.42 73.76±9.05 100.04±11.12# 

WKY-Morph 0.5 

mg/kg 
58.23±21.33 49.22±6.09 69.33±7.84 

WKY-Morph 2 mg/kg 66.36±6.87 55.21±7.44 75.71±9.80 

WKY-Morph 5 mg/kg 114.33±14.93+ 78.07±10.51 83.86±9.29 

WKY-Morph 7.5 

mg/kg 
191.22±15.95+ 93.31±8.16 110.49±10.37 
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2.3.2. Experiment 2 

2.3.2.1. Effects of morphine and cyprodime, alone or in combination, on nociceptive 

responding to noxious heat stimulus in WKY and SD rats 

After a week of washout and reallocation of rats to new treatment groups according to a 

Latin square design, Experiment 2 was carried out. WKY and SD rats were injected via 

the subcutaneous route with morphine (2 mg/kg) and cyprodime (0.3 or 1 mg/kg), alone 

or in combination, and nociceptive responding to noxious heat stimulus was evaluated in 

the hot plate test (Figure 2.6). There was no difference in the baseline response latency of 

the WKY and SD rats, similar to Experiment 1. Two-way RM ANOVA revealed 

significant effects of time (F2,194=5.465, p<0.01), time x strain (F2,194=5.099, p<0.01), and 

time x treatment (F8,194=5.273, p<0.001) in tests of within-subjects effects and a 

significant overall effect of treatment (F4,97=3.375, p<0.05) in tests of between-subjects 

effects on response latency. Post hoc tests revealed that systemic administration of 

morphine 2 mg/kg significantly increased latency to respond on the hot plate in SD rats 

(SD-Morphine 2 mg/kg vs SD-Vehicle, p<0.05; Figure 2.6A), but not in the WKY 

counterparts (WKY-Morphine 2 mg/kg vs WKY-Vehicle, p>0.05; Figure 2.6B), 60 min 

post-drug administration. Pretreatment with cyprodime (0.3 or 1 mg/kg) attenuated 

morphine-induced antinociception in the SD rats. Cyprodime (1 mg/kg), administered 

alone, did not affect response latency on the hot plate in either strain. 
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Figure 2.6: Effects of morphine (2 mg/kg, s.c.) and cyprodime (0.3 or 1 mg/kg, s.c.), 

alone or in combination, on nociceptive responding to acute noxious heat stimulus 

(Experiment 2) in (A) SD and (B) WKY rats. Data are expressed as mean ± SEM, n = 9-

11/group. *p<0.05 (SD-Morphine 2 mg/kg vs SD-Vehicle). Cyp: Cyprodime, HP: hot 

plate, Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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2.3.2.2. Effects of morphine and cyprodime, alone or in combination, on anxiety-

related and general locomotor activity in WKY and SD rats 

Following the hot plate assay, animals were tested in the EPM and thereafter in the OF. 

In the EPM, two-way ANOVA revealed there was no significant effect of strain, 

treatment, or strain x treatment interaction on activities in the open arms (Time spent in 

open arms- strain: F1,107=1.821, p>0.05; treatment: F4,107=0.808, p>0.05; strain x 

treatment: F4,107=1.817, p>0.05. Entries into open arms- strain:  F1,107=2.474, p>0.05; 

treatment: F4,107=1.118, p>0.05; strain x treatment: F4,107=0.903, p>0.05) (Figure 2.7A 

and 2.7B). Similarly, no significant effects were found in the ANOVA on the time spent 

in closed arms (strain: F1,107=0.982, p>0.05; treatment: F4,107=0.644, p>0.05; strain x 

treatment: F4,107=1.588, p>0.05) (Figure 2.7C). However, a significant effect of strain 

(F1,107=39.445, p<0.001), but not of treatment (F4,107=0.407, p>0.05) or strain x treatment 

interaction (F4,107=0.626, p>0.05), was observed on the number of entries into closed 

arms. Further post hoc SNK test found that vehicle-treated WKY rats exhibited 

significant reduction in closed arm entries compared to SD controls (WKY-Vehicle vs 

SD-Vehicle, p<0.05), indicating their hypolocomotor trait (Figure 2.7D). Morphine 

and/or cyprodime at the doses tested did not affect entries into the closed arms in either 

strain. 
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Figure 2.7: Effects of morphine (2 mg/kg, s.c.) and cyprodime (0.3 or 1 mg/kg, s.c.), 

alone or in combination, on duration and number of entries in (A and B) open and (C and 

D) closed arms in the EPM test in SD and WKY rats (Experiment 2). Data are expressed 

as mean ± SEM, n = 10-11/group. a: effect of strain (p<0.001); #p<0.05 (WKY vs SD 

counterpart). Cyp: Cyprodime, EPM: elevated plus maze, Morph: morphine, s.c.: 

subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 

 

 

In the OF test, KW analysis revealed a significant main effect (χ2(9)=56.724, p<0.001) 

on the distance moved in the OF arena (Figure 2.8A). Vehicle-treated WKY rats exhibited 

a significant reduction in distance moved in the OF compared to SD counterparts (WKY-

Vehicle vs SD-Vehicle, p<0.001), indicating their hypolocomotor phenotype. Systemic 
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(χ2(9)=21.617, p<0.01) (Figure 2.8E). However, no significant difference was found 

between relevant groups in the post hoc analysis. 

 

 

Figure 2.8: Effects of morphine (2 mg/kg, s.c.) and cyprodime (0.3 or 1 mg/kg, s.c.), 

alone or in combination, on (A) distance moved in the arena, (B) defaecation (number of 

pellets produced), (C) number of entries into centre zone, (D) time spent in centre zone, 

and (E) latency to leave centre zone in the OF test in SD and WKY rats (Experiment 2). 

Data are expressed as median with IQR, n = 10-11/group. ###p<0.001 (WKY vs SD 

counterpart). Cyp: Cyprodime, OF: open field, Morph: morphine, s.c.: subcutaneous, SD: 

Sprague-Dawley, WKY: Wistar-Kyoto. 
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2.3.2.3. Effects of morphine and cyprodime, alone or in combination, on behaviours 

in the forced swim test in in WKY and SD rats 

Immediately after the OF test, rats were exposed to another session of FST for 15 min 

(Figure 2.9). No significant effect (χ2(9)=6.647, p>0.05) on duration of immobility was 

observed in the KW test. KW revealed significant main effects on duration of swimming 

(χ2(9)=33.694, p<0.001) and climbing (χ2(9)=30.866, p<0.001) but further post hoc 

analysis showed there were no significant differences between relevant groups. 

 

Figure 2.9: Effects of morphine (2 mg/kg, s.c.) and cyprodime (0.3 or 1 mg/kg, s.c.), 

alone or in combination, on duration of (A) immobility, (B) swimming, and (C) climbing 

over 15 min in the FST in SD and WKY rats (Experiment 2). Data are expressed as 

median with IQR, n = 10-11/group. Cyp: Cyprodime, FST: forced swim test, Morph: 

morphine, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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2.3.3. Experiment 3 

2.3.3.1. Effects of morphine and cyprodime, alone or in combination, on general 

exploratory behaviour and defaecation during the pre-formalin trial in WKY and 

SD rats 

Following drug injections, rats were habituated in the formalin arena for 10 min (pre-

formalin trial) prior to receiving formalin injection and general exploratory behaviours 

and defaecation were recorded during this period (Table 2.6). Two-way ANOVA 

revealed significant effects of strain (F1,103=60.964, p<0.001) and treatment (F5,103=4.184, 

p<0.01), but not of strain x treatment interaction (F5,103=0.556, p>0.05), on distance 

moved but further post hoc SNK test indicated there were no significant differences 

between relevant groups. KW test showed a significant main effect (χ2(11)=54.071, 

p<0.001) on rearing. Post hoc analysis revealed that vehicle-treated WKY rats exhibited 

significant reduction in duration of rearing, compared to SD counterparts (WKY-Vehicle 

vs SD-Vehicle, p<0.001). Systemic administration of the drugs, morphine and cyprodime, 

alone or in combination, did not affect rearing in either strain at the doses tested. KW 

analysis did not reveal any significant effects on grooming (χ2(11)= 18.728, p>0.05) or 

faecal pellets produced (χ2(11)=14.312, p>0.05) during pre-formalin trial. 
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Table 2.6: Effects of morphine (0.5 or 2 mg/kg, s.c.) and cyprodime (0.3 mg/kg, s.c.), 

alone or in combination, on general exploratory behaviours (distance moved, rearing, and 

grooming) and defaecation (number of pellets produced) during the 10 min period prior 

to formalin injection (pre-formalin trial). Data are expressed as mean ± SEM except for 

defaecation which is expressed as median with IQR, n=8-10/group. ###p<0.001 (WKY vs 

SD counterpart). Cyp: Cyprodime, Morph: morphine, s.c.: subcutaneous, SD: Sprague-

Dawley, WKY: Wistar-Kyoto. 

 

 

 

Groups 
Distance 

moved (cm) 
Rearing (s) 

Grooming 

(s) 
Defaecation 

SD-Vehicle 1793.02±91.08 105.11±12.86 9.28±4.40 0 (0) 

SD-Morph 0.5 

mg/kg 
1785.33±102.91 78.79±7.71 25.20±10.20 0 (0) 

SD-Morph 2 

mg/kg 
1346.26±199.67 39.72±14.09 6.33±4.09 0 (0) 

SD-Morph 0.5 

mg/kg + Cyp 0.3 

mg/kg 

1899.07±191.00 93.32±13.12 8.74±3.27 0 (0) 

SD-Morph 2 

mg/kg + Cyp 0.3 

mg/kg 

2065.97±175.61 93.52±12.59 8.78±2.75 0 (0) 

SD-Cyp 0.3 

mg/kg 
1897.17±85.86 94.44±9.91 28.90±9.20 0 (0) 

WKY-Vehicle 1259.09±104.18 33.54±5.81### 5.01±2.74 0 (1) 

WKY-Morph 0.5 

mg/kg 
1258.52±83.08 32.21±9.58 12.37±3.47 0 (0) 

WKY-Morph 2 

mg/kg 
942.67±111.24 40.74±9.51 8.15±3.00 0 (0) 

WKY-Morph 0.5 

mg/kg + Cyp 0.3 

mg/kg 

1126.60±82.70 38.44±9.07 9.33±8.57 0 (0) 

WKY-Morph 2 

mg/kg + Cyp 0.3 

mg/kg 

1230.05±83.17 30.57±5.81 13.20±4.47 0 (0) 

WKY-Cyp 0.3 

mg/kg 
1238.55±123.24 32.25±5.35 3.49±2.78 0 (1) 
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2.3.3.2. Effects of morphine and cyprodime, alone or in combination, on formalin-

evoked nociceptive and general exploratory behaviours in WKY and SD rats 

Following the pre-formalin trial, rats received an intraplantar injection of formalin into 

the right hindpaw and were observed for 60 min. The CPS data were analysed temporally 

in 5 min time bins (Figure 2.10). Two-way RM ANOVA revealed significant effects of 

time (F6.139,583.173=72.475, p<0.001), time x strain (F6.139,583.173=7.350, p<0.001), and time 

x treatment (F30.693,583.173=2.705, p<0.001) in tests of within-subjects effects and 

significant overall effects of strain (F1,95=40.140, p<0.001) and treatment (F5,95=8.092, 

p<0.001) in tests of between-subjects effects on formalin-evoked nociceptive behaviour. 

Further post hoc SNK analysis showed that vehicle-treated WKY rats exhibited higher 

formalin-evoked nociceptive behaviour in the first 15 min post-formalin injection, 

compared to SD counterparts (T5-10: WKY-Vehicle vs SD-Vehicle, p<0.05; Figure 

2.10A). Figures 2.10A and 2.10B show the effects of subcutaneous administration of 

morphine and/or cyprodime on nociceptive responding induced by formalin in SD and 

WKY rats, respectively. Morphine (0.5 and 2 mg/kg) significantly reduced formalin-

evoked nociceptive behaviour in a dose-related manner in the SD (T15-20: SD-Morphine 

0.5 mg/kg vs SD-Vehicle, p<0.05; T15-20, T20-25, T25-30, and T30-35: SD-Morphine 2 mg/kg 

vs SD-Vehicle, p<0.05), but not in the WKY, rats. Morphine-induced antinociception was 

attenuated by pretreatment with cyprodime in SD rats (T15-20 and T20-25: SD-Morphine 2 

mg/kg+Cyprodime 0.3 mg/kg vs SD-Morphine 2mg/kg, p<0.05). Cyprodime (0.3 

mg/kg), administered alone, did not affect formalin-induced nociceptive behaviour in 

either strain. Formalin injection induced oedema in the right hindpaw in both strains 

(Figure 2.11) but two-way ANOVA revealed there was no significant effect of strain 

(F1,106=3.412, p>0.05), treatment (F5,106=2.102, p>0.05), or strain x treatment interaction 

(F5,106=2.038, p>0.05) on paw oedema. 
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Figure 2.10: (A) Temporal profile of formalin-evoked nociceptive behaviour in SD and 

WKY rats receiving vehicle injection systemically. Temporal profile of the effects of 

morphine (0.5 or 2 mg/kg, s.c.) and cyprodime (0.3 mg/kg, s.c.), alone or in combination, 

on formalin-evoked nociceptive behaviour in (B) SD and (C) WKY rats (Experiment 3). 

Data are presented in 5 min time bins and expressed as mean ± SEM, n = 8-10/group. 

*p<0.05 (SD-Morph 0.5 mg/kg or SD-Morph 2 mg/kg or WKY-Vehicle vs SD-Vehicle), 

&p<0.05 (SD-Morph 2 mg/kg+Cyp 0.3 mg/kg vs SD-Morph 2 mg/kg). CPS: composite 

pain score, Cyp: Cyprodime, Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, 

WKY: Wistar-Kyoto. 
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Figure 2.11: Effects of morphine (0.5 or 2 mg/kg, s.c.) and cyprodime (0.3 mg/kg, s.c.), 

alone or in combination, on formalin-induced hindpaw oedema in SD and WKY rats 

(Experiment 3). Paw oedema was measured as the difference in diameter (mm) of the 

right hindpaw immediately before, and 60 min after, intraplantar formalin injection. Data 

are expressed as mean ± SEM, n = 8-10/group. Cyp: Cyprodime, Morph: morphine, s.c.: 

subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 

 

 

General exploratory behaviour and defaecation were also recorded and rated during the 

60 min formalin trial (Table 2.7). A significant main effect (χ2(11)=70.531, p<0.001) was 

observed on distance moved in the arena in KW test; post hoc test revealed that WKY 

rats, irrespective of drug/vehicle treatment, exhibited reduced distance moved during 

formalin trial compared to their SD counterparts. No significant main effect on rearing 

(χ2(11)=19.291, p>0.05), grooming (χ2(11)=32.853, p>0.05), or defaecation 

(χ2(11)=36.401, p>0.05) was revealed in KW analysis.  
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Table 2.7: Effects of morphine (0.5 or 2 mg/kg, s.c.) and cyprodime (0.3 mg/kg, s.c.), 

alone or in combination, on general exploratory behaviours (distance moved, rearing, and 

grooming) and defaecation (number of pellets produced) during the 60 min formalin trial. 

Data are expressed as mean ± SEM except for defaecation which is expressed as median 

with IQR, n=8-10/group. ##p<0.01 (WKY vs SD counterpart). Cyp: Cyprodime, Morph: 

morphine, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 

 

 

 

Groups 
Distance moved 

(cm) 
Rearing (s) 

Grooming 

(s) 
Defaecation 

SD-Vehicle 4763.23±358.02 5.70±2.27 16.96±4.24 4 (4) 

SD-Morph 0.5 

mg/kg 
4045.76±404.22 0.85±0.48 20.35±8.88 0(0.75) 

SD-Morph 2 

mg/kg 
3497.18±464.51 7.91±5.50 16.19±8.38 0(1) 

SD-Morph 0.5 

mg/kg + Cyp 0.3 

mg/kg 

3312.93±329.71 3.23±2.87 17.69±5.32 1(2.5) 

SD-Morph 2 

mg/kg + Cyp 0.3 

mg/kg 

3986.15±532.62 1.57±1.03 9.02±2.95 0(0.25) 

SD-Cyp 0.3 

mg/kg 
3754.39±392.04 11.43±4.47 30.25±14.84 3(5) 

WKY-Vehicle 1714.68±80.54## 3.34±2.96 30.87±3.49 0(0) 

WKY-Morph 0.5 

mg/kg 
1817.07±123.23## 0.05±0.05 31.18±7.25 0(3) 

WKY-Morph 2 

mg/kg 
2003.84±248.29## 4.43±1.94 56.96±8.37 0(0) 

WKY-Morph 0.5 

mg/kg + Cyp 0.3 

mg/kg 

1711.39±119.10## 0.84±0.64 36.40±6.99 0(0) 

WKY-Morph 2 

mg/kg + Cyp 0.3 

mg/kg 

1976.30±160.03## 1.98±1.03 50.54±11.94 0(0) 

WKY-Cyp 0.3 

mg/kg 
1819.06±119.72## 1.16±0.72 39.76±11.44 0(0.5) 
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2.3.4. Levels of morphine in the plasma of WKY and SD rats 

Levels of morphine were assayed in plasma from the WKY and SD rats (Table 2.8). KW 

test revealed a significant main effect (χ2(11)=47.722, p<0.001) on the plasma morphine 

level. Further post hoc tests revealed significant differences only between groups that 

received morphine systemically compared to vehicle counterparts in both SD (SD-

Morphine 0.5 mg/kg or SD-Morphine 2 mg/kg vs SD-Vehicle, p<0.001) and WKY 

(WKY-Morphine 0.5 mg/kg or WKY-Morphine 2 mg/kg vs WKY-Vehicle, p<0.001) 

rats. However, no strain-related differences were observed in the plasma levels of 

circulating morphine. 

 

Table 2.8: Level of circulating morphine in the plasma of SD and WKY rats. No 

difference was found in the plasma morphine levels between the two strains. Data = Mean 

± SEM; n = 8-10/group. ***p<0.001 (SD-Morphine 0.5 mg/kg or SD-Morphine 2 mg/kg 

vs SD-Vehicle), +++p<0.001 (WKY-Morphine 0.5 mg/kg or WKY-Morphine 2 mg/kg vs 

WKY-Vehicle). Morph: morphine, ND: not detected, s.c.: subcutaneous, SD: Sprague-

Dawley, WKY: Wistar-Kyoto. 

 

 

2.3.5. Expression of genes encoding MOP and POMC in brain regions associated 

with pain and negative affect in naïve WKY and SD rats 

RT-qPCR was employed to determine if there was any strain difference in the basal levels 

in discrete brain regions (PFC, amygdala, hippocampus, hypothalamus, and PAG) for the 

expression of the genes encoding MOP and the prepropeptide POMC, the precursor 

protein for the endogenous MOP-preferential peptide β-endorphin. Analysis of gene 

expression revealed that WKY rats, compared to SD counterparts, exhibited higher levels 

of MOP (t10.843=-2.298, p<0.05; Figure 2.12A) and POMC (t10.791=-3.573, p<0.01; Figure 

Strain 

Plasma concentration (ng/mL) 

Vehicle, s.c. 
Morphine 0.5 mg/kg, 

s.c. 

Morphine 2 mg/kg, 

s.c. 

SD ND 18.64±2.34*** 77.27±4.03*** 

WKY ND 18.88±1.20+++ 91.93±7.33+++ 
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2.12B) mRNA in the hippocampus and PFC, respectively. No difference in the expression 

of the genes encoding MOP and POMC was observed in the other regions analysed 

between the two strains. 

 

 

Figure 2.12: The expression of the genes encoding MOP and prepropeptide POMC in 

discrete brain regions involved in pain and negative affect in naïve WKY and SD rats. 

Data are expressed as mean ± SEM, n = 6-10/group. *p<0.05, **p<0.01 (WKY vs SD). 

Amyg: amygdala, Hypo: hypothalamus, Hipp: hippocampus, MOP: mu-opioid receptor, 

PAG: periaqueductal grey, PFC: prefrontal cortex, POMC: proopiomelanocortin, SD: 

Sprague-Dawley, WKY: Wistar-Kyoto. 
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2.4. Discussion 

In the current study we observed that systemic administration of morphine produced dose-

dependent antinociception in the SD rats in tests of acute thermal (hot plate test) and 

persistent inflammatory (formalin test) pain, an effect attenuated by the selective MOP 

antagonist cyprodime. In comparison, WKY rats exhibited reduced responsivity to the 

antinociceptive effects of morphine in both pain assays employed here. Cyprodime did 

not affect nociceptive behaviour when administered alone in either strain. The study also 

provided some evidence for differential effects of morphine on anxiety- and depression-

related behaviours in WKY versus SD rats. No difference was found in the circulating 

morphine level in the plasma of SD and WKY rats. Finally, RT-qPCR data showed 

region-dependent differential expression of the genes encoding MOP and POMC in the 

subcortical and limbic brain regions in behaviourally naïve WKY versus SD rats.  

In the dose response experiment, dose-dependent antinociceptive effects of morphine 

treatment (0.5-7.5 mg/kg) were apparent in both SD and WKY rats in the hot plate test, 

although the minimum effective dose varied between the two strains. A higher dose of 2 

mg/kg was required to produce significant antinociception in the WKY rats compared to 

the dose of 0.5 mg/kg in the SD counterparts. Consistent with our findings, previous 

studies have found WKY rats to be less sensitive to opioids (such as morphine and 

buprenorphine) than SD rats in acute thermal nociceptive assays (Sitsen et al., 1987; 

Hoffmann et al., 1998; Terner et al., 2003; Hestehave et al., 2019b). Of note, the WKY 

rats in our study did not display greater nociceptive responding on the hot plate at 

baseline, compared to SD counterparts, in contrast to a previous report (Burke et al., 

2010). Methodological differences between the two studies and hypersensitivity exhibited 

by WKY rats to the stress of novel (aversive) environment exposure (Pardon et al., 2002) 

may account for the discrepancies observed here. It is also worth noting here that several 

other studies, including a recent one from Hestehave and colleagues, also did not find a 

difference in thermal response latency between WKY and SD rats (Hoffmann et al., 1998; 

Plesan et al., 1999; Taylor et al., 2001; Hestehave et al., 2019b). 

The vehicle-treated WKY rats did exhibit an enhanced formalin-evoked nociceptive 

response particularly in the early phase of the test, compared to SD counterparts, thus 

confirming their hyperalgesic phenotype to noxious inflammatory stimulus as previously 

demonstrated by other studies (Burke et al., 2010; Rea et al., 2014). Though this finding 

is in contrast to one study showing no difference in formalin-evoked nociceptive 
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behaviour between WKY and SD rats (Taylor et al., 2001), the low concentration of 

formalin used by the authors (1.25% versus 2.5%) may partly explain the observed 

difference. Systemic administration of morphine resulted in significant dose-related 

antinociception in the SD, but not in the WKY, rats. The doses of morphine used in the 

formalin test component of the study (Experiment 3) were based on the results of the 

earlier dose response experiment (Experiment 1). We purposely chose low doses of 

morphine (0.5 and 2 mg/kg) for two reasons: 1) to avoid a “floor-effect” in both strains 

that might aid in unmasking any strain-related difference in morphine antinociception and 

2) to avoid any potential effect of morphine on locomotor activity that might confound 

the results. Previous studies have reported significant antinociception produced by 

systemically injected morphine at low doses in the formalin test in SD (Munro, 2009; 

Boules et al., 2011) and Wistar (Biglarnia et al., 2013) rats, two of the most commonly 

used control strains for the inbred WKY rats. Our results indicate that WKY rats are 

hyporesponsive to morphine-induced antinociception in the formalin model of tonic, 

persistent inflammatory pain. Only one other study to date has compared morphine 

antinociception  in the formalin assay between SD and WKY rats (Mahinda et al., 2004). 

However, the single dose of morphine used (3 mg/kg) was higher than our study, which 

might explain the lack of any differential effect of morphine on formalin-evoked 

nociceptive behaviour between WKY and SD rats in the study by Mahinda and 

colleagues. It appears that the reduced sensitivity to morphine in WKY versus SD rats 

may be due to a lack of adequate engagement of the MOP system to mediate 

antinociception. Consequently, it seems reasonable to suggest that such a deficit of the 

MOP system within descending inhibitory pain pathway may underpin hyperalgesia in 

the WKY rat strain. In addition, in the clinical context, our finding may suggest that MOP 

agonists could have reduced efficacy in patients presenting with comorbid pain and 

negative affect. However, the literature has conflicting results in this respect. Jamison et 

al has reported that the anxiety and depression scores of patients with low back pain is 

negatively correlated with efficacy of hydromorphone (an MOP agonist) and predictive 

of drug discontinuation (Jamison et al., 2013). In comparison, a recent study has 

demonstrated enhanced response to morphine is associated with patients with low back 

pain exhibiting greater depressive symptom and/or trait anxiety (Burns et al., 2017). Thus, 

further investigation is needed to fully understand the implication of our results in clinical 

setting in the context of comorbid pain and negative affect. 
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The WKY rats exhibited an overall reduced exploratory behaviour, compared to SD 

counterparts, during both pre- and post-formalin trials as measured by distance moved in 

the arena. In fact, this hypolocomotor behaviour is one of the hallmark traits of the WKY 

rat strain as reported previously in a number of studies (Paré, 1989c, 1994; Tejani-Butt et 

al., 1994; Burke et al., 2010) and has been linked to its behavioural inhibition phenotype 

(Paré, 1994; McAuley et al., 2009). No locomotor impairing effect of morphine was 

observed in pre- and post-formalin trials in either strain at the doses and times tested in 

our study. Previous studies showed that morphine reduced locomotor activity at doses ≥ 

3 mg/kg in SD rats (Munro, 2009; Munro et al., 2010, 2012). In a recent study, mild 

reduction in locomotor activity by morphine 3 mg/kg was observed in both WKY and SD 

rats (Hestehave et al., 2019b). Thus, the behavioural differences in the effects of morphine 

in the formalin assay are likely to be related to a strain difference in nociceptive 

responsivity to the drug, rather than differential effects on locomotor activity. Another 

possibility behind such differential antinociceptive responses of morphine in WKY versus 

SD rats is that the pharmacokinetics of morphine are different in the two strains. However, 

the plasma morphine levels did not differ between SD and WKY rats, suggesting a strain-

related pharmacokinetic difference is unlikely. Previous studies did not find differences 

in an array of pharmacokinetic parameters of systemic morphine in the plasma between 

spontaneously hypertensive rats and its normotensive control WKY rats (Bhargava and 

Villar, 1992), though brain levels of morphine were higher in the latter (Bhargava, 1982). 

Thus, we do acknowledge the limitation here that we did not determine all the 

pharmacokinetic parameters of morphine in the plasma or its level in relevant brain/spinal 

cord tissues between WKY and SD rats. 

The present data also showed that cyprodime attenuated morphine-induced 

antinociception in the SD rats in both tests of nociception employed here. In vitro binding 

studies have shown that morphine preferentially binds to the MOP (Raynor et al., 1994; 

Mignat et al., 1995) although it exhibits affinity for both KOP and DOP (Chen et al., 

1993; Meng et al., 1993; Toll et al., 1998). MOP is the major pharmacological target for 

morphine in vivo as shown by the complete absence of antinociceptive responses to 

morphine in MOP-null mice (Matthes et al., 1996). Cyprodime binds with high affinity 

(in the low nanomolar range) to the MOP and exhibits high selectivity for the MOP over 

KOP and DOP in both in vitro and in vivo assays (Schmidhammer et al., 1989; Márki et 

al., 1999). Moreover, presence of cyprodime reduced morphine-stimulated [35S]GTPγS 
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binding by 500-fold in rat brain membranes (Márki et al., 1999). Thus, the attenuation of 

morphine-induced antinociception by cyprodime in SD rats further supports the 

contention that the behavioural responses of morphine observed in the present study were 

mediated via the MOP. In addition, the lack of any behavioural effect of systemically 

administered cyprodime alone in tests of both pain and negative affect in either strain 

suggests that the endogenous, basal MOP tone may not be different in SD and WKY rats. 

The present study also investigated the effects of modulating MOP with morphine and 

cyprodime, alone or in combination, on anxiety-and depression-related behaviours in 

WKY and SD rats. It should be noted that exposure to tests (EPM/OF/FST) assessing 

behavioural responses in Experiment 2 did not yield any significant difference in the 

measures of anxiety- and depression-related behaviours in the control groups. A possible 

explanation for this finding could be habituation to the apparatus resulting in a loss of 

sensitivity of the key outcome measures (Nosek et al., 2008; Schrader et al., 2018). 

Henceforth, this discussion will focus mainly on the findings from the dose response 

experiment (Experiment 1). The vehicle-treated WKY rats did not exhibit significant 

difference in time spent or entries into open arms, compared to SD counterparts, which is 

in contrast with previously published reports (Gentsch et al., 1987; Paré, 1992; 

Malkesman and Weller, 2009) that demonstrated significant reduction in open arm 

activity in the WKY rat strain. Methodological differences in the design of the 

experiments (e.g. battery of behavioural tests) in our study and those published might 

account for this discrepancy. For instance, the hot plate tests which preceded the anxiety 

tests might affect the behaviours in the EPM in the WKY rats given that they are a stress-

sensitive strain (Tejani-Butt et al., 1994; Zafar et al., 1997; Rittenhouse et al., 2002; De 

La Garza and Mahoney, 2004; Hyland et al., 2015). Acute stress has been shown to 

enhance freezing in the WKY rats (Paré, 1989c; Zafar et al., 1997; Nosek et al., 2008), 

which might affect the overall behaviour of these rats in the maze as observed here. In 

fact, this is reflected in the significant reduction in closed arm entries, a measure of 

spontaneous motor activity in the EPM test (Walf and Frye, 2007), in the vehicle-treated 

WKY versus SD rats. In the second test for anxiety-related behaviour that we used herein, 

the OF test, vehicle-treated WKY rats, in comparison to SD counterparts, displayed a 

significant reduction in entries made into the centre zone but no significant difference 

was observed in time spent in the centre zone of the arena. Previous reports from our 

laboratory (Burke et al., 2010, 2016) and others (Paré, 1994; Tejani-Butt et al., 1994; Pare 
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and Tejani-Butt, 1996; Will et al., 2003) have shown that the WKY rats spent significantly 

less time in the centre zone compared to SD rats. However, WKY rats, when exposed to 

a novel aversive (e.g. brightly lit) context, also exhibit increased immobility and higher 

latency to leave the centre of the OF compared to SD and other control rat strains (Paré, 

1989c; Berton et al., 1997; O’Malley et al., 2010). We did observe that the vehicle-treated 

WKY rats took significantly longer to leave the centre compared to SD counterparts, 

which might partly explain the discrepancy here. Moreover, in accordance with previous 

reports (Paré, 1989b; Drolet et al., 2002; Pardon et al., 2002; Burke et al., 2010, 2016), 

vehicle-treated WKY rats exhibited pronounced hypolocomotor activity in the OF 

compared to SD counterparts, confirming their hypervigilant state and vulnerability to 

anxiety-related behaviours (Paré, 1994; McAuley et al., 2009). Vehicle-treated WKY rats 

also defaecated more in the OF arena compared to SD controls, further demonstrating 

their enhanced anxiety-like behaviour when exposed to a novel environment (O’Malley 

et al., 2010; Buckley et al., 2014; Hyland et al., 2015; Burke et al., 2016). 

Systemic administration of morphine at various doses did not yield any significant 

anxiolytic effects in either strain. Higher doses of morphine (>5mg/kg) produced motor 

impairing effects in both SD and WKY rats as evidenced by significant reduction in open 

or closed arm entries in the EPM test. Using animal models of unconditioned and 

conditioned stimuli, several pharmacological studies reported anxiolytic effect of 

systemically administered morphine, particularly at low dose (0.3-1 mg/kg), in SD 

(Glover and Davis, 2008) and Wistar (Motta and Brandao, 1993; Anseloni et al., 1999; 

Kõks et al., 1999; Urigüen et al., 2002; Zarrindast et al., 2005) rats. To date, no study 

using morphine has been conducted in the WKY rat strain in this respect. However, one 

caveat is that not all of the studies cited above assessed general locomotor activity when 

morphine was used at high dose (e.g. ≥5 mg/kg) (Urigüen et al., 2002; Shin et al., 2003; 

Zarrindast et al., 2005; Glover and Davis, 2008). Interestingly, our data show that 

morphine at high doses differentially affected locomotor activity in the two strains – 

reducing distance moved in SD rats whereas increasing it in WKY counterparts. 

Morphine-induced effects on locomotor activity have been suggested to be mediated 

through the dopaminergic system (Zarrindast and Zarghi, 1992; Cook and Beardsley, 

2003). Thus, the significance of such an effect between SD and WKY rats needs further 

probing to elucidate the underlying neurobiological differences in the two strains. 
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In the FST (Experiment 1), vehicle-treated WKY rats exhibited higher duration of 

immobility compared to SD counterparts, indicating increased behavioural despair, i.e. a 

depressive phenotype, as previously reported (Rittenhouse et al., 2002; Tejani-Butt et al., 

2003; Burke et al., 2010, 2016; Nam et al., 2014). The motor-impairing effects of high 

doses of morphine were evident, particularly at the beginning of the trial, in both strains 

in the measure of duration of immobility. Morphine increased swimming duration with a 

concomitant reduction in climbing duration in both SD and WKY rats, though the latter 

effect failed to reach statistical significance in SD rats. Although the effects of acute 

pharmacological activation of MOP by morphine are less documented due to the adverse 

effects associated with this compound, the majority of these studies suggests morphine 

exerts an antidepressant effect (Besson et al., 1996; Broom et al., 2002; Zomkowski et 

al., 2005; Berrocoso et al., 2013; Falcon et al., 2015; Rosa et al., 2017). Of these, only 

one study that assessed effects of morphine in the FST in SD rats reported findings 

(increased swimming and decreased climbing) similar to our data here (Broom et al., 

2002). However, it should be noted that the authors used the conventional two-day FST 

(pretest and test swim sessions) as compared to a single exposure in our study. 

A difference in the expression and/or functionality of the MOP system (receptor and/or 

endogenous ligand) in the CNS may account for the differences in the phenotype and 

perhaps the antinociceptive potency of morphine between WKY and SD rats. We 

explored this possibility and measured basal expression of the genes encoding MOP and 

POMC in discrete brain regions in behaviourally naïve WKY and SD rats. There is 

considerable overlap in the neural substrates associated with pain and affect. The PFC, 

amygdala, and hypothalamus are key brain regions involved in processing sensory and/or 

affective-emotional components of pain, the hippocampus is implicated in processing 

mood, and the PAG is an important region within descending pain pathway for 

modulation of pain. Our data did not show a global difference in the expression profile of 

MOP and POMC mRNA between SD and WKY rats. Rather, the differences found in the 

expression of these genes were region-dependent: increased levels of MOP and POMC 

mRNA in the hippocampus and PFC, respectively, in WKY versus SD rats. A recent 

study by Burke et al showed higher expression of MOP mRNA in the hippocampus but 

no difference was found in the expression of POMC mRNA in the PFC in WKY versus 

SD rats (Burke et al., 2019). Methodological differences (e.g. singly- versus pair-housed 

naïve rats) may account for the discrepancy between these two studies. Both studies do 
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agree on the point that the differential expression of opioid-related genes in WKY versus 

SD rats is receptor/prepropeptide-specific and region-dependent. However, there are a 

few limitations here: firstly, differences in the expression of the genes may not translate 

to the protein level; secondly, potential strain-related alteration in the receptor 

functionality needs to be considered and investigated; and lastly, the large POMC 

prepropeptide is cleaved to other nonopioid peptides besides β-endorphin and so changes 

in POMC mRNA expression may not correlate to the level of β-endorphin. Thus, the 

significance of such region-dependent differences in the expression of genes encoding 

MOP and POMC requires further investigation, particularly at the level of endogenous 

peptide and the expression/functionality of the receptor protein in specific brain regions, 

to underpin the hyperalgesia and reduced morphine potency in the WKY rat strain. 

In conclusion, the findings in this study demonstrate that the WKY rat has a hyperalgesic 

profile and vulnerability to both anxiety- and depression related behaviours compared to 

SD rats. In line with previous reports, WKY rats exhibited reduced responsivity to 

systemically administered morphine in an acute thermal assay of nociception. In addition, 

we showed for the first time that WKY rats displayed hyporesponsivity to systemic 

morphine in the formalin model of tonic persistent inflammatory pain, compared to SD 

counterparts. These differences in morphine sensitivity between the two strains are 

unlikely to be driven by strain-related differences in the pharmacokinetics of the drug. 

Using antagonist blockade, we further showed that morphine-induced antinociception 

was mainly mediated via the MOP. Effects of morphine on anxiety- and depression-

related behaviours in both strains were less straightforward owing to its effect on 

locomotor activity. Though there are some region-dependent differences in the basal 

expression of the genes encoding MOP and POMC, further investigations are necessary 

to elucidate possible molecular deficits and key neural substrates involved in the 

differential nociceptive effects mediated by the MOP in the WKY rat model. 
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3. Chapter 3: Effects of pharmacological modulation of mu-

opioid receptors in the ventrolateral periaqueductal grey on 

formalin-evoked nociceptive behaviour in Wistar-Kyoto and 

Sprague-Dawley rats 

 

3.1. Introduction 

The mesencephalic periaqueductal grey (PAG) is a key brainstem region involved in the 

modulation of nociceptive responses but also plays a pivotal role in coordinating 

defensive and aversive responses to emotional (e.g. stress, fear, and anxiety) situations 

(Behbehani, 1995; Bandler and Keay, 1996; Benarroch, 2012b). Thus, the PAG is an 

important brain region in both nociception and associated psychological responses. The 

PAG presents a high degree of anatomical and functional organisation as demonstrated 

in cytoarchitectural (Beitz, 1985) and histochemical (Conti et al., 1988) studies. It consists 

of four well-defined longitudinal subcolumns in rats: dorsomedial, dorsolateral, lateral 

and ventrolateral divisions (Figure 3.1). Stimulation of the different subcolumns of the 

PAG results in distinct behavioural responses, allowing the organism to respond 

appropriately to potential threats and noxious stimuli (for review see Bandler and Shipley, 

1994; Keay and Bandler, 2001). 

 

 

 

 

 

 

 

Figure 3.1: Divisions of PAG. Aq: Aqueduct, dmPAG: dorsomedial PAG, dlPAG: 

dorsolateral PAG; lPAG: lateral PAG; vlPAG: ventrolateral PAG. Figure adapted from 

Paxinos and Watson, 2007. 
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As previously mentioned in Chapter 1, the PAG is a major site for opioid-induced 

antinociception within the descending modulatory pain pathway (Reynolds, 1969; Mayer 

et al., 1971; Jacquet and Lajtha, 1974; Akil et al., 1976; Deakin and Dostrovsky, 1978; 

Llewelyn et al., 1983; Jensen and Yaksh, 1986; Bodnar et al., 1988; Smith et al., 1988; 

Fang et al., 1989a). Of its four functionally distinct subcolumns, the ventrolateral PAG 

(vlPAG) is important for mediating opioid-induced antinociception (Yaksh et al., 1976a; 

Cannon et al., 1982; Satoh et al., 1983; Jensen and Yaksh, 1986; Campion et al., 2016). 

The vlPAG contains a high density of MOP (Mansour et al., 1986, 1987; Tempel and 

Zukin, 1987; Commons et al., 1999, 2000; Wang and Wessendorf, 2002). Direct 

microinjection of morphine, the prototype drug for opioid analgesics, into the vlPAG 

produces robust antinociception in rats (Sharpe et al., 1974; Yaksh et al., 1976a; Lewis 

and Gebhart, 1977; Loyd et al., 2008; Bobeck et al., 2009; Morgan et al., 2009; Mehalick 

et al., 2013), which is reversed by systemic or site-specific administration of nonselective 

opioid antagonists, naloxone and naltrexone (Yaksh et al., 1976a; Hernandez-Leon et al., 

2016). Moreover, pharmacological blockade of opioid receptors in the vlPAG attenuates 

the antinociceptive effects of systemically administered morphine (Lane et al., 2005). In 

addition, administering either MOP-selective antagonist β-FNA (Bobeck et al., 2012) or 

MOP-directed antisense oligodeoxynucleotide (Rossi et al., 1994a) into the same site 

prior to morphine blocked the antinociceptive effects of morphine injected into the 

vlPAG. In summary, these studies strongly indicate that the vlPAG is a key neural 

substrate mediating morphine-induced antinociceptive response via the MOP. 

The stress-hypersensitive WKY rat strain is a genetic model of anxiety and depression 

(Paré and Redei, 1993; Tejani-Butt et al., 1994; Rittenhouse et al., 2002; Malkesman and 

Weller, 2009; Burke et al., 2010) that also displays heightened nociceptive response to 

noxious stimuli (Gunter et al., 2002; Zeng et al., 2008; Burke et al., 2010; O’ Mahony et 

al., 2013; Rea et al., 2014), making it a useful tool for studying neurobiology of pain-

negative affect interactions. Several studies implicate a dysregulation of the MOP system 

in the WKY phenotype (Avsaroglu et al., 2007; Browne et al., 2015; Burke et al., 2019). 

WKY rats exhibit reduced responsivity to morphine-induced antinociception in models 

of acute (heat) and chronic (inflammatory) pain, compared to SD counterparts (Hoffmann 

et al., 1998; Plesan et al., 1999; Terner et al., 2003; Hestehave et al., 2019b). In Chapter 

2, we found that the WKY rats were hyporesponsive to the antinociceptive effects of 

systemically administered morphine in models of both phasic acute (hot plate test) and 
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tonic persistent inflammatory (formalin test) pain. However, no study to date has 

investigated the role of MOP within specific components of the descending pain pathway 

in the hyporesponsivity to MOP agonism exhibited by the WKY rats. Given the key role 

of the PAG in nociception and emotional coping strategies, it has been proposed as a 

possible neural substrate in mediating hyperalgesia associated with negative affect and 

stress (Madasu et al., 2016; Okine et al., 2017). Additionally, stress-induced hyperalgesia 

is associated with enhanced neuronal activity in the PAG in rats (Devall and Lovick, 

2010; Sardi et al., 2018). Taken together, the ventrolateral subcolumn of the PAG is a 

region of interest with respect to investigating neurobiology of hyperalgesia co-occurring 

with negative affect in the WKY rat model. 

The PAG modulates nociception via the descending pain pathway, relaying to the rostral 

ventromedial medulla (RVM), from which neurons project to the dorsal horn of spinal 

cord (DHSC) (Millan, 2002). Both behavioural and in vitro electrophysiology studies 

indicate that supraspinal MOP-induced antinociception is mediated in part by supressing 

the inhibitory influence of GABAergic interneurons within vlPAG onto the output 

neurons (Moreau and Fields, 1986; Depaulis et al., 1987; Chieng and Christie, 1994), 

leading to increased OFF cell and decreased ON cell activity in the RVM (Heinricher et 

al., 1992a, 1994). This GABAergic disinhibition of the descending PAG-RVM pathway 

inhibits nociceptive transmission at the level of DHSC (for review see Lau and Vaughan, 

2014). Thus, examining neuronal activity at the level of RVM and DHSC following 

morphine injection into the vlPAG is useful in determining if any strain-related 

differences exist in the top-down modulation within the descending pain pathway. A 

valuable tool in visualising the pathways involved in the integration of a nociceptive input 

is mapping the expression of the nuclear protein c-Fos within neuronal nuclei (Harris, 

1998; Coggeshall, 2005). Following a noxious stimulus, the immediate early gene c-fos 

is rapidly activated to express the protein in the populations of neurons excited by the 

nociceptive input (Hunt et al., 1987; Keay and Bandler, 1993; Abbadie et al., 1997).  

Hence, visualisation of activity within functionally-related neural substrates is possible 

due to the transient, rapid, and robust nature of the expression of c-Fos, establishing it as 

a marker of neuronal activity. 

Therefore, this chapter examines the hypothesis that reduced MOP signalling in the 

vlPAG may underlie hyperalgesia to noxious inflammatory stimulus and 
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hyporesponsivity to MOP agonism in the WKY rats, compared to SD counterparts. 

Specific aims of the experiments described herein are as follows: 

• To compare the effects of intra-vlPAG microinjection of the MOP agonist morphine 

on nociceptive responding to the tonic, persistent inflammatory noxious stimulus of 

intra-plantar-formalin injection in WKY versus SD rats. 

• To examine any associated differences in expression of the marker of neuronal 

activity c-Fos in the RVM and DHSC (regions downstream of vlPAG). 

• To determine if there are differences in the expression of MOP protein within vlPAG 

of WKY and SD rats. 
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3.2. Materials and methods 

3.2.1. Animals 

Male WKY and SD rats (8-10 weeks old, 220-250g on arrival; Envigo, Bicester, UK) 

were used in this study. Rats were maintained under a standard 12:12 h light/dark cycle 

(lights on from 07:00-19:00 h) in a temperature- (21±2°C) and humidity-controlled (45-

55%) room throughout the study. Upon arrival, all animals were housed in groups of 3-4 

per cage in plastic bottom cages (45x20x20 cm3) containing 3Rs basic bedding (>99% 

recycled paper; 3Rs Lab, Fibrecycle Ltd, North Lincolnshire, UK) and sizzle nest material 

(LBS Biotechnology, Horley, UK) to acclimatise to the unit for 10 days. Animals were 

housed singly in cages with bedding and nesting material following surgery and remained 

singly-housed for the rest of the study. Food (14% protein rodent diet; Envigo, Bicester, 

UK) and water were available ad libitum. After surgery, a white rectangular plastic insert 

was placed into the cage under the food hopper allowing animals to access food freely 

but preventing them from getting too close to the cage top that might damage the 

implanted cannulae. A separate cohort of naïve WKY and SD rats were included in this 

study; they were singly-housed and did not undergo surgery or behavioural testing. All 

experimental procedures were carried out during the light phase between 08:00 and 18:00 

h. The experimental procedures were approved by the Animal Care and Research Ethics 

Committee, National University of Ireland Galway. The work was carried out under 

license from the Health Products Regulatory Authority in the Republic of Ireland and in 

accordance with EU Directive 2010/63. The study was also designed and carried out in 

accordance with the ARRIVE guidelines (Kilkenny et al., 2010). 

3.2.2. Chemicals and drug preparation 

The MOP agonist morphine sulphate (60 mg/mL solution for injection; MercuryPharma, 

Surrey, UK) was purchased from a local pharmacy in Galway, Ireland. Morphine sulphate 

was dissolved in the vehicle 0.89% w/v NaCl (Fisher Scientific, Leicestershire, UK). As 

in Chapter 2, the salt form of morphine was taken into account and corrected for so that 

the final doses administered were equivalent to free base weight of morphine. On the test 

day, morphine sulphate solution was freshly prepared at concentrations 0.017, 0.043, and 

0.086 μM and administered bilaterally into the vlPAG in an injection volume of 0.2 μL, 

giving the final doses of morphine administered as 1, 2.5, and 5 μg/0.2 μL/side. The doses 

of morphine were chosen based on previous studies demonstrating the antinociceptive 
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efficacy of the drug upon direct injection into the vlPAG in rats  (Gogas et al., 1996; Zhu 

et al., 1997; Morgan et al., 2003; Lane et al., 2005; Hernandez-Leon et al., 2016; Tomim 

et al., 2016). Formalin (Sigma-Aldrich, Wicklow, Ireland) was also freshly prepared on 

the test day by diluting from a stock of 37% to 2.5% in sterile 0.89% NaCl. 

3.2.3. Study design 

The effects of pharmacological modulation of MOP in the vlPAG on formalin-evoked 

nociceptive behaviour in WKY and SD rats were investigated in this study. The 

experimental timeline is depicted in Figure 3.2. Animals underwent stereotaxic 

implantation of guide cannulae into the vlPAG under isoflurane anaesthesia. On the test 

day, animals were randomly assigned to treatment groups, resulting in 8 experimental 

groups as listed in Table 3.1. The sequence of treatments was also randomised to control 

for the order of testing and time of the day. Ten minutes after bilateral administration of 

vehicle (0.89% NaCl) or morphine (1, 2.5, or 5 μg) directly into the vlPAG, all rats 

received an intraplantar formalin injection into the right hindpaw under brief isoflurane 

anaesthesia. The rats were assessed in the formalin test for 90 min, after which they were 

euthanised by terminally anaesthetising with sodium pentobarbital (0.7 mL/kg, i.p.; 

Dolethal 200 mg/mL, Vetoquinol Ireland Ltd, Dublin, Ireland) and transcardially 

perfusing with heparinised saline followed by cold 4% paraformaldehyde (PFA). At the 

end of perfusion, brain and spinal cord were removed, post-fixed overnight in 4% PFA at 

4°C, and then stored in cryoprotective solution (25% sucrose with 1% sodium azide in 

0.1 M phosphate-buffered saline; Sigma-Aldrich, Wicklow, Ireland) until sectioning. The 

animals in the naïve cohort remained in their home cages until they were euthanised by 

decapitation. Whole brains were rapidly collected, snap frozen on dry ice and stored at -

80°C for later use. 
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Figure 3.2: Schematic of the study outlining the design and timeline of behavioural test. Aq: Aqueduct, Form: formalin, Morph: morphine, T: 

time, Veh: vehicle, vlPAG: ventrolateral periaqueductal grey. 
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Table 3.1: Summary of experimental groups. n: number, SD: Sprague-Dawley, vlPAG: 

ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 

Group Strain 
Treatment, intra-

vlPAG 
n 

Final n after 

histological 

verification 

1 SD Vehicle 9 6 

2 SD Morphine 1 µg 9 6 

3 SD Morphine 2.5 µg 10 6 

4 SD Morphine 5 µg 9 6 

5 WKY Vehicle 10 7 

6 WKY Morphine 1 µg 10 6 

7 WKY Morphine 2.5 µg 9 6 

8 WKY Morphine 5 µg 9 7 

 

 

3.2.4. Intra-vlPAG guide cannulae implantation 

Following acclimatisation into the animal unit for 10 days, animals underwent stereotaxic 

implantation of stainless steel guide cannulae (length: 9 mm, 22G; Plastics One Inc, VA, 

USA) 1 mm above the vlPAG on both sides under isoflurane anaesthesia (3% induction 

and 2% maintenance in 0.5 L/min O2). Rats were considered to be sufficiently 

anaesthetised when the tail-pinch withdrawal reflex was lost. The incisor bar was set at -

3 mm for all surgeries. The coordinates for cannula implantation were as follows – SD: 

AP = ((difference from bregma to lambda) X 0.96 mm) from bregma, ML = ±1.9 mm at 

an angle of 10°, DV = 5.3 mm from the dura; WKY: AP = ((difference from bregma to 

lambda) X 0.974 mm) from bregma, ML = ±2.0 mm at an angle of 10°, DV = 5.4 mm 

from the dura, according to the rat brain atlas (Paxinos and Watson, 2007). The cannulae 

were permanently fixed to the skull using four stainless steel screws and carboxylate 

cement (DurelonTM, MN, USA). A stainless steel stylet (length: 9 mm, 31G; Plastics One 

Inc, VA, USA) was inserted into each guide cannula to prevent blockage by debris. The 

nonsteroidal anti-inflammatory drug (NSAID), carprofen (2.5 mg/kg, s.c.; Rimadyl, 

Pfizer, Kent, UK), and the broad spectrum antibiotic, enrofloxacin (10 mg/kg, s.c.; 

Baytril, Bayer Ltd, Dublin, Ireland), were administered before surgery to manage 

postoperative pain and to prevent infection, respectively. Following implantation of 

cannulae, the rats were housed singly and enrofloxacin (10 mg/kg, s.c.) was administered 

once daily for a further 3 days. The rats were allowed to recover for at least 6 days post-
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surgery before any behavioural testing. During this period, the rats were handled daily, 

stylets checked, and their body weights and general health monitored once daily. 

3.2.5. Intra-vlPAG microinjection 

On the test day, rats were gently restrained and received a bilateral microinjection 

(volume: 0.2 μL/side) of morphine (1, 2.5, or 5 μg) or vehicle (0.89% NaCl). A 28G 

injection needle was inserted through the cannula into the vlPAG that protruded 1 mm 

beyond the tip of the pre-implanted guide cannula. A 1 µL Hamilton microsyringe 

attached to a polyethylene tubing (length: ~50 cm, external diameter: 0.75 mm, internal 

diameter: 0.28 mm; Harvard Apparatus, Kent, UK) and a Harvard PHD2000 infusion 

pump (Harvard Apparatus, Kent, UK) was used for injection over a period of 60 s, as 

described previously (Finn et al., 2003; Rea et al., 2014). The needle was left in place for 

another 60 s before removal to allow diffusion of the drug and prevent any backflow 

through the guide cannula. Following microinjection, rats were placed directly in a 

darkened Perspex arena to habituate for 10 min (pre-formalin period). 

3.2.6. Behavioural testing: Formalin-evoked nociceptive responding 

Nociceptive responding to a persistent (tonic) noxious inflammatory stimulus was 

assessed in WKY and SD rats in the formalin test as described previously (Burke et al., 

2010; Rea et al., 2014; Jennings et al., 2016; Okine et al., 2017). On the test day, following 

microinjection of vehicle or morphine into the vlPAG, rats were habituated in a darkened 

Perspex arena with clear base (30x30x40 cm3, 30 lux) for 10 min prior to formalin 

injection (pre-formalin trial). To assess any effect of the drug on motor activity, the 

general exploratory (distance moved in the arena, rearing, and grooming) and aversive 

(jump) behaviours of the rats were recorded using a video camera located underneath the 

arena during this period. The rats then received an intraplantar formalin injection (2.5%, 

50 µL) into the right hindpaw under brief isoflurane anaesthesia (3% induction in 0.8 

L/min O2) and were immediately returned to the same Perspex arena. The test began when 

the rat righted itself lasting for 90 min and nociceptive and motor-related behaviours were 

recorded. All behaviours were analysed later with the aid of EthoVision video tracking 

software (EthoVision XT, version 11.5; Noldus, Wageningen, Netherlands). 

As described in Chapter 2 (section 2.2.4.1.2), formalin-evoked nociceptive behaviour was 

calculated using a weighted composite pain score (CPS) (Watson et al., 1997). 

Exploratory behaviours and number of faecal pellets produced during pre- and post-
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formalin trials were also rated. The diameter of the formalin-injected hindpaw was 

measured using Vernier callipers immediately before injecting formalin and following 

euthanasia as a measure formalin-induced oedema. The arena was cleaned between 

animals with Milton cleaning solution. 

3.2.7. Transcardial perfusion 

Terminally anaesthetised rats that had lost toe- and tail-pinch reflex were placed in the 

supine position on a metal grated tray. An incision was made in the abdomen just below 

the ribcage using scissors. The sternum was lifted with a pair of clamps and the connective 

tissue and muscle underneath, including the diaphragm, were cut to expose the heart. A 

25-gauge blunted needle, which was connected to an infusion pump delivering 

heparinised saline (5000 I.U. of heparin per litre of 0.89% NaCl; Wockhardt Ltd, 

Wrexham, UK) at a rate of 70 rpm (~24.5 ml/min), was inserted into the left ventricle of 

the heart and clamped in position. The right atrium was quickly nipped to allow efflux of 

blood. The pump pressure was increased to 180 rpm (~60 ml/min) and the rat was 

perfused with heparinised saline for 2 min until the blood was clear and the liver changed 

colour from deep red to blotchy brown. The reservoir supplying the pump was then 

switched to cold 4% PFA (Serosep Ltd, Limerick, Ireland) for another 2 min. The rat was 

perfused for a further 5 min at 120 rpm (~42 ml/min). Fixation was indicated by vigorous 

muscular tremors in the extremities of the animal during the first few minutes of perfusing 

with PFA. 

3.2.8. Verification of injection site 

Following transcardial perfusion, 0.2 μL of 1% fast green dye (dissolved in 0.89% NaCl; 

Sigma-Aldrich, Wicklow, Ireland) was slowly injected through each cannula to mark the 

site of vlPAG microinjection. Brains were then removed, post-fixed in 4% PFA 

overnight, and stored in cryoprotective solution (25% sucrose with 1% sodium azide in 

0.1 M phosphate-buffered saline). Before sectioning, brains were snap-frozen on dry ice 

and coronal brain sections (thickness: 30 µm) were then sliced in a cryostat (Leica 

Biosystems, Wetzlar, Germany). Sections containing the PAG (from AP -7.30 to -8.72 

mm relative to bregma) were collected with the aid of rat brain atlas (Paxinos and Watson, 

2007), mounted on glass slides, and examined under a light microscope to obtain precise 

location of microinjection sites. 
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3.2.9. Tissue harvesting 

3.2.9.1. Brain 

After marking the microinjection sites, the animals were decapitated and brains were 

harvested as described in Chapter 2 (see section 2.2.5.2), post-fixed in 4% PFA overnight, 

and stored in cryoprotective solution. Brains were snap-frozen on dry ice before 

sectioning in the cryostat. 

3.2.9.2. Spinal cord 

The skin on the back of the carcass was cut down the midline with a pair of scissors and 

removed by pulling back to expose the dorsal portion of the carcass. The muscle along 

the spine was removed using a razor blade and toothed forceps. After exposure of the 

spine, a small rongeurs was used to make a cut in the lower lumber spine at the level of 

the pelvic crests. Using the rongeurs, the dorsal portion of the thoracic and lumber 

vertebra was dissected from the ventral portion proceeding in a caudal-to-cranial 

direction, revealing the dorsal aspect of the spinal cord. The spinal cord was lifted slowly 

and carefully from the spinal cavity with a small curved forceps that was also used to cut 

any nerve attachments. Once extracted, transverse cuts were made to isolate the lumbar 

segment (containing L4-L6) of the spinal cord. The lumbar spinal cord sections were post-

fixed in 4% PFA overnight, stored in cryoprotective solution, and snap-frozen on dry ice 

before sectioning in the cryostat. 

3.2.10. Immunohistochemistry (IHC) of c-Fos in the RVM and DHSC 

After collecting PAG sections for verification of microinjection site, the remaining brain 

containing the RVM (from AP -9.30 to -11.30 mm relative to Bregma) and the lumbar 

regions (L4-L6) of the spinal cord were sectioned in the cryostat, according to the rat 

brain atlas (Paxinos and Watson, 2007). RVM and spinal cord sections (thickness: 30 µm) 

were collected in 12 and 6 series, respectively, and stored in 0.1 M phosphate buffer (PB) 

containing 0.1% sodium azide. Free floating immunohistochemical staining of c-Fos was 

then carried out. 

Sections were washed once in 0.1 M phosphate-buffered saline (PBS; Sigma-Aldrich, 

Wicklow, Ireland) for 5 min and quenched to eliminate endogenous peroxidase activity 

by incubating for 5 min in 3% hydrogen peroxide (Sigma-Aldrich, Wicklow, Ireland) and 

10% methanol (Fisher Scientific, Leicestershire, UK) in deionised water. A subsequent 
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three 5 min washes in PBS were done and the sections were incubated at room 

temperature for 1 h with 3% normal goat serum (Abcam, Cambridge, UK) and 0.2% 

Triton-X (Sigma-Aldrich, Wicklow, Ireland) in PBS to block non-specific binding. 

Primary antibody directed against full length protein corresponding to human c-Fos 

amino acid 1-380 (rabbit polyclonal to c-Fos, 1:2000 in 1% normal goat serum/0.2% 

Triton X in PBS; cat#ab190289, Abcam, Cambridge, UK) was then added to the sections 

and incubated overnight at room temperature under constant gentle agitation. Sections 

were again given 3 x 10 min washes and incubated for 3 h in biotinylated goat anti-rabbit 

antisera (1:200 in 1% normal goat serum in PBS; cat#ab97049, Abcam, Cambridge, UK). 

Next the sections were incubated in the avidin-biotin-peroxidase complex (1:200, 

Vectastain Elite ABC Kit; Vector Laboratories Ltd, Peterborough, UK) for 2 h. The 

sections were then immersed in 0.02% 3,3-diaminobenzidine tetrachloride (DAB, 4 mg 

in 1 ml PB; Sigma-Aldrich, Wicklow, Ireland) containing 0.01% hydrogen peroxide until 

a brown colour developed (60 and 20 s for RVM and spinal cord sections, respectively). 

After another 3 x 5 min washes in phosphate buffer (PB; Sigma-Aldrich, Wicklow, 

Ireland), sections were mounted on gelatin-coated microscope slides (Thermo Scientific, 

Braunschweig, Germany) and left to dry for at least 24 h before being dehydrated in 

ascending series of ethanol (Lennox, Dublin, Ireland): 50%, 70%, and twice in 100%, 

being immersed for 5 min in each solution. Sections were then cleared in xylene (Fisher 

Scientific, Leicestershire, UK) for 5 min and placed in xylene (clean) for a second time 

for 5 min. The slides were coverslipped using DPX mountant (Thermo Scientific, 

Cheshire, UK) and left to dry in the hood for a minimum of 3 days. 

Images of the immunostained sections were taken with an Olympus C-5060 Wide Zoom 

digital camera (Mason Technologies, Dublin, Ireland) linked to an Olympus X5 

microscope (Mason Technologies, Dublin, Ireland). c-Fos positive immunoreactive cells 

were counted in the nucleus raphe magnus (NRM) in the RVM. Relevant levels of the 

spinal cord were identified with the aid of rat brain atlas (Paxinos and Watson, 2007); c-

Fos positive immunoreactive neurons were counted in the superficial (I-II) and the non-

superficial (III-VI) laminae of the dorsal horn of lumber spinal cord (L4-L6). The number 

of c-Fos positive cells for each rat was calculated as the mean of three representative 

sections and an overall mean was then calculated for each treatment group. Counting was 

done manually in the regions of interest using the “cell counter” tool of NIH Image J1.52p 

software (Bethesda, MD, USA) and data were exported to Excel for final analysis. 
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3.2.11. Western immunoblot analysis of the expression of MOP in vlPAG 

vlPAG tissue was obtained from fresh-frozen brains of naïve SD and WKY rats using the 

punch-microdissection method as described previously (Rea et al., 2014). Frozen coronal 

brain sections containing the vlPAG (from AP -7.64 to -8.72 mm relative to bregma) were 

sliced on the cryostat. A series of sections (thickness: 300 µm) were punched using 

cylindrical brain punchers (internal diameter: 0.75 mm; Harvard Apparatus, MA, USA). 

The samples were weighed (3±0.3 mg) and stored at -80°C before extracting protein for 

Western immunoblotting. 

vlPAG tissue was lysed by brief sonication in 75 µL radioimmunoprecipitation (RIPA) 

lysis buffer [150 mM NaCl, 25 mM Tris-HCl (pH 7.6), 0.5% Triton X-100, 1% sodium 

deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 1 mM Na3VO4, 10 mM NaF 

containing 1% protease inhibitor cocktail (Sigma-Aldrich, Wicklow, Ireland) at a ratio of 

1:10 (w/v)] in a 1.5 mL microcentrifuge tube. Nucleoprotein complexes were completely 

dissociated by placing the tissue homogenate on a shaker for 45 min at 4°C with constant 

agitation. The homogenate was then centrifuged at 14000g for 20 min at 4°C (Eppendorf 

Centrifuge 5415R, Stevenage, UK). The supernatant was collected and total protein 

content determined using Bradford assay. Bovine serum albumin (BSA) protein (Sigma-

Aldrich, Wicklow, Ireland) standards (0, 0.0125, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0 mg/ml) were 

prepared in deionised water. In the Bradford assay, 250 µL Bradford reagent was added 

to 5 µL standards or unknown protein samples in triplicate on a 96-well optical plate. 

After a 10 min incubation period, absorption at 570 nm wavelength was determined for 

each sample. Protein concentrations of the samples were then determined using an 8-point 

standard curve constructed using the BSA standards. The samples were then equalised to 

1.5 mg/mL protein concentration. 

A 36 μg protein sample in sample loading buffer [4X sample loading buffer containing 

25% v/v 1 M Tris HCl (pH 6.8), 5% w/v SDS, 20% v/v glycerol, 2.5% Bromophenol blue 

(0.2% w/v in 100% ethanol), and 20% v/v of 2-mercaptoethanol, made up to a total 

volume of 20 mL in deionised water] was boiled at 95°C for 5 min, briefly centrifuged, 

and subjected to 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) at a constant 

voltage of 120 V for 2 h. The separated protein samples were electroblotted onto a 

nitrocellulose membrane (GE Healthcare Life Sciences, Freiburg, Germany) at 100 V for 

50 min. Ponceau staining (0.1% ponceau dye in 5% acetic acid; Sigma-Aldrich, Wicklow, 

Ireland) was used to assess the efficiency of protein transfer. The membrane was washed 
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with deionised water to remove the stain and blocked in 5% non-fat powder milk 

(Aptamil®, Nutricia, Dublin, Ireland) in 0.1% Tris-buffered saline/Tween20 (TBST) 

solution for 1 h at room temperature to prevent non-specific binding. Primary antibody 

targeting the C-terminal amino acids 384-389 of rat MOP (rabbit polyclonal to MOP, 

1:1000 in 5% milk/0.1% TBST; cat#ab10275, Abcam, Cambridge, UK) was added to the 

membrane and incubated for 1 h at room temperature and then overnight at 4°C under 

constant gentle agitation. The membrane was then given 4 x 5 min washes in TBST and 

incubated with secondary antibody containing IRDye (800CW) conjugated goat anti-

rabbit antisera (1:10000 in 1% milk/0.1% TBST; cat#926-32211, LI-COR Inc, Lincoln, 

NE, USA) for 2 h at room temperature in the absence of light. Another 4 x 5 min washes 

in TBST were performed before scanning the blot in a LI-COR imager (Lincoln, NE, 

USA) with an exposure time of 2 min for the targeted channel. The membrane was then 

stripped for 5 min in stripping buffer (25 mM glycine and 1% SDS in deionised water, 

pH 2), followed by 4 x 5 min washes in TBST, and blocked again for 1 h at room 

temperature with blocking solution (5% milk/ 0.1% TBST). The membrane was reprobed 

with mouse monoclonal antibody to β-actin (1:10000 in 5% milk/0.1% TBST; 

cat#A5441, Sigma-Aldrich, Wicklow, Ireland) for 1 h at room temperature and then 

overnight at 4°C.  Four 5 min washes in TBST were performed after which the secondary 

antibody containing IRDye (680-LT) conjugated goat anti-mouse antisera (1:10000 in 1% 

milk/0.1% TBST; cat#926-68020, LI-COR Inc, Lincoln, NE, USA) was added to the 

membrane and incubated for another 2 h at room temperature in the absence of light. The 

membrane was washed with TBST as before and scanned in the LI-COR imager. The LI-

COR Image StudioTM imaging software (version 5.2) was used to automatically generate 

immunoreactive band intensities for expressions of MOP (~50 kDa) and β-actin (~42 

kDa) proteins for each sample using the background subtraction method. The intensity 

ratio of MOP to β-actin was calculated for each sample, which was then normalised to 

the intensity ratio of the control group (SD) on a given blot; an overall mean was then 

calculated for each group. 

3.2.12. Statistical analysis 

The SPSS statistical software (IBM SPSS Statistics, version 24 for Windows; SPSS Inc, 

Chicago, IL, USA) was used to analyse all data. In all datasets the presence of possible 

outliers was checked by assessing the distribution of data. In case a data point fell out of 

the range of (mean-2*standard deviation) to (mean+2*standard deviation), it was 
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considered an outlier and excluded from subsequent analysis. The normality and 

homogeneity of variance of the datasets were checked using Shapiro-Wilk and Levene’s 

tests, respectively. The timecourse of formalin test was analysed with repeated measures 

(RM) ANOVA with strain and drug treatment as between-subject factors and time as 

within-subject factor. For RM ANOVA, sphericity of the datasets was checked with 

Mauchly's Test for Sphericity; if the assumption of sphericity was violated, a Greenhouse-

Geisser correction was used. Behavioural data (except for jump and defaecation) and IHC 

results in the RVM were analysed using two-way analysis of variance (ANOVA) with 

strain and drug treatment as factors. The IHC results in the spinal cord were analysed with 

three-way ANOVA with ipsi-/contralateral (with respect to formalin injection) sides as 

an additional factor. Post hoc Student-Newman-Keuls (SNK) test was carried out for 

pairwise group comparisons, where appropriate. Student’s unpaired, two-tailed t-test was 

employed to analyse the expression results of MOP in the vlPAG. The level of 

significance was deemed p<0.05. If the data were not normally distributed and/or the 

variance was not homogeneous, three transformations were applied, in the order: square 

root, natural logarithm, and ranking of the data values to evaluate if parametric statistics 

can be used. In addition, if the highest standard deviation was less than or equal to 2 times 

the smallest standard deviation for the particular dataset being analysed, parametric 

statistical approach was still employed (Moore et al., 2009). 

If any dataset was ordinal (e.g. jump and defaecation) or found to be not normally 

distributed and/or the variance was not homogeneous even after transformation, non-

parametric statistical analysis was performed using Kruskal-Wallis (KW) one-way 

analysis of variance by rank. Post hoc Mann-Whitney U-test (p-value was adjusted using 

Bonferroni-Holm correction for multiple comparisons) was carried out, where 

appropriate. In all cases statistical analysis of a dataset was carried out for all the groups 

together. However, in some instances, the groups are graphed separately to present the 

results clearly in a reader-friendly format. Data are expressed as either mean ± standard 

error of the mean (S.E.M) or median with interquartile range (IQR) depending on the 

statistical approach undertaken, parametric or non-parametric, respectively. 
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3.3. Results 

3.3.1. Histological verification of injection site in vlPAG 

Histological verification under the light microscope confirmed that 65% and 68% of the 

injections were correctly placed within the borders of the left and right vlPAG in SD and 

WKY rats, respectively (Figure 3.3). The remaining 35% and 32% of injections in SD 

and WKY rats, respectively, had either one or both cannulae placed in the lPAG or outside 

the PAG in the mesencephalic trigeminal nucleus. Only those rats in which the injections 

were accurately positioned within both left and right vlPAG were included in subsequent 

analysis (see Table 3.1 for final n in each group). 
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Figure 3.3: Schema of histological verification of microinjection sites of vehicle (  ), 

morphine 1 µg (   ), morphine 2.5 µg (   ), and morphine 5 µg (   ) in the vlPAG in SD 

(left panel) and WKY (right panel) rats (adapted from Paxinos and Watson, 2007). Aq: 

Aqueduct, dlPAG: dorsolateral periaqueductal grey, lPAG: lateral periaqueductal grey, 

Morph: morphine, SD: Sprague-Dawley, vlPAG: ventrolateral periaqueductal grey, 

WKY: Wistar-Kyoto. 
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3.3.2. Effects of bilateral intra-vlPAG administration of morphine on general 

exploratory behaviour and defaecation during pre-formalin trial in WKY and SD 

rats 

Immediately after the intracerebral injection, rats were placed in the arena for 10 min and 

general exploratory behaviours including defaecation were recorded during this pre-

formalin trial as described in Chapter 2 (Table 3.2). KW analysis revealed that there was 

no significant main effect (χ2(7)=6.186, p>0.05) on distance moved in the arena. A 

significant main effect (χ2(7)=15.221, p<0.05) was observed in the KW test on rearing 

but further post hoc analysis indicated there were no significant differences between drug-

treated groups within each strain or between the two strains. KW test did reveal a 

significant main effect (χ2(7)=34.215, p<0.001) on grooming. Post hoc pairwise 

comparisons showed that morphine at higher doses (2.5 or 5 μg) significantly reduced 

grooming in SD (SD-Morphine 2.5 μg or SD-Morphine 5 μg vs SD-Vehicle, p<0.01) and 

WKY (WKY-Morphine 5 μg vs WKY-Vehicle, p<0.01) rats. KW analysis did not reveal 

any significant effect on number of jumps (χ2(7)=13.062, p>0.05). Though not 

statistically significant, it should be noted that a proportion of SD (morphine 2.5 µg: 1 

out 6, morphine 5 µg: 2 out of 6) and WKY (morphine 2.5 µg: 1 out 6, morphine 5 µg: 2 

out of 7) rats that received high doses of morphine exhibited jump response. Lastly, no 

significant main effect (χ2(7)=7.209, p>0.05) on faecal pellets excreted during pre-

formalin trial was revealed in the KW test. 
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Table 3.2: Effects of bilateral intra-vlPAG administration of vehicle or morphine (1, 2.5, 

or 5 µg/200 nL/side) on general exploratory (distance moved, rearing, and grooming) and 

aversion-related (jump) behaviours and defaecation (number of pellets produced) during 

the 10 min pre-formalin trial immediately after bilateral intra-vlPAG microinjection. Data 

are expressed as mean ± SEM except for jump and defaecation which are expressed as 

median with interquartile range, n=6-7/group. **p<0.01 (SD-Morph 2.5 µg or SD-Morph 

5 µg vs SD-Vehicle), ++p<0.01 (WKY-Morph 5 µg vs WKY-Vehicle). Morph: morphine, 

SD: Sprague-Dawley, vlPAG: ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 

 

 

 

 

 

 

 

Groups 
Distance moved 

(cm) 
Rearing (s) 

Grooming 

(s) 
Jump Defaecation 

SD-Vehicle 2080.86±631.71 42.38±9.56 35.50±8.12 0 (0) 0 (0) 

SD-Morph 

1 µg 
1221.63±364.36 11.16±6.68 12.05±9.73 0 (0) 0 (0.5) 

SD-Morph 

2.5 µg 
1327.01±1025.13 17.36±16.50 0.00±0.00** 0 (8) 0 (0.25) 

SD-Morph 

5 µg 
1777.61 ±720.02 20.09±7.75 0.00±0.00** 0 (21) 0.5 (2.25) 

WKY-

Vehicle 
1699.61±182.50 30.85±4.86 23.19±5.61 0 (0) 0 (0) 

WKY-

Morph 1 µg 
1054.86±255.81 18.13±5.89 8.90±2.90 0 (0) 0 (0.25) 

WKY-

Morph 2.5 
µg 

1028.09±552.51 4.08±3.46 3.31±3.29 
0 

(8.25) 
0 (0) 

WKY-

Morph 5 µg 
1097.93±276.31 19.65±14.44 0.00±0.00++ 0 (27) 0 (1) 
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3.3.3. Effects of bilateral intra-vlPAG administration of morphine on formalin-

evoked nociceptive and general exploratory behaviours in WKY and SD rats 

Intraplantar formalin injection produced robust nociceptive behaviour (elevation, 

shaking, flinching, licking, and biting of the right hindpaw) in both WKY and SD rats as 

indicated by the CPS. The animals from both strains exhibited the classic biphasic 

response to intraplantar formalin injection: an early (first) phase characterised by acute 

nociceptive behaviour immediately after formalin injection lasting approximately for 10 

min, and then after a brief quiescent period (interphase), a late (second) phase of 

nociceptive behaviour beginning 15 to 20 min after formalin injection (Barrot, 2012). 

CPA data were analysed temporally in 5 min time bins over the 90 min course of the trial 

(Figure 3.4). Two-way RM ANOVA revealed significant effects of time 

(F3.807,159.902=3.062, p<0.05), time x strain (F3.807,159.902=3.080, p<0.05), and time x 

treatment (F11.422,159.902=2.075, p<0.05) in tests of within-subjects effects on formalin-

evoked nociceptive behaviour. Additionally, significant overall effects of strain 

(F1,42=36.538, p<0.001), treatment (F3,42=56.263, p<0.001), and strain x treatment 

interaction (F3,42=8.601, p<0.001) were obtained in tests of between-subjects effects on 

formalin-evoked nociceptive behaviour. Further SNK post hoc tests showed that WKY 

rats receiving intra-vlPAG vehicle microinjection exhibited higher formalin-evoked 

nociceptive behaviour for the first 30 min of the trial, compared to SD counterparts [T0-

30 (in 5 min bins): WKY-Vehicle vs SD-Vehicle, p<0.05; Figure 3.4A]. Figure 3.4B and 

3.4C illustrate the effects of bilateral intra-vlPAG administration of morphine at different 

doses on nociceptive responding induced by formalin in SD and WKY rats, respectively. 

Morphine 1 µg markedly attenuated formalin-evoked nociceptive behaviour in the SD 

rats [T15-60 (in 5 min bins): SD-Morphine 1 µg vs SD-Vehicle, p<0.05], whereas it had no 

such significant antinociceptive effect in the WKY counterparts. Morphine at higher 

doses (2.5 and 5 µg) were antinociceptive in both SD [T0-5, T20-65 (in 5 min bins), and T70-

75: SD-Morphine 2.5 µg or SD-Morphine 5 µg vs SD-Vehicle, p<0.05) and WKY [T0-90 

(in 5 min bins): WKY-Morphine 2.5 µg or WKY-Morphine 5 µg vs WKY-Vehicle, 

p<0.05] rats. Formalin injection induced oedema in the right hindpaw in both strains 

(Figure 3.5). Two-way ANOVA revealed no significant effect of strain (F1,49=2.392, 

p>0.05), treatment (F3,49=2.332, p>0.05), or strain x treatment interaction (F3,49=0.838, 

p>0.05) on paw oedema. 
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Figure 3.4: (A) Temporal profile of formalin-evoked nociceptive behaviour in SD and 

WKY rats receiving intra-vlPAG microinjection of vehicle. Temporal profile of the 

effects of bilateral intra-vlPAG microinjection of morphine (1, 2.5, or 5 µg/200 nL/side) 

on formalin-evoked nociceptive behaviour in (B) SD and (C) WKY rats. Data are 

presented in 5 min time bins and expressed as mean ± SEM, n = 6-7/group. *p<0.05 (SD-

Morph 1 µg or WKY-Vehicle vs SD-Vehicle), $p<0.05 (SD-Morph 2.5 µg or SD-Morph 

5 µg vs SD-Vehicle), +p<0.05 (WKY-Morph 2.5 µg or WKY-Morph 5 µg vs WKY-

Vehicle). CPS: composite pain score, Morph: morphine, SD: Sprague-Dawley, vlPAG: 

ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 
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Figure 3.5: Effects of bilateral intra-vlPAG administration of vehicle or morphine (1, 2.5, 

or 5 µg/200 nL/side) on formalin-induced paw oedema in SD and WKY rats. Paw oedema 

was measured as the difference in diameter (mm) of the right hindpaw immediately 

before, and 90 min after, intraplantar formalin injection. Data are expressed as mean ± 

SEM, n = 6-7/group. Morph: morphine, SD: Sprague-Dawley, vlPAG: ventrolateral 

periaqueductal grey, WKY: Wistar-Kyoto. 

 

 

General locomotor activity and defaecation were also analysed during the 90 min 

formalin trial (Table 3.3). KW test found a significant main effect (χ2(7)=18.591, p<0.01) 

on distance moved in the arena; however, further post hoc test indicated there were no 

significant differences between relevant groups. No significant main effect (χ2(7)=7.591, 

p>0.05) on rearing was found in KW analysis. KW test did reveal a significant main effect 

(χ2(7)=32.344, p<0.001) on grooming. Post hoc analysis showed that all three doses of 

morphine significantly reduced grooming in SD (SD-Morphine 1 µg or SD-Morphine 2.5 

μg or SD-Morphine 5 μg vs SD-Vehicle, p<0.01) and WKY (WKY-Morphine 1 µg or 

WKY-Morphine 2.5 μg or WKY-Morphine 5 μg vs WKY-Vehicle, p<0.01) rats, 

compared to respective vehicle counterparts. With regards to aversion-related behaviour, 

KW test showed there was no significant main effect on number of jumps (χ2(7)=8.289, 

p>0.05) during formalin trial. Similar to pre-formalin trail, a proportion of SD (morphine 
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(χ2(7)=14.635, p<0.05) on faecal pellets excreted during formalin trial but no significant 

differences between relevant groups were found in the post hoc test. 

 

 

Table 3.3: Effects of bilateral intra-vlPAG administration of vehicle or morphine (1, 2.5, 

or 5 µg/200 nL/side) on general exploratory (distance moved, rearing, and grooming) and 

aversion-related (jump) behaviours and defaecation (number of pellets produced) during 

the 90 min formalin trial. Data are expressed as mean ± SEM except for jump and 

defaecation which are expressed as median with interquartile range, n=6-7/group. 

**p<0.01 (SD-Morphine 1 µg or SD-Morphine 2.5 μg or SD-Morphine 5 μg vs SD-

Vehicle), ++p<0.01 (WKY-Morphine 1 µg or WKY-Morphine 2.5 μg or WKY-Morphine 

5 μg vs WKY-Vehicle). Morph: morphine, SD: Sprague-Dawley, vlPAG: ventrolateral 

periaqueductal grey, WKY: Wistar-Kyoto. 

 

 

 

 

 

Groups 
Distance 

moved 

(cm) 

Rearing 

(s) 

Grooming 

(s) 
Jump Defaecation 

SD-Vehicle 8559.22± 

3061.48 

30.29± 

13.99 

128.20± 

44.48 
0 (0) 2 (4) 

SD-Morph 1 µg 2599.85± 

966.19 

146.42± 

105.45 

5.37± 

3.51** 
0 (0) 2 (6.25) 

SD-Morph 2.5 µg 2789.69± 

1580.65 

36.51± 

34.43 

5.28± 

5.24** 
0 (0.25) 0.5 (3.5) 

SD-Morph 5 µg 5022.39± 

569.18 

15.14± 

9.73 

0.51± 

0.51** 
0 (23) 1 (4) 

WKY-Vehicle 2908.08± 

407.05 

0.81± 

0.64 

56.33± 

17.23 
0 (0) 0 (0) 

WKY-Morph 1 

µg 
2496.65± 

1369.87 

7.49± 

4.78 

5.41± 

2.85++ 
0 (0) 0 (0.25) 

WKY-Morph 2.5 

µg 
1865.20± 

809.18 

0.19± 

0.19 

3.57± 

2.86++ 
0 (3.75) 0 (0) 

WKY-Morph 5 
µg 

1221.29± 

296.04 

6.72± 

6.11 

0.03± 

0.03++ 
0 (30) 0 (2) 
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3.3.4. Effects of bilateral intra-vlPAG administration of morphine on 

immunoreactive c-Fos-positive cells in RVM and dorsal lumbar spinal cord 

3.3.4.1. RVM 

The expression of c-Fos was measured in the nucleus raphe magnus (NRM) that is the 

rostral-most structure in the RVM and restricted to the midline, just above the pyramidal 

tract at the base of the brainstem (Figure 3.6A and 3.6B). Two-way ANOVA revealed a 

significant effect of treatment (F3,47=32.798, p<0.001), but not of strain (F1,47=0.278, 

p>0.05) or strain x treatment interaction (F3,47=2.397,  p>0.05), on the expression of c-

Fos positive cells. Further post hoc SNK test showed that bilateral intra-vlPAG 

administration of morphine produced a dose-dependent increase in c-Fos expression in 

the NRM in SD and WKY rats, compared to respective vehicle counterparts (Figure 

3.6C). Interestingly, the WKY rats exhibited a blunted increase in the NRM c-Fos 

expression induced by intra-vlPAG morphine, compared to SD rats (SD-Morphine 1 µg 

or SD-Morphine 2.5 µg or SD-Morphine 5 µg vs SD-Vehicle, p<0.05; WKY-Morphine 

5 µg vs WKY-Vehicle, p<0.05). 
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Figure 3.6: (A) Anatomical location of rat NRM (open square) in the RVM (adapted 

from Paxinos and Watson, 2007). (B) Representative images (10X magnification) of the 

expression of c-Fos positive cells in the NRM in SD (left panel) and WKY (right panel) 

rats receiving intra-vlPAG microinjection of vehicle or morphine. Grey arrows point out 

to some of the c-Fos positive cells in each section. Grey dotted box represents the area 

where c-Fos-like immunoreactive cells were counted. (C) Effects of bilateral intra-vlPAG 

administration of vehicle or morphine (1, 2.5, or 5 µg/200 nL/side) on c-Fos expression 

in the NRM in SD and WKY rats. Data are expressed as mean ± SEM, n = 5-7/group. 

*p<0.05 (SD-Morphine 1 µg or SD-Morphine 2.5 μg or SD-Morphine 5 μg vs SD-

Vehicle), +p<0.05 (WKY-Morphine 5 μg vs WKY-Vehicle). Morph: morphine, NRM: 

nucleus raphe magnus, RVM: rostral ventromedial medulla, SD: Sprague-Dawley, 

vlPAG: ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 
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3.3.4.2. Dorsal horn of lumbar (L4-L6) spinal cord  

Expression of c-Fos positive cells was measured in the superficial layers (laminae I and 

II) of the dorsal horn in the lumbar (L4-L6) segment of spinal cord (Figure 3.7A). 

Counting was performed in both ipsi- and contralateral sides with respect to formalin 

injection. KW test revealed a significant main effect (χ2(15)=81.024, p<0.001) on c-Fos 

expression in the DHSC. Post hoc tests showed that the c-Fos expression in all groups, 

irrespective of strain and drug treatment, was significantly higher on the ipsilateral side 

relative to the contralateral side (ipsilateral vs contralateral side, p<0.01; Figure 3.7C). 

We further analysed the data splitting by side. In the ipsilateral side of DHSC (Figure 

3.7D), two-way ANOVA revealed significant effects of strain (F1,46=25.342, p<0.001) 

and treatment (F3,46=38.868, p<0.001), but not of strain x treatment interaction 

(F3,46=2.186, p>0.05), on c-Fos expression. Post hoc SNK analysis showed that bilateral 

intra-vlPAG administration of morphine at low dose (1 µg) significantly reduced c-Fos 

expression on the ipsilateral side in SD rats (SD-Morphine 1 µg vs SD-Vehicle, p<0.05); 

however, this effect was not seen in the WKY counterparts. High doses of morphine (2.5 

and 5 µg) microinjected into the vlPAG resulted in a significant decrease in c-Fos 

expression on the ipsilateral side in both SD (SD-Morphine 2.5 µg or SD-Morphine 5 µg 

vs SD-Vehicle, p<0.05) and WKY (WKY-Morphine 2.5 µg or WKY-Morphine 5 µg vs 

WKY-Vehicle, p<0.05) rats. In the contralateral side of DHSC (Figure 3.7E), two-way 

ANOVA revealed a significant effect of treatment (F3,46=7.848, p<0.001) but not of strain 

(F1,46=0.447, p>0.05) or strain x treatment interaction (F3,46=0.521, p>0.05). Post hoc 

analysis found that intra-vlPAG microinjection of morphine (1 and 2.5 µg) significantly 

reduced c-Fos expression on the contralateral side in SD rats (SD-Morphine 1 µg or SD-

Morphine 2.5 µg vs SD-Vehicle, p<0.05). No such effect of morphine on the expression 

of c-Fos was observed in the contralateral side in WKY rats. 
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Figure 3.7: (A) Superficial laminae (I and II) of rat DHSC (open square) of lumber 

segment (L4-L6), adapted from Paxinos and Watson, 2007. (B) Representative images 

(10X magnification) of c-Fos expression in the superficial laminae of ipsi- and 

contralateral sides of DHSC (L4-L6) in SD (left panel) and WKY (right panel) rats 

receiving intra-vlPAG microinjection of vehicle or morphine. Grey arrows point out to 

some of the c-Fos positive cells in each section. Grey dotted area represents the area 

where c-Fos-like immunoreactive cells were counted.  (C-E) Effects of bilateral intra-

vlPAG administration of vehicle or morphine (1, 2.5, or 5 µg/200 nL/side) on c-Fos 

expression in the superficial laminae of ipsi- and contralateral sides of DHSC (L4-L6) in 

SD and WKY rats. Data are expressed as (C) median with interquartile range and (D and 

E) mean ± SEM, n = 5-6/group. *p<0.05 (SD-Morphine 1 µg or SD-Morphine 2.5 μg or 

SD-Morphine 5 μg vs SD-Vehicle), +p<0.05 (WKY-Morphine 2.5 μg or WKy-Morphine 

5 μg vs WKY-Vehicle), ##p<0.01 (ipsilateral vs contralateral side). C: contralateral, 

DHSC: dorsal horn of spinal cord, I: ipsilateral, Morph: morphine, SD: Sprague-Dawley, 

vlPAG: ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 
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3.3.5. Expression of MOP in the vlPAG in naïve WKY versus SD rats 

No difference was found in the expression of MOP protein in the vlPAG between naive 

WKY and SD rats (left/contra: t6= -1.266, p>0.05; right/ipsi: t6= -1.351, p>0.05; Figure 

3.8). 

 

 

 

 

 

 

Figure 3.8: (A) Expression of MOP in the vlPAG in naïve SD and WKY rats. A separate 

cohort of rats of either strain was used to compare the expression of MOP protein in the 

left/contra and right/ipsi (with respect to formalin injection in the drug-treated cohort) 

vlPAG using Western immunoblotting. (B) Representative Western blot images showing 

the immunoreactive bands for MOP (~50 kDa) and β-actin (~42 kDa) in naïve SD and 

WKY rats.  Data are expressed as mean ± S.E.M, n = 4/group. MOP: mu opioid receptor, 

SD: Sprague-Dawley, vlPAG: ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 
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3.4. Discussion 

This chapter explored the effects of pharmacological modulation of MOP in the vlPAG 

on formalin-evoked nociceptive behaviour in SD and WKY rats. In the SD rats, intra-

vlPAG administration of morphine at all three doses produced robust and prolonged 

antinociception. In comparison, intra-vlPAG administration of the high doses of 

morphine was antinociceptive in the WKY rats; the low dose of morphine injected into 

the vlPAG did not reduce formalin-evoked nociceptive behaviour in the WKY rats. 

Moreover, morphine-induced antinociceptive effect in both strains was associated with a 

concomitant increase in c-Fos expression in the NRM of RVM and a decrease in c-Fos 

expression on the ipsilateral side of dorsal horn of lumbar spinal cord. However, these 

changes in the expression of c-Fos in regions downstream of PAG were blunted in the 

WKY versus SD rats. In addition, MOP expression within vlPAG did not differ between 

naïve WKY and SD rats. 

Similar to previous work in our laboratory (Burke et al., 2010; Rea et al., 2014; Madasu 

et al., 2016), WKY rats receiving an intra-vlPAG vehicle injection displayed higher 

formalin-evoked nociceptive behaviour compared to SD counterparts, confirming their 

hyperalgesic phenotype to noxious inflammatory stimulus. Direct injection of low dose 

of morphine into the vlPAG resulted in marked antinociception in the SD, but not in the 

WKY, rats, indicating hyporesponsivity to morphine-induced antinociception in the 

WKY rat strain. High doses of morphine administered into the vlPAG were 

antinociceptive in both strains. In agreement with previous studies (Hoffmann et al., 

1998; Plesan et al., 1999; Terner et al., 2003; Hestehave et al., 2019b), we reported in 

Chapter 2 that WKY rats exhibited reduced responsivity to systemically administered 

morphine in tests employing acute (heat) noxious stimulus. Furthermore, we found that 

the WKY rats were hyporesponsive to morphine-induced antinociception in the formalin 

test, a model of persistent inflammatory noxious stimulus. The novel data presented 

herein suggest that the vlPAG is a key locus within the descending pain pathway for 

hyporesponsivity to morphine-induced antinociception in the WKY rats, compared to SD 

counterparts. As mentioned previously, the vlPAG contains a high density of MOP and 

approximately 36% of vlPAG neurons projecting to the RVM express MOP (Wang and 

Wessendorf, 2002). The MOP expressed in the vlPAG play a key role in the 

antinociceptive effects of systemically or centrally administered morphine (Rossi et al., 

1994a; Commons et al., 2000; Lane et al., 2005; Bobeck et al., 2012). The basal 



Chapter 3: Modulation of MOP in the vlPAG in WKY and SD rats 

133 

 

expression of the MOP protein in the vlPAG did not differ between the two strains. Thus, 

an alteration in the expression of MOP in the vlPAG seems unlikely to account for the 

differential antinociceptive potency of morphine in the WKY versus SD rats. Further 

investigation looking into potential strain-related alteration in MOP functionality in the 

vlPAG is warranted. 

The PAG plays a prominent role in coping strategies to internal (e.g., pain) or external 

(e.g., threat) stressors. While activation of dlPAG/lPAG is mostly associated with the 

“fight or flight” response (active coping), activation of vlPAG results in quiescence and 

hyporeactivity (passive coping) (Keay and Bandler, 2001). Direct injection of morphine 

at doses ≥5 µg into the vlPAG induced immobility in rodents (Morgan et al., 1998; 

Morgan and Clayton, 2005), which was reversed by naloxone (Monassi et al., 1999; 

Miranda-Páez et al., 2016). In the current study, morphine at the doses employed did not 

have an overall effect on locomotor activity as measured by distance moved in the arena 

during pre- and post-formalin trials, suggesting morphine-induced antinociception was 

not merely due to an effect on motor activity. However, a significant reduction in 

grooming was observed in both strains following intra-vlPAG morphine injection (all 

three doses), particularly during post-formalin trial, which might indicate a vlPAG-

mediated passive emotional coping strategy in response to an inescapable stress (e.g. deep 

somatic noxious stimulus) (Keay and Bandler, 1993, 2002). Another interesting 

observation was that a proportion of rats of both strains receiving high dose morphine 

into the vlPAG exhibited jumping response, a behaviour typically associated with 

aversion/escape. Activation of vlPAG has been mostly shown to mediate passive 

defensive behaviours. However, Morgan and Clayton (2005) reported that the vlPAG can 

mediate various stress-coping behaviours ranging from immobility to flight. Thus, the 

jumping response displayed by a proportion of rats and not by others in a given treatment 

group might suggest an inter-subject variability in terms of behavioural response to 

pharmacological manipulation. 

The present study also examined whether a strain-related difference in the activation of 

descending inhibitory pain pathway following intra-vlPAG administration of morphine 

may account for the differential antinociceptive effects in WKY versus SD rats. 

Expression of c-Fos, a well characterised marker of neuronal activity, was measured in 

the NRM of RVM and in the superficial laminae of the dorsal horn of lumbar spinal cord, 

regions downstream of PAG. The RVM, an important relay station in the PAG-RVM-
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spinal cord circuit within descending pain pathway, comprises of several nuclei of which 

the NRM predominantly receives descending projections from the ventrolateral 

subcolumn of PAG in rats as demonstrated in tract-tracing studies (Beitz et al., 1983; 

Cameron et al., 1995; Hudson and Lumb, 1996). Moreover, lesioning NRM abolished 

antinociceptive effect of morphine microinjected into the vlPAG, indicating vlPAG-NRM 

connectivity is critical in mediating morphine-induced antinociception (Young et al., 

1984). We found that the reduction in formalin-evoked nociceptive behaviour after intra-

vlPAG administration of morphine in the SD rats was associated with an increase in c-

Fos expression in the NRM, compared to vehicle-treated counterparts. On the basis of 

responses to noxious cutaneous stimulation, RVM neurons are classified functionally into 

three distinct classes: ON, OFF, and NEUTRAL cells (Fields et al., 1983a; Heinricher et 

al., 1989). ON cells exhibit an increase in activity associated with nociceptive reflexes 

and are thought to facilitate nociception, while OFF cells show an abrupt decrease in 

ongoing discharge during noxious stimulation and are proposed to inhibit nociception. 

NEUTRAL cells are unaffected by noxious peripheral stimuli and their role in 

nociception is unclear. Systemic or direct injection of opioids (such as morphine, 

DAMGO, and DAGO) into the vlPAG suppresses ON cell and enhances OFF cell 

activities (with no effect on NEUTRAL cells) in the RVM, resulting in antinociception 

(Fields et al., 1983b; Barbaro et al., 1986; Cheng et al., 1986; Fang et al., 1989b; 

Heinricher et al., 1992b; McGaraughty et al., 1993; Rossi et al., 1994b; Tortorici and 

Morgan, 2002). Thus, increase in NRM c-Fos expression in the SD rats after intra-vlPAG 

morphine injection probably indicates an increase in OFF cell activity that is associated 

with antinociception. In addition, the blunted increase in morphine-induced NRM c-Fos 

expression in the WKY rats, compared to SD counterparts, might be due to a deficit of 

MOP-mediated alteration in ON and/or OFF cell activity in the RVM. Further 

electrophysiological studies are needed to fully elucidate any functional difference in the 

RVM neuronal populations in the two strains. 

After intraplantar injection of formalin to the hindpaw in rats, c-Fos protein is rapidly 

expressed within an hour in the DHSC (Presley et al., 1990; Leah et al., 1992). Most of 

the nociceptive afferents originating from the periphery (hindpaw) terminate in the 

superficial laminae I and II of the dorsal horn in the lumbar (L4-L6) spinal segment (Swett 

and Woolf, 1985), resulting in the most intense expression of c-Fos in these superficial 

layers following a noxious stimulus. Opioids administered systemically or centrally 
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reduce formalin-evoked expression of c-Fos in the superficial layers of the spinal dorsal 

horn (Presley et al., 1990; Gogas et al., 1991, 1996), indicating opioid-mediated 

supraspinal modulation of nociceptive transmission via the spinal cord. In the present 

study, intra-vlPAG administration of morphine markedly suppressed c-Fos expression in 

the ipsilateral superficial layers of the dorsal horn in L4-L6 region of the spinal cord in 

SD rats. It is well established that RVM neurons including those originating from the 

NRM project primarily to the spinal dorsal horns (Fields et al., 1977, 1995; Basbaum et 

al., 1978; Cho and Basbaum, 1989) and modulate nociceptive transmission. Therefore, 

the reduction in c-Fos expression in the ipsilateral DHSC in the SD rats after intra-vlPAG 

morphine administration is likely to reflect the top-down modulation of spinal nociceptive 

transmission that is associated with antinociception. Similar to changes in c-Fos 

expression observed in the RVM, reduction in morphine-induced spinal c-Fos expression 

was blunted in the WKY rats, compared to SD counterparts, further suggesting a deficit 

in morphine-induced engagement of the top-down inhibition. Of note, though c-Fos 

expression was largely confined to the ipsilateral side, some Fos-like immunoreactive 

cells were expressed on the contralateral dorsal horn. Previous studies using unilateral 

noxious stimuli have reported expression of c-Fos on the opposite side of the spinal cord 

(Menétrey et al., 1989; Yamazaki et al., 2001), perhaps implying an increased sensitivity 

in these contralateral neurons. Also, stressful procedures (such as anaesthesia) induced 

contralateral c-Fos expression in rats after formalin injection (Quintero et al., 2003; 

Takasusuki et al., 2013), which might be another possible explanation of the results 

obtained here. However, we feel that the treatment effect on c-Fos expression on the 

contralateral side probably reflects the effect of bilateral injection of morphine into the 

vlPAG.  

In conclusion, these findings provide further evidence for enhanced inflammatory 

nociceptive responding in the WKY rats. We identified, for the first time, the vlPAG as a 

key locus within the descending modulatory pain pathway for hyporesponsivity to the 

antinociceptive effects of morphine in the WKY versus SD rats. Moreover, the changes 

in the expression of c-Fos in the RVM and spinal cord correlate well with morphine-

induced behavioural changes following noxious inflammatory stimulus in both SD and 

WKY rats.  Thus, the strain-related differences in neuronal activity in regions downstream 

of vlPAG indicate a deficit in the MOP-induced engagement of the top-down nociception 

control system in the WKY rats that might underlie their hyperalgesic phenotype.
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4. Chapter 4: Effects of modulating kappa-opioid receptors on 

the sensory and affective components of pain and 

anxiety/depression-related behaviours in Wistar-Kyoto and 

Sprague-Dawley rats 

 

4.1. Introduction 

Opioids are one of the most widely used analgesic classes for the management of pain. 

Most of the clinically used opioids act primarily through the MOP and are commonly 

indicated in the management of both acute and chronic pain. However, their utility has 

come under scrutiny recently owing to several well-described MOP-mediated side effects 

including nausea, vomiting, constipation, respiratory depression, sedation, euphoria, 

tolerance, dependence, and addiction (Holden et al., 2005; Wang et al., 2019). Hence, the 

need to develop efficacious analgesics without the adverse effects typically associated 

with MOP agonists remains a high priority. In this regard, other opioid receptors are 

currently being investigated as putative drug targets for pain and associated comorbid 

conditions. 

A promising alternative target is the kappa opioid system. The kappa opioid receptors 

(KOP) are widely distributed in both central and peripheral tissues (Minami et al., 1993; 

Depaoli et al., 1994; Gutstein et al., 1998; Peckys and Landwehrmeyer, 1999; Snyder et 

al., 2018), particularly in several key brain regions with overlapping functions including 

modulation of pain, stress response, and affect. Activation of KOP results in 

antinociception (Kivell and Prisinzano, 2010). In addition, pharmacological studies in 

transgenic mice lacking KOP or prodynorphin [PDYN, precursor of the endogenous KOP 

preferential peptide dynorphin (Chavkin et al., 1982)] suggest a key role of the KOP 

system in mediating antinociception upon exposure to noxious visceral, inflammatory, 

and thermal stimuli (Simonin et al., 1998; Wang et al., 2001). However, unlike other 

classical opioid receptors (MOP and DOP), KOP activation in the brain induces negative 

affective states, possibly by modulating monoaminergic neurotransmission (Tao and 

Auerbach, 2005; Berger et al., 2006; Kreibich et al., 2008; Land et al., 2009; Chefer et 

al., 2013; Tejeda et al., 2013). For instance, clinical studies showed that synthetic and 

naturally occurring KOP agonists cause dysphoria (a profound unpleasant or aversive 
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state) and elicit anxiogenic and psychotomimetic effects in humans (Pfeiffer et al., 1986; 

Rimoy et al., 1994; Walsh et al., 2001; González et al., 2006). Moreover, systemic or site-

specific administration of KOP agonists produces conditioned place aversion 

(Shippenberg and Herz, 1987; Bals-Kubik et al., 1993; Sante et al., 2000; Zhang et al., 

2005b; Bruchas et al., 2007; Land et al., 2008; Tejeda et al., 2013; Anderson et al., 2014; 

Robles et al., 2014), anhedonia (Todtenkopf et al., 2004), and increases immobility in the 

forced swim test (Mague et al., 2003; Carlezon et al., 2006) in rodents. It should be noted 

that although these centrally mediated side effects of selective KOP agonists limit their 

development as analgesics, recent clinical trials suggest peripherally restricted KOP 

agonists are effective as well, offering a more favourable side effect profile while 

retaining antinociceptive efficacy (Albert-Vartanian et al., 2016). 

Deletion of genes encoding KOP or PDYN reduces the aversive and prodepressive-like 

behaviours induced via KOP activation in mice (Simonin et al., 1998; McLaughlin et al., 

2003; Land et al., 2009; Wittmann et al., 2009; Kastenberger et al., 2012; Chefer et al., 

2013). In addition, pharmacological blockade of KOP produces antidepressant-like and 

anxiolytic effects in a number of rodent models (Mague et al., 2003; Beardsley et al., 

2005; Knoll et al., 2007, 2011; Zhang et al., 2007; Wittmann et al., 2009; Carr et al., 2010; 

Rorick-Kehn et al., 2014; Browne et al., 2015)  (for review see Hang et al., 2015; Carlezon 

and Krystal, 2016). These studies clearly indicate that the KOP system is a key biological 

substrate in mediating negative affect. Thus, the KOP antagonists represent another 

potential class of therapeutics for the treatment of neuropsychiatric diseases including 

anxiety and depression and are currently under active investigation in clinical trials 

(Ehrich et al., 2015; Reed et al., 2018). 

Growing evidence indicates that the KOP system contributes to the affective (emotional) 

response associated with pain and stress (for review see Knoll and Carlezon, 2010; Cahill 

et al., 2014; Margolis and Karkhanis, 2019; Tejeda and Bonci, 2019). The expression and 

function of KOP and dynorphin are upregulated in several brain regions that modulate 

affective responding both in chronic pain (Liu et al., 2019b; Massaly et al., 2019) and 

following exposure to stress (Shirayama et al., 2004; Bruchas et al., 2007; Land et al., 

2008) in rodents. In addition, pain-induced tonic-aversion and anhedonia are alleviated 

by KOP blockade (specifically in the amygdala and nucleus accumbens, respectively) or 

selective ablation of KOP in midbrain dopaminergic neurons (Liu et al., 2019b; Massaly 

et al., 2019; Navratilova et al., 2019). Similarly, depressive-like behaviours induced by 
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chronic stress are blocked by either directly inhibiting KOP, disrupting PDYN gene, or 

interfering with KOP signalling (Newton et al., 2002; McLaughlin et al., 2003; Shirayama 

et al., 2004; Bruchas et al., 2007; Land et al., 2008; Lemos et al., 2012). Thus, attenuation 

of aversive aspects of ongoing pain by KOP antagonists may represent a novel therapeutic 

strategy for comorbid pain-negative affect (Xie et al., 2017; Navratilova et al., 2019). 

The involvement of KOP in mediating hyperalgesia associated with negative affect has 

yet to be determined. However, increased [35S]GTPγS binding of KOP-selective ligands 

in the amygdala has been described in rat models of chronic pain exhibiting concomitant 

anxiety-like behaviour, suggesting an augmented functionality of amygdalar KOP in 

comorbid anxiety and pain  (Narita et al., 2006a). Constitutive KOP or PDYN knockout 

mice display enhanced mechanical allodynia but reduced pain-associated anxiety-like 

behaviour in a model of osteoarthritis, suggesting a complex modulatory role of the KOP 

in comorbid pain-negative affect conditions (Negrete et al., 2017). Previous studies also 

suggest that an increased activity of the KOP system may contribute to the behavioural 

phenotype of the WKY rat strain. Microarray analysis has revealed higher expression of 

KOP-encoding gene in the locus coeruleus, an important source of descending 

noradrenergic regulation of pain, in WKY versus SD rats (Pearson et al., 2006). WKY 

rats also exhibit higher expression of KOP and dynorphin in the amygdala, nucleus 

accumbens, and piriform cortex (regions implicated in nociception, stress and affect), 

compared to SD rats (Carr et al., 2010; Dennis et al., 2016; Burke et al., 2019). 

Furthermore, KOP antagonists produce antidepressant-like behavioural effects in the 

forced swim test in WKY, but not in SD, rats (Carr et al., 2010; Browne et al., 2015; 

Burke et al., 2019). Taken together, these studies suggest that the WKY rats could be 

more sensitive to modulation of the KOP system than SD counterparts. 

Therefore, this chapter examines the hypothesis that an altered expression and/or 

functionality of the KOP system may underlie hyperalgesic phenotype in the WKY rats, 

compared to SD counterparts. Specific aims of the experiments described in this chapter 

were as follows: 

• To compare the effects of systemic administration of the KOP agonist U50488 (Lahti 

et al., 1982) and the KOP antagonist DIPPA (Chang et al., 1994b) on nociceptive 

responding to acute (thermal) and persistent (tonic inflammatory) noxious stimuli in 

WKY versus SD rats. 
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• To investigate the effects of systemic administration of U50488 and DIPPA on the 

affective component of persistent inflammatory pain in a place conditioning 

paradigm in WKY and SD rats. 

• To compare the effects of systemic administration of U50488 and DIPPA on anxiety- 

and depression-like behaviours in WKY versus SD rats. 

• To determine the expression of the genes encoding KOP and PDYN in discrete brain 

regions involved in processing pain and negative affect in WKY and SD rats. 
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4.2. Materials and methods 

4.2.1. Animals 

Male WKY and SD rats (8-10 weeks old, 180-225 g on arrival; Envigo, Bicester, UK) 

were used in this study. Rats were maintained under a standard 12:12 h light/dark cycle 

(lights on from 07:00-19:00 h) in a temperature- (21±2°C) and humidity-controlled (45-

55%) room throughout the study. Upon arrival, all animals were housed in groups of 3-4 

per cage in plastic bottom cages (45x20x20 cm3) containing 3Rs basic bedding (>99% 

recycled paper; 3Rs Lab, Fibrecycle Ltd, North Lincolnshire, UK) and sizzle nest material 

(LBS Biotechnology, Horley, UK) to acclimatise to the unit. Animals were housed singly 

in cages for 7 days prior to commencing behavioural testing. All experimental procedures 

were carried out during the light phase between 08:00 and 18:00 h. Food (14% protein 

rodent diet; Envigo, Bicester, UK) and water were available ad libitum. The experimental 

procedures were approved by the Animal Care and Research Ethics Committee, National 

University of Ireland Galway. The work was carried out under license from the Health 

Products Regulatory Authority in the Republic of Ireland and in accordance with EU 

Directive 2010/63. The study was also designed and carried out in accordance with the 

ARRIVE guidelines (Kilkenny et al., 2010). 

4.2.2. Chemicals and drug preparation 

The KOP agonist U50488 hydrochloride [trans-(±)-3,4-Dichloro-N-methyl-N-[2-(1-

pyrrolidinyl)cyclohexyl]benzeneacetamide hydrochloride; Tocris, Bristol, UK] was 

dissolved in sterile 0.89% w/v NaCl (Fisher Scientific, Leicestershire, UK). The KOP 

antagonist DIPPA hydrochloride [2-(3,4-Dichlorophenyl)-N-methyl-N-{(1S)-1-(3-

isothiocyanatophenyl)-2-(1-pyrrolidinyl)ethyl}acetamide hydrochloride; Tocris, Bristol, 

UK] was dissolved in 20% dimethyl sulphoxide (DMSO; Sigma-Aldrich, Wicklow, 

Ireland) in sterile deionised water. The final doses of the drugs were corrected for the salt 

form and given as mg free base equivalent per kg body weight. All drugs were freshly 

prepared on the days of behavioural testing and administered via the subcutaneous (s.c.) 

route in an injection volume of 1 mg/mL. For Experiment 2, formalin (Sigma-Aldrich, 

Wicklow, Ireland) was diluted from a stock of 37% to 2.5% in sterile 0.89% w/v NaCl on 

the test day. 
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4.2.3. Study design 

The study consisted of two separate experiments (Figure 4.1). Animals were randomly 

assigned to treatment groups in Experiment 1 and subsequently reallocated into treatment 

groups for Experiment 2 following a within-subjects modified Latin square design to 

ensure counterbalancing of treatments over the course of the study (see Table 4.1 for 

experimental groups and n numbers). In both experiments, each animal received two 

injections to control for the vehicles used and times of drug administration. The sequence 

of treatments was randomised in all experiments to control for the order of testing and 

time of the day. A period of 7 days was allowed for washout of the drugs between each 

experiment. 

Experiment 1 compared dose responses of U50488 (1, 2.5, and 5 mg/kg, s.c.) and DIPPA 

(2.5 and 5 mg/kg, s.c.) on nociceptive responding to noxious heat stimulus and anxiety- 

and depression-like behaviours in WKY and SD rats. The doses and time points of 

administration of U50488 and DIPPA were chosen based on evidence from the literature 

demonstrating in vivo efficacy in rat models of pain and/or negative affect (Millan et al., 

1987; Bianchi and Panerai, 1993; Privette and Terrian, 1995; Terner et al., 2005; 

Gallantine and Meert, 2008; Carr and Lucki, 2010; Carr et al., 2010). Animals were 

injected with DIPPA or its vehicle (20% DMSO) 24 h before testing. This time point of 

administration of DIPPA was chosen based on a previous study showing KOP agonist-

like activity of DIPPA within the first 4 h of administration but significant KOP 

antagonist-like activity later (without agonist-like effects) for up to 48 h (Chang et al., 

1994b). On the test day, following administration of U50488 or its vehicle (0.89% NaCl), 

rats were tested on the hot plate (at +15 and +30 min), followed 5 min later by exposure 

to the EPM for 5 min, then in the OF for another 5 min and subsequently in the FST for 

a period of 15 min. 

Experiment 2 assessed the effects of U50488 (1 and 2.5 mg/kg, s.c.) and DIPPA (2.5 

mg/kg, s.c.), alone or in combination, on the sensory and affective components of pain in 

the formalin-induced conditioned pain aversion (F-CPA) paradigm in WKY and SD rats. 

The doses of U50488 and DIPPA used in Experiment 2 were based on the results of 

Experiment 1. The F-CPA paradigm consists of 3 sessions: preconditioning, conditioning, 

and postconditioning, which are described in detail later in section 4.2.4.5. Briefly, rats 

were allowed to explore freely both compartments on the preconditioning day. On 

conditioning day 1 (non-formalin day), rats were randomly confined to a compartment 
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for 60 min, immediately after which they were administered with DIPPA or 20% DMSO 

and were returned to their home cages. 23 h later on conditioning day 2 (formalin test 

day), all rats received an intraplantar formalin injection into the right hindpaw under brief 

isoflurane anaesthesia. U50488 or 0.89% NaCl was administered 15 min before formalin 

injection. Following formalin injection, animals were confined to the other compartment 

(opposite to that of conditioning day 1) for 60 min. On postconditioning day, rats were 

again allowed to freely access both compartments after which they were immediately 

euthanised by decapitation. 
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Figure 4.1: Schematic of the study outlining the design, timeline and behavioural tests of Experiments 1 and 2. A period of 7 days was allowed 

for washout of the drugs between each experiment. Time points of drug administration are relative to behavioural testing. Cond: conditioning, 

EPM: elevated plus maze, form: formalin, FST: forced swim test, HP: hot plate, inj: injection, Precond: preconditioning, Postcond: 

postconditioning, OF: open field, T: time, Veh 1: 20% DMSO (vehicle for DIPPA), Veh 2: 0.89% NaCl (vehicle for U50488).
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Table 4.1: Summary of experimental groups for Experiments 1 and 2. n: number, s.c.: 

subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 

Group Strain Treatment, s.c. n 

Experiment 1 

1 SD Vehicle 8 

2 SD U50488 1 mg/kg 8 

3 SD U50488 2.5 mg/kg 8 

4 SD U50488 5 mg/kg 8 

5 SD DIPPA 2.5 mg/kg 8 

6 SD DIPPA 5 mg/kg 8 

7 WKY Vehicle 8 

8 WKY U50488 1 mg/kg 8 

9 WKY U50488 2.5 mg/kg 8 

10 WKY U50488 5 mg/kg 8 

11 WKY DIPPA 2.5 mg/kg 8 

12 WKY DIPPA 5 mg/kg 8 

Experiment 2 

1 SD Vehicle 8 

2 SD U50488 1 mg/kg 8 

3 SD U50488 2.5 mg/kg 8 

4 SD U50488 1 mg/kg + DIPPA 2.5 mg/kg 8 

5 SD U50488 2.5 mg/kg + DIPPA 2.5 mg/kg 8 

6 SD DIPPA 2.5 mg/kg 8 

7 WKY Vehicle 8 

8 WKY U50488 1 mg/kg 8 

9 WKY U50488 2.5 mg/kg 8 

10 WKY U50488 1 mg/kg + DIPPA 2.5 mg/kg 8 

11 WKY U50488 2.5 mg/kg + DIPPA 2.5 mg/kg 8 

12 WKY DIPPA 2.5 mg/kg 8 
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4.2.4. Behavioural testing 

4.2.4.1. Hot plate test 

To assess nociceptive responding to an acute noxious heat stimulus, the hot plate test was 

carried out as described in Chapter 2 (see section 2.2.4.1.1). Baseline latency to respond 

on the hot plate was measured once in WKY and SD rats. Following baseline testing, 

DIPPA or 20% DMSO was administered 24 h before testing. On the test day (in 

Experiment 1), animals were administered with U50488 or 0.89% NaCl and tested again 

on the hot plate at two time points: +15 and +30 min, relative to U50488 or 0.89% NaCl 

administration. 

4.2.4.2. Elevated plus maze test 

The effects of U50488 or DIPPA on anxiety-related behaviours in WKY and SD rats were 

assessed in the EPM test as described in Chapter 2 (see section 2.2.4.2.1). 

4.2.4.3. Open field test 

Following EPM test, rats were immediately exposed to the OF test to compare the effects 

of U50488 or DIPPA on locomotor and anxiety-related behaviours in WKY and SD rats. 

The test was carried out as described previously in Chapter 2 (see section 2.2.4.2.2). The 

exception was that the floor of the circular arena used in this study was made up of 

reflective aluminium sheet. 

4.2.4.4. Forced swim test 

The effects of U50488 or DIPPA on behavioural despair in the WKY and SD rats were 

assessed using a single exposure to the modified FST as described in Chapter 2 (see 

section 2.2.4.2.3). 

4.2.4.5. Formalin-induced conditioned place aversion paradigm 

The F-CPA test combines the tonic persistent pain model, the formalin test, with the 

place-conditioning paradigm enabling simultaneous measurement of behaviours that 

reflect both the sensory and aversive/affective components of the noxious (inflammatory) 

stimulus. In the current study, F-CPA was conducted by using a counterbalanced, 

unbiased design as described previously (Johansen et al., 2001; Lei et al., 2004) with 

slight modifications. The place-conditioning apparatus (Figure 4.2) consisted of a wooden 

arena (64x31x32 cm3) divided into two compartments (30 lux) by a central partition with 
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a small opening, allowing the animal to move freely between the two sides. Each 

compartment was characterised by distinct visual and olfactory stimuli, which was based 

on published work (Johansen et al., 2001). One conditioning compartment had horizontal 

(black and white) stripes on the walls and an odour of 1% acetic acid (Sigma-Aldrich, 

Wicklow, Ireland), whereas the other had vertical stripes and a cinnamon scent (Nature’s 

Answer®, NY, USA) associated with it. In each compartment the olfactory cue was 

applied by dipping a cotton bud in acetic acid/cinnamon and securing it to the top portion 

of the wall opposite to the central partition. The arena was placed on a clear Perspex top 

and a video camera located underneath the arena was used to record the behaviours during 

the 4-day sessions. The arena was cleaned between animals with warm soapy water and 

then thoroughly with clean water to remove any remaining odour. 

On the preconditioning day, animals were placed randomly (counterbalancing within a 

treatment group) into one of the compartments, facing the central opening and allowed 

unrestricted movement to both compartments for 20 min. Distance moved (cm) and time 

(s) spent in each compartment were recorded and analysed later using the EthoVision 

software (EthoVision XT, version 11.5; Noldus, Wageningen, Netherlands). On 

conditioning day 1, animals did not receive any noxious stimulus and were randomly 

confined to one of the conditioning compartments for 60 min, immediately after which 

they received a subcutaneous injection of DIPPA or 20% DMSO (23 h before formalin 

injection) and were returned to their home cages. On conditioning day 2, all animals 

received an intraplantar formalin injection (2.5%, 50 µL) into the right hindpaw under 

brief isoflurane anaesthesia (3% in 0.8 L/min O2). U50488 or 0.89% NaCl was 

administered subcutaneously 15 min before formalin injection. Immediately after 

formalin injection, rats were placed into the other conditioning compartment (opposite to 

that of conditioning day 1). The test began when the rat righted itself and lasted for 60 

min during which the animal was confined to the formalin-paired compartment. 

Nociceptive and exploratory (distance moved, rearing, grooming, and defaecation) 

behaviours during formalin trial were recorded and analysed later with EthoVision in an 

identical manner described in Chapter 2 (see section 2.2.4.1.2). The compartments paired 

with formalin injections were counterbalanced within a treatment group. On the 

postconditioning day, animals were placed into the arena in the same compartment as the 

preconditioning day and allowed to move freely to both compartments for 20 min. 

Distance moved and time spent in each compartment were recorded. A CPA score was 
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calculated for each rat as the difference in time spent in the formalin-paired compartment 

on the pre- and postconditioning sessions. A negative score denotes CPA, i.e., a decrease 

in time spent in the formalin-paired compartment on the postconditioning day relative to 

the preconditioning day. Formalin-induced oedema was also assessed by measuring the 

diameter of the formalin-injected hindpaw with Vernier callipers immediately before 

injecting formalin (on conditioning day 2) and after euthanasia (on postconditioning day). 

 

 

Figure 4.2: Schematic of F-CPA apparatus and behavioural testing timeline. F-CPA: 

formalin-induced conditioned place aversion, s.c.: subcutaneous. 
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4.2.5. Real-time quantitative polymerase chain reaction (RT-qPCR) 

The brain tissues obtained from the naïve cohort of rats to analyse the expression of genes 

encoding MOP and POMC in Chapter 2 were used in this chapter to compare the basal 

expression of the genes encoding KOP and PDYN in WKY and SD rats. RT-qPCR was 

performed in an identical manner as described previously in Chapter 2 except for the 

target primers (Oprk1 and Pdyn; Bio-Sciences, Dublin, Ireland) used, which are listed 

below (Table 4.2): 

 

Table 4.2: Assay IDs and fluorescent labels for the target and endogenous control genes 

examined in rat brain tissues by RT-qPCR. 

 

 

4.2.6. Statistical analysis 

The SPSS statistical software (IBM SPSS Statistics, version 24 for Windows; SPSS Inc, 

Chicago, IL, USA) was used to analyse all data. In all datasets the presence of possible 

outliers was checked by assessing the distribution of data. In case a data point fell out of 

the range of (mean-2*standard deviation) to (mean+2*standard deviation), it was 

considered an outlier and excluded from subsequent analysis. The normality and 

homogeneity of variance of the datasets were checked using Shapiro-Wilk and Levene’s 

tests, respectively. The timecourse behavioural data were analysed with repeated 

measures analysis of variance (RM ANOVA) with strain and drug treatment as between-

subject factors and time as within-subject factor. For RM ANOVA, sphericity of the 

datasets was checked with Mauchly's Test for Sphericity; if the assumption of sphericity 

was violated, a Greenhouse-Geisser correction was used. Other behavioural data except 

for defaecation were analysed using two-way ANOVA with strain and drug treatment as 

factors. Initial preference for a compartment on preconditioning day in F-CPA was 

analysed in each strain using two-way ANOVA with side and drug treatment as factors. 

Target 

gene 
Assay ID 

Fluorescent 

label 

Control 

gene 
Assay ID 

Fluorescent 

label 

KOP 

(Oprk1) 

Rn00567737_

m1 
FAM 

β-actin 

(Actb) 

Rn00667869

_m1 
VIC 

PDYN 

(Pdyn) 

Rn00571351_

m1 
FAM 
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Post hoc Student-Newman-Keuls (SNK) test was carried out for pairwise group 

comparisons, where appropriate. KOP and PDYN gene expression data in naïve rats were 

analysed using Student’s unpaired, two-tailed t-test. The level of significance was deemed 

p<0.05. If the data were not normally distributed and/or the variance was not 

homogeneous, three transformations were applied, in the order: square root, natural 

logarithm, and ranking of the data values to evaluate if parametric statistics can be used. 

In addition, if the highest standard deviation was less than or equal to 2 times the smallest 

standard deviation for the particular dataset being analysed, parametric statistical 

approach was still employed (Moore et al., 2009). 

If any dataset was ordinal (e.g. defaecation) or found to be not normally distributed and/or 

the variance was not homogeneous even after transformation, non-parametric statistical 

analysis was performed using Kruskal-Wallis (KW) one-way analysis of variance by 

rank, followed by post hoc Mann-Whitney U-test (p-value was adjusted using Bonferroni-

Holm correction for multiple comparisons), where appropriate. In all cases statistical 

analysis of a dataset was carried out for all the groups together. However, in some 

instances, the groups are graphed separately to present the results clearly in a reader-

friendly format. Data are expressed as either mean ± standard error of the mean (S.E.M) 

or median with interquartile range (IQR) depending on the statistical approach 

undertaken, parametric or non-parametric, respectively. 
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4.3. Results 

4.3.1. Experiment 1 

4.3.1.1. Effects of U50488 and DIPPA nociceptive responding to noxious thermal 

stimulus in WKY and SD rats 

The hot plate test was used to assess the dose responses of U50488 (1, 2.5, and 5 mg/kg, 

s.c.) and DIPPA (2.5 and 5 mg/kg, s.c.) on nociceptive responding to acute noxious heat 

in SD (Figure 4.3A) and WKY (Figure 4.3B) rats. At baseline, latency to respond on the 

hot plate did not differ between WKY and SD rats, as was the case in Chapter 2. Rats 

were tested on the hot plate again at +15 and +30 min following administration of U50488 

or its vehicle. Two-way RM ANOVA revealed significant effects of time 

(F1.807,137.299=102.914, p<0.001), time x strain (F1.807,137.299=3.805, p<0.05), and time x 

treatment (F9.033,137.299=3.549, p<0.01) in tests of within-subjects effects. A significant 

overall effect of treatment (F5,76=8.088, p<0.001) was also found in tests of between-

subjects effects on response latency. Further post hoc SNK analysis showed that, 15 min 

post-drug administration, U50488 dose-dependently increased response latency on the 

hot plate in both SD and WKY rats, compared to their respective vehicle counterparts. 

However, at the +30 min time point, U50488 significantly increases response latency in 

the SD rats (SD-U50488 2.5 mg/kg or SD-U50488 5 mg/kg vs SD-Vehicle, p<0.05); this 

effect failed to reach statistical significance in the WKY counterparts. 

Interestingly, at the +15 min time point, DIPPA (5 mg/kg) significantly increased latency 

to respond on the hot plate in SD rats (SD-DIPPA 5 mg/kg vs SD-Vehicle, p<0.05). 

Similarly, a trend for DIPPA-induced antinociceptive effect was observed in the WKY 

counterparts (WKY-DIPPA 5 mg/kg vs WKY-Vehicle, p=0.079), which failed to reach 

statistical significance. 
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Figure 4.3: Effects of U50488 (1, 2.5, and 5 mg/kg, s.c.) and DIPPA (2.5 and 5 mg/kg, 

s.c.) on nociceptive responding to acute noxious heat stimulus (Experiment 1) in (A) SD 

and (B) WKY rats. X-axis shows the time points of testing relative to administration of 

each drug. Data are expressed as mean ± SEM, n = 6-8/group. *p<0.05 (SD-U50488 2.5 

mg/kg or SD-U50488 5 mg/kg vs SD-Vehicle), +p<0.05 (WKY-U50488 5 mg/kg vs 

WKY-Vehicle). HP: hot plate, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-

Kyoto. 
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4.3.1.2. Effects of U50488 and DIPPA on anxiety-related behaviour and general 

locomotor activity in WKY and SD rats 

After the hot plate test, animals were exposed to the EPM and then immediately to the 

OF to assess the effects of U50488 and DIPPA on anxiety-like behaviours and general 

locomotor activity. As mentioned previously in Chapter 2, activity in the open arms in 

EPM is related to anxiety-like behaviours while activity in the closed arms can be used 

as an indirect measure of locomotor activity. Two-way ANOVA revealed significant 

effects of treatment (F5,95=3.510, p<0.01) and strain x treatment interaction (F5,95=3.400, 

p<0.01), but not of strain (F1,95=1.002, p>0.05), on time spent in open arms (Figure 4.4A). 

Further post hoc test showed that there were no significant differences between drug-

treated groups within each strain or between the two strains. KW test revealed a 

significant main effect (χ2(11)=20.5980, p<0.05) on number of entries into open arms but 

no significant difference between relevant groups was found in post hoc tests (Figure 

4.4B). Two-way ANOVA showed significant effects of strain (F1,95=30.940, p<0.001) 

and strain x treatment interaction (F5,95=4.241, p<0.01), but not of treatment (F5,95=2.194, 

p>0.05), on time spent in closed arms (Figure 4.4C). Post hoc test revealed that high doses 

of U50488 (2.5 and 5 mg/kg) significantly increased time spent in closed arms in the SD 

rats (SD-U50488 2.5 mg/kg or SD-U50488 5 mg/kg vs SD-Vehicle, p<0.05), but not in 

the WKY counterparts. A significant main effect (χ2(11)=56.572, p<0.001) on number of 

entries into closed arms was observed in KW test (Figure 4.4D). Further post hoc analysis 

revealed that vehicle-treated WKY rats exhibited a significant reduction in closed arm 

entries, compared to SD counterparts (WKY-Vehicle vs SD-Vehicle, p<0.001), 

indicating their hypolocomotor trait. No significant effect of U50488 was found on 

number of entries into closed arms in SD or WKY rats. In addition, DIPPA at the doses 

tested (2.5 and 5 mg/kg) did not affect closed arm activities in either strain. 
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Figure 4.4: Effects of U50488 (1, 2.5, and 5 mg/kg, s.c.) and DIPPA (2.5 and 5 mg/kg, 

s.c.) on duration and number of entries in (A and B) open and (C and D) closed arms in 

the EPM test in SD and WKY rats (Experiment 1). Data are expressed as (A and C) mean 

± SEM and (B and D) median with IQR, n = 8/group. *p<0.05 (SD-U50488 2.5 mg/kg or 

SD-U50488 5 mg/kg vs SD-Vehicle), ###p<0.001 (WKY vs SD counterpart). EPM: 

elevated plus maze, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 

 

 

In the OF test, general locomotor activity was measured by distance moved in the arena 

(Figure 4.5A). KW test revealed a significant main effect (χ2(11)=50.275, p<0.001) on 

the distance moved. Post hoc analysis showed vehicle-treated WKY rats exhibited a 

significant reduction in distance moved compared to SD controls (WKY-Vehicle vs SD-

Vehicle, p<0.05), indicating their hypolocomotor phenotype. Systemic injection of 

U50488 or DIPPA at the doses administered did not affect distance moved in SD or WKY 

rats. KW test showed a significant main effect (χ2(11)=34.425, p<0.001) on pellets 

excreted during the 5 min trial (Figure 4.5B) but further post hoc analysis revealed that 

there was no significant difference between relevant groups. Also, there were no 

significant main effects on centre zone activities in KW analysis [number of entries into 

centre zone: χ2(11)=12.869, p>0.05; time spent in centre zone: χ2(11)=7.419, p>0.05], 

which were indices for anxiety-related behaviour in the OF test (Figure 4.5C and 4.5D). 
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Of note, a proportion of the WKY rats (12 out of 48 rats or 25%) spent a long time (>100 

s) in the centre zone of the OF. There was no significant main effect (χ2(11)=19.477, 

p>0.05) on latency to leave the centre zone in KW test (Figure 4.5E) .  

 

 

Figure 4.5: Effects of U50488 (1, 2.5, and 5 mg/kg, s.c.) and DIPPA (2.5 and 5 mg/kg, 

s.c.) on (A) distance moved in the arena, (B) defaecation (number of pellets produced), 

(C) number of entries into centre zone, (D) time spent in centre zone, and (E) latency to 

leave centre zone in the OF test in SD and WKY rats (Experiment 1). Data are expressed 

as median with IQR, n = 8/group. #p<0.05 (WKY vs SD counterpart). OF: open field, s.c.: 

subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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4.3.1.3. Effects of U50488 and DIPPA on behaviours in the FST in WKY and SD 

rats 

Immediately after the OF test, animals underwent a single 15 min exposure to the FST. 

Two-way ANOVA revealed significant effects of strain (F1,94=32.674, p<0.001), but not 

of treatment (F5,94=1.394, p>0.05) or strain x treatment interaction (F5,94=1.237, p>0.05), 

on time spent immobile, a measure of behavioural despair (Figure 4.6A). Further post hoc 

test failed to reveal a significant difference in duration of immobility in vehicle-treated 

WKY versus SD rats. High dose of U50488 increased duration of immobility in the WKY 

rats compared to vehicle controls (WKY-U50488 5 mg/kg vs WKY-Vehicle, p<0.05); 

this effect was not observed in the SD counterparts. The data were further analysed as 

temporal profile divided into 5 min time bins (Table 4.3). RM ANOVA revealed 

significant effects of time (F1.828,151.719=90.548, p<0.001) and time x strain interaction 

(F1.828,151.719=43.460, p<0.001) in tests of within-subjects effects and a significant overall 

effect of strain (F1,83=32.666, p<0.001) in tests of between-subjects effects on duration of 

immobility. However, further post hoc test at each time bin indicated that there was no 

significant difference between relevant groups. 

Active behaviours, swimming and climbing, were also rated and analysed for the 15 min 

trial period. Two-way ANOVA revealed significant effect of strain (F1,94=33.501, 

p<0.001), but not of treatment (F5,94=1.953, p>0.05) or strain x treatment interaction 

(F5,94=1.437, p>0.05), on time spent swimming but post hoc analysis did not yield any 

significant difference between relevant groups (Figure 4.6B). Two-way ANOVA 

revealed significant effects of strain (F1,94=4.449, p<0.05) and treatment (F5,94=6.026, 

p<0.001), but not of strain x treatment interaction (F5,94=0.312, p>0.05), on time spent 

climbing (Figure 4.6C). However, further post hoc tests failed to show any difference 

between relevant groups. Further analysis of the swimming and climbing data in 5 min 

time bins did not reveal any significant effect of the factors in RM ANOVA. 
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Figure 4.6: Effects of U50488 (1, 2.5, and 5 mg/kg, s.c.) and DIPPA (2.5 and 5 mg/kg, 

s.c.) on duration of (A) immobility, (B) swimming, and (C) climbing over 15 min in the 

FST in SD and WKY rats (Experiment 1). Data are expressed as mean ± SEM, n = 7-

8/group. a: effect of strain (p<0.05), b: effect of treatment (p<0.001), +p<0.05 (WKY-

U50488 5 mg/kg vs WKY-Vehicle). FST: forced swim test, s.c.: subcutaneous, SD: 

Sprague-Dawley, WKY: Wistar-Kyoto. 
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Table 4.3: Temporal profile of the effects of U50488 (1, 2.5, and 5 mg/kg, s.c.) and 

DIPPA (2.5 and 5 mg/kg, s.c.) on duration of immobility in the FST in SD and WKY rats 

(Experiment 1). Data are presented in 5 min time bins and expressed as mean ± SEM, n 

= 7-8/group. FST: forced swim test, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: 

Wistar-Kyoto. 

 

 

 

 

4.3.2. Experiment 2 

4.3.2.1. Effects of U50488 and DIPPA, alone or in combination, on formalin-evoked 

nociceptive and general exploratory behaviours in WKY and SD rats 

After a week of washout and reallocation of rats to new treatment groups according to a 

Latin square design, Experiment 2 was carried out to evaluate the effects of systemic 

administration of U50488 (1 and 2.5 mg/kg) and DIPPA (2.5 mg/kg), alone or in 

Groups 
Time spent (s) 

0-5 min 5-10 min 10-15 min 

SD-Vehicle 12.07±6.73 13.86±8.40 18.13±6.66 

SD-U50488 1 mg/kg 10.00±3.44 16.09±7.30 22.86±7.96 

SD-U50488 2.5 mg/kg 5.04±2.43 9.12±4.27 20.69±6.20 

SD-U50488 5 mg/kg 15.75±7.14 17.83±8.57 18.35±10.73 

SD-DIPPA 2.5 mg/kg 2.83±1.80 13.60±8.26 12.50±8.46 

SD-DIPPA 5 mg/kg 12.41±7.11 18.00±9.34 13.72±8.04 

WKY-Vehicle 5.26±2.53 27.77±6.22 41.64±7.30 

WKY-U50488 1 

mg/kg 9.78±2.75 34.79±6.07 40.65±6.36 

WKY-U50488 2.5 

mg/kg 3.45±1.28 35.95±7.25 48.76±5.95 

WKY-U50488 5 

mg/kg 18.25±4.40 55.42±9.44 72.05±10.73 

WKY-DIPPA 2.5 

mg/kg 9.12±4.29 45.84±8.16 60.63±10.21 

WKY-DIPPA 5 mg/kg 5.20±1.54 27.90±7.28 50.16±8.18 
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combination, in the F-CPA paradigm. On conditioning day 2, rats received an intraplantar 

formalin injection into the right hindpaw and were observed for 60 min. Formalin-evoked 

nociceptive behaviour (assumed to primarily reflect the sensory component of the 

noxious stimulus) was analysed temporally in 5 min bins (Figure 4.7). Two-way RM 

ANOVA revealed significant effects of time (F4.680,383.743=38.975, p<0.001), time x strain 

(F4.680,383.743=14.791, p<0.001), time x treatment (F23.399,383.743=1.955, p<0.01), and time 

x strain x treatment interaction (F23.399,383.743=1.784, p<0.05) in tests of within-subjects 

effects on formalin-evoked nociceptive behaviour.  Two-way RM ANOVA also found 

significant overall effects of strain (F1,82=239.482, p<0.001), treatment (F5,82=6.371, 

p<0.001), and strain x treatment interaction (F5,82=3.594, p<0.01) in tests of between-

subjects effects on formalin-evoked nociceptive behaviour. Further post hoc analysis 

showed that the vehicle-treated WKY rats exhibited higher formalin-evoked nociceptive 

behaviour in the first 20 min post-formalin injection, compared to SD counterparts [T0-20 

(in 5 min bins): WKY-Vehicle vs SD-Vehicle, p<0.05; Figure 4.7A], confirming their 

hyperalgesic phenotype to noxious inflammatory stimulus (Burke et al., 2010; Rea et al., 

2014). 

Figure 4.7B and 4.7C illustrate the effects of subcutaneous administration of U50488 

and/or DIPPA on nociceptive responding induced by formalin in SD and WKY rats, 

respectively. U50488 (1 and 2.5 mg/kg) significantly reduced formalin-evoked 

nociceptive behaviour in a dose-related manner in the SD rats, compared to vehicle-

treated controls [T5-10, T20-50 (in 5 min bins): SD-U50488 1 mg/kg vs SD-Vehicle, p<0.05; 

T5-10, T20-60 (in 5 min bins): SD-U50488 2.5 mg/kg vs SD-Vehicle, p<0.05]; this effect 

was not seen in the WKY counterparts. Pretreatment with DIPPA failed to attenuate 

U50488-induced antinociceptive effect in the SD rats [T0-60 (in 5 min bins): SD-U50488 

1 mg/kg+DIPPA 2.5 mg/kg vs SD-U50488 1 mg/kg, p>0.05; T0-60 (in 5 min bins): SD-

U50488 2.5 mg/kg+DIPPA 2.5 mg/kg vs SD-U50488 2.5 mg/kg, p>0.05]. In addition, 

DIPPA (2.5 mg/kg), administered alone, significantly reduced formalin-evoked 

nociceptive behaviour in the SD rats [T5-10, T35-60 (in 5 min bins): SD-DIPPA 2.5 mg/kg 

vs SD-Vehicle, p<0.05], but not in the WKY counterparts. 
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Figure 4.7: (A) Temporal profile of formalin-evoked nociceptive behaviour in SD and 

WKY rats receiving vehicle injection systemically. Temporal profile of the effects of 

U50488 (1 and 2.5 mg/kg, s.c.) and DIPPA (2.5 mg/kg, s.c.), alone or in combination, on 

formalin-evoked nociceptive behaviour in (B) SD and (C) WKY rats (Experiment 2). 

Data are presented in 5 min time bins and expressed as mean ± SEM, n = 7-8/group. 

*p<0.05 (SD-U50488 1 mg/kg or SD-U50488 1 mg/kg+DIPPA 2.5 mg/kg vs SD-

Vehicle), $p<0.05 (SD-U50488 2.5 mg/kg or SD-U50488 2.5 mg/kg+DIPPA 2.5 mg/kg 

vs SD-Vehicle), &p<0.05 (SD-DIPPA 2.5 mg/kg vs SD-Vehicle), #p<0.05 (WKY-Vehicle 

vs SD-Vehicle). CPS: composite pain score, s.c.: subcutaneous, SD: Sprague-Dawley, 

WKY: Wistar-Kyoto. 

 

 

 

General locomotor activity and defaecation were also analysed during the 60 min 

formalin trial on conditioning day 2 (Table 4.4). A significant main effect (χ2(11)=31.600, 

p<0.01) was observed on distance moved in the formalin-paired compartment in KW test. 

Post hoc analysis showed that the vehicle-treated WKY rats exhibited a significant 

reduction in distance moved compared to SD controls (WKY-Vehicle vs SD-Vehicle, 

p<0.001). The high dose (2.5 mg/kg) of U50488, alone or in combination with DIPPA, 

significantly reduced distance moved in the SD rats (SD-U50488 2.5 mg/kg or SD-

U50488 2.5 mg/kg+DIPPA 2.5 mg/kg vs SD-Vehicle, p<0.01) but not in the WKY 

counterparts. Significant main effects were revealed on rearing (χ2(11)=44.109, p<0.001), 

grooming (χ2(11)=50.526, p<0.001), and faecal pellets excreted (χ2(11)=30.006, p<0.01) 

during formalin trial but further post hoc tests indicated there were no significant 

differences between relevant groups. In addition, formalin-induced hindpaw oedema was 

analysed (Figure 4.8). Two-way ANOVA revealed a significant effect of strain 

(F1,93=5.867, p<0.05), but not of treatment (F5,93=0.147, p>0.05) or strain x treatment 

interaction (F5,93=0.621, p>0.05), on paw oedema. Further post hoc analysis showed there 

were no significant differences between relevant groups. 
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Table 4.4: Effects of U50488 (1 and 2.5 mg/kg, s.c.) and DIPPA (2.5 mg/kg, s.c.), alone 

or in combination, on general exploratory behaviours (distance moved, rearing, and 

grooming) and defaecation (number of pellets produced) during the 60 min formalin trial 

on conditioning day 2 (Experiment 2). Data are expressed as mean ± SEM except for 

defaecation which is expressed as median with IQR, n = 7-8/group. **p<0.01 (SD-

U50488 2.5 mg/kg or SD-U50488 2.5 mg/kg+DIPPA 2.5 mg/kg vs SD-Vehicle), 

##p<0.01 (WKY vs SD counterpart). s.c.: subcutaneous, SD: Sprague-Dawley, WKY: 

Wistar-Kyoto. 

 

Groups 
Distance moved 

(cm) 
Rearing (s) 

Grooming 

(s) 
Defaecation 

SD-Vehicle 7127.08± 

594.08 
58.78±17.13 29.08±8.65 2(4) 

SD-U50488 1 

mg/kg 
3931.13± 

409.75 
30.06±5.66 5.56±2.43 2.50(2.50) 

SD-U50488 2.5 

mg/kg 
2792.63± 

267.71** 
54.34±26.80 3.45±2.72 2.50(4.50) 

SD-U50488 1 

mg/kg + DIPPA 

2.5 mg/kg 

3935.94± 

525.34 
49.46±13.02 13.30±4.82 0.50(3.75) 

SD-U50488 2.5 

mg/kg + DIPPA 

2.5 mg/kg 

3037.82± 

415.89** 
25.13±6.35 7.32±3.15 2(3) 

SD-DIPPA 2.5 

mg/kg 
4981.58± 

881.45 
55.84±18.16 17.86±4.77 1(3) 

WKY-Vehicle 3785.91± 

314.62## 
14.10±4.33 57.71±9.81 0(0) 

WKY-U50488 1 

mg/kg 
2940.45± 

227.51 
9.68±6.20 24.26±4.95 0(0) 

WKY-U50488 

2.5 mg/kg 
3418.55± 

365.04 
6.79±1.15 19.55±5.93 4(3.75) 

WKY-U50488 1 

mg/kg  +  DIPPA 

2.5 mg/kg 

2578.19± 

202.31 
10.77±3.74 46.12±11.06 0(0.75) 

WKY-U50488 

2.5 mg/kg  +  

DIPPA 2.5 mg/kg 

2793.12± 

260.66 
9.43±3.88 30.83±7.79 0(0.75) 

WKY-DIPPA 2.5 

mg/kg 
2913.90± 

306.91 
6.79±3.34 45.01±4.99 0(0) 
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Figure 4.8: Effects of U50488 (1 and 2.5 mg/kg, s.c.) and DIPPA (2.5 mg/kg, s.c.), alone 

or in combination, on formalin-induced hind paw oedema in SD and WKY rats 

(Experiment 2). Paw oedema was measured as the difference in diameter (mm) of the 

right hindpaw immediately before intraplantar formalin injection on conditioning day 2 

and after euthanasia on postconditioning day. Data are expressed as mean ± SEM, n = 7-

8/group. a: effect of strain (p<0.05). s.c.: subcutaneous, SD: Sprague-Dawley, WKY: 

Wistar-Kyoto. 

 

 

 

4.3.2.2. Effects of U50488 and DIPPA, alone or in combination, on formalin-

induced conditioned place aversion in WKY and SD rats 

The affective component of the noxious (inflammatory) stimulus was assessed in the F-

CPA paradigm. Locomotor activity of the animals on the preconditioning day was 

recorded and analysed. Two-way ANOVA revealed a significant effect of strain 

(F1,78=17.261, p<0.001), but not of treatment (F5,78=0.276, p>0.05) or strain x treatment 

interaction (F5,78=0.640, p>0.05), on the distance moved in the arena. Post hoc analysis 

did not yield any significant difference between relevant groups (Figure 4.9A). 

Furthermore, time spent in each compartment on the preconditioning day was recorded 

to evaluate any initial preference in the animals for one of the conditioning compartments. 

Any rat spending more than 900 s (75% of total trial time) in one compartment was 

excluded from further analysis of CPA (Tanimoto et al., 2003; Lu et al., 2011). Since 

baseline locomotor activity in a novel environment differs between SD and WKY rats 
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(Paré, 1989c, 1994; Tejani-Butt et al., 1994), preference was analysed in the two strains 

separately. Two-way ANOVA revealed significant effects of side and side x treatment 

interaction, but not of treatment, on time spent in the compartments in both SD (side: 

F1,85=16.605, p<0.001; treatment: F5,85=0.001, p>0.05; side x treatment: F5,85=3.039, 

p<0.05) and WKY (side: F1,71=47.561, p<0.001; treatment: F5,71=0.016, p>0.05; side x 

treatment: F5,85=3.910, p<0.01) rats. Further post hoc analysis revealed a significant initial 

preference for the vertical stripe/cinnamon-paired compartment over horizontal 

stripe/acetic acid-paired compartment in the animals of the following groups: SD-U50488 

2.5 mg/kg+DIPPA 2.5 mg/kg, WKY-U50488 1 mg/kg, and WKY-U50488 2.5 mg/kg 

(Figure 4.9B and 4.9C). 

 

Figure 4.9: (A) Distance moved and (B and C) time spent in each conditioning 

compartment on the preconditioning day in SD and WKY rats. Compartment 1 had 

vertical black and white stripes on the walls and a cinnamon scent associated with it while 

compartment 2 had horizontal black and white stripes with odour of 1% acetic acid. Data 

are expressed as mean ± SEM, n = 5-8/group. a: effect of strain (p<0.001), #p<0.05 

(compartment 2 vs compartment 1). SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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As on the preconditioning day, locomotor activity and time spent in each compartment 

were recorded on the postconditioning day. Two-way ANOVA revealed a significant 

effect of strain (F1,78=34.493, p<0.001), but not of treatment (F5,78=1.055, p>0.05) or 

strain x treatment interaction (F5,78=0.217, p>0.05), on distance moved in the arena during 

the 20 min trial period. Post hoc analysis indicated there was no significant difference 

between relevant groups (Figure 4.10A). Two-way ANOVA revealed a significant effect 

of treatment (F5,78=2.418, p<0.05), but not of strain (F1,78=0.186, p>0.05) or strain x 

treatment interaction (F5,78=0.953, p>0.05), on CPA score (Figure 4.10B). The vehicle-

treated SD rats did not spend less time in the formalin-paired compartment on the 

postconditioning day relative to preconditioning day (as shown by a positive CPA score), 

indicating F-CPA did not occur. In both SD and WKY rats, U50488 tended to enhance 

place aversion induced by formalin; this effect was sensitive to pretreatment with DIPPA. 

However, further interpretation of the effects of drugs was hindered since the control 

group (SD-vehicle rats) in our experiment failed to exhibit formalin-induced place 

aversion. 
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Figure 4.10: (A) Distance moved in the arena on the postconditioning day in SD and 

WKY rats. (B) Effects of U50488 (1 and 2.5 mg/kg, s.c.) and DIPPA (2.5 mg/kg, s.c.), 

alone or in combination, on CPA score in SD and WKY rats. CPA score was calculated 

as the difference in time spent in the formalin-paired compartment between the pre- and 

postconditioning sessions, Data are expressed as mean ± SEM, n = 5-8/group. a: effect of 

strain (p<0.001). CPA: conditioned place aversion, SD: Sprague-Dawley, WKY: Wistar-

Kyoto. 
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4.3.3. Expression of genes encoding KOP and PDYN in brain regions associated 

with pain and affect in naïve WKY and SD rats 

The expression of the genes encoding KOP and PDYN in discrete brain regions involved 

in pain and negative affect was assessed in naïve WKY and SD rats using RT-qPCR. The 

brain tissues used here were the same ones described in Chapter 2 that were obtained from 

the behaviourally naïve cohort of rats and used for the analysis of expression of the genes 

encoding MOP and POMC. Analysis of gene expression revealed that WKY rats had 

lower level of KOP mRNA in the PFC than SD rats (t8.757=2.368, p<0.05; Figure 4.11A). 

A trend was observed for lower level of KOP mRNA in the PAG in WKY versus SD rats. 

In addition, WKY rats showed higher levels of PDYN mRNA in the PFC (t10.791=-3.573, 

p<0.01) and hippocampus (t12.717=-4.455, p<0.01), compared to SD counterparts (Figure 

4.11B). Moreover, a strong trend was found for lower expression of the gene encoding 

PDYN in the PAG in WKY rats, compared to SD counterparts. There was no difference 

in the expression of the genes encoding KOP and PDYN in the other regions analysed 

between the two strains. 

Figure 4.11: The expression of the genes encoding KOP and PDYN in discrete brain 

regions involved in pain and negative affect in naïve WKY and SD rats. Data are 

expressed as mean ± SEM, n = 7-10/group. *p<0.05, **p<0.01 (vs SD). Amyg: amygdala, 

Hypo: hypothalamus, Hipp: hippocampus, KOP: kappa opioid receptor, PAG: 

periaqueductal grey, PFC: prefrontal cortex, PDYN: prodynorphin, SD: Sprague-Dawley, 

WKY: Wistar-Kyoto. 
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4.4. Discussion 

The results presented in this chapter demonstrate that systemic administration of U50488 

(the prototypic KOP agonist) was antinociceptive in the SD and WKY rats in the hot plate 

test. In comparison, the WKY rats were hyporesponsive to the antinociceptive effects of 

U50488 in the formalin test, compared to SD counterparts. Interestingly, DIPPA, when 

administered systemically on its own, had antinociceptive effects in the SD, but not in the 

WKY, rats upon exposure to noxious heat or inflammatory stimuli. We attempted to 

investigate the effects of modulating KOP on the aversive responding to a noxious 

inflammatory (formalin) stimulus in a place conditioning test. However, the F-CPA 

paradigm requires further refinement in our laboratory condition. In addition, we did not 

obtain further evidence for anxiolytic or antidepressant-like effects of KOP antagonism 

in either strain. Finally, WKY rats exhibited differential expression of the genes encoding 

KOP and PDYN in cortical and limbic brain regions, compared to SD counterparts. 

The experience of pain encompasses both sensory and affective dimensions. Numerous 

pharmacological and genetic studies have shown that activation of the KOP produces 

antinociception (Millan et al., 1987; Piercey and Einspahr, 1989; Bianchi and Panerai, 

1993; Terner et al., 2005; Gallantine and Meert, 2008; Bagdas et al., 2016) but also 

induces dysphoria or aversion in rodents (Pfeiffer et al., 1986; Shippenberg and Herz, 

1987; Bals-Kubik et al., 1993; Land et al., 2008; Tejeda et al., 2013). Our study is the 

first to investigate the effects of modulating KOP on nociceptive (sensory) and aversive 

(affective) responding to noxious stimulation in the WKY rat strain, a genetic model of 

altered nociceptive responding co-occurring with mood associated behavioural deficits. 

With respect to nociceptive responding to the acute heat stimulus, U50488 produced 

antinociception in both SD and WKY rats, albeit there is some difference in the minimum 

effective dose between the two strains. However, this strain difference of U50488 potency 

could be due to the modest increment in response latency observed in the vehicle-treated 

WKY rats at the 30 min time point, resulting in a lack of statistically significant 

antinociceptive effect of U50488 in the WKY rats at that time point. As mentioned earlier, 

the WKY rats are hypersensitive to stress (Pardon et al., 2002) and, therefore, it is possible 

that due to repeated exposure to the hot plate within short intervals may affect their 

nocifensive behaviour. Although not statistically significant, there seems to be a 

biologically significant effect of U50488 (2.5 and 5 mg/kg) in the WKY rats at the 30 

min time point as the majority of rats in these treatment groups reached maximum 
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response latency. It is worth considering here whether the 40 s cut-off used in the protocol 

might be acting as a “ceiling effect” and hence affecting the behavioural outcome. For a 

chosen temperature in the hot plate test, cut-off times are carefully designed and strictly 

adhered to (Bannon and Malmberg, 2007). A lower cut-off time would make detection of 

drug effects/response difficult while a higher cut-off may induce unnecessary nociceptive 

stimulation and tissue damage. The 40 s cut-off is a well-established limit in the literature 

for the temperature range used in the hot plate test in the present study (Deuis et al., 2017). 

Thus, an alternative could be to reduce the stimulus intensity (i.e. using lower hot plate 

temperature) and subsequently increase the cut-off time to minimise any possible effect 

of time limit on behavioural responses. 

Next, in the formalin trial of Experiment 2, systemic administration of U50488 (1 and 2.5 

mg/kg) significantly reduced formalin-evoked nociceptive behaviour in the SD rats but 

no such effect was observed in the WKY counterparts. These novel findings clearly 

indicate that the WKY rats exhibit reduced sensitivity to the antinociceptive effects of 

U50488 in the formalin model of persistent inflammatory pain, compared with SD rats. 

One interesting point to note here is that this strain difference in sensitivity to KOP agonist 

also seems to be specific to pain modality (thermal vs chemical/inflammatory). Previous 

studies have reported that pain modality could influence potency/efficacy of opioids in 

both humans (Koltzenburg et al., 2006; Kindler et al., 2011) and rodents (Hayes et al., 

1987; Morgan et al., 2006). The two noxious stimuli, heat and chemical, used herein 

activate different subsets of transducer proteins in the nociceptive primary afferents. Our 

results suggest that there could be a difference in the KOP-induced modulation of these 

afferents involved in detecting heat and/or chemical in WKY versus SD rats, such that 

U50488 fails to attenuate formalin-evoked nociception in WKY rats but is effective in 

reducing heat nociception in both strains. 

The WKY rats also exhibited reduced distance moved during the formalin trial, compared 

to SD rats, indicating their hallmark hypolocomotor trait as shown previously (Tejani-

Butt et al., 1994; Burke et al., 2010). The doses of U50488 used in the F-CPA component 

(Experiment 2) of the study were chosen based on the results of the earlier dose response 

experiment (Experiment 1) with the intention to avoid any potential effect of U50488 on 

locomotor activity. In Experiment 1, an indirect effect on locomotor activity of the high 

doses (2.5 and 5 mg/kg) of U50488 was observed in the SD rats (increased closed arm 

duration) in the EPM, but no such effect of U50488 (1-5 mg/kg) was found in the OF trial 
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in either strain. However, the 60-min formalin trial (Experiment 2) revealed a locomotor-

impairing effect of U50488 when administered at dose 2.5 mg/kg (alone or in 

combination with DIPPA) in SD rats. Previous studies have reported that U50488 at doses 

≥3 mg/kg reduces exploratory activity in rodents (Ukai and Kameyama, 1985; Jackson 

and Cooper, 1988; Simonin et al., 1998), possibly through KOP-mediated inhibition of 

the midbrain dopaminergic system (Di Chiara and Imperato, 1988; Kunihara et al., 1993; 

Kuzmin et al., 2000). Of note, this locomotor reducing effect of U50488 was not evident 

in the WKY rats, further highlighting a strain-related difference in behavioural responses 

to U50488. Studies in KOP-deficient mice confirm that KOP is central in mediating 

pharmacological effects of U50488 in vivo (Simonin et al., 1998). Thus, it seems plausible 

to suggest that differences in KOP expression and/or functionality may explain 

differential responsivity to KOP agonism in WKY versus SD rats, and that changes in the 

KOP system may underpin some of the characteristic behaviours exhibited by the WKY 

rat strain. 

Another finding in our study is that DIPPA produced antinociceptive effects in the SD 

rats upon exposure to both noxious acute heat and tonic persistent inflammatory stimuli. 

Structure-affinity relationship studies indicate that DIPPA has high affinity and 

selectivity for KOP over MOP and DOP and exhibits irreversible KOP binding (Chang 

et al., 1994b; Schwartz et al., 1997). A series of experiments conducted by Chang and 

coworkers reveal paradoxical KOP agonist- and antagonist-like effects of DIPPA that 

also vary across species (Chang et al., 1994b, 1994a). For example, DIPPA reduced 

[3H]U69593 (a selective KOP agonist) binding by 87% in guinea pig brain membranes 

but inhibited twitch response (agonist-like activity) in guinea pig ileum and mouse vas 

deferens preparations in vitro. Moreover, DIPPA was antinociceptive for up to 4 h in the 

mouse abdominal stretch assay that was sensitive to pretreatment with nor-BNI (the 

prototypic KOP antagonist). Conversely, DIPPA antagonised U50488-induced 

antinociception (up to 48-72 h) in the mouse tail flick test. The authors suggested that 

DIPPA has transient KOP-agonist effects (≤4 h) followed by long-lasting KOP-antagonist 

effects (up to 48-72 h) in vivo in mice. These findings have prompted subsequent studies 

to administer the drug 24 or 48 h before behavioural testing (Kuzmin et al., 2000; Terner 

et al., 2005; Carr and Lucki, 2010; Carr et al., 2010). Nevertheless, systemic 

administration of DIPPA yielded mixed results. DIPPA exhibits KOP agonist-like 

activity in a pigeon drug discriminatory procedure and mild antinociceptive effects in rat 
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model of acute pain (Terner et al., 2005), suggesting that it has some agonist efficacy at 

KOP. Others have reported either attenuation (Kuzmin et al., 2000; Terner et al., 2005) 

or no effect (Burton and Gebhart, 1998) of DIPPA on U50488-induced behavioural 

responses in rodents. Taken together, these mixed agonist/antagonist results suggest that 

DIPPA may function as a low efficacy or partial agonist (Terner et al., 2005), which may 

partly explain the antinociceptive effects of DIPPA seen in our study. However, DIPPA 

also attenuates preclinical measures of anxiety- and depression-like behaviours in several 

rodent models (Carr and Lucki, 2010; Carr et al., 2010) that is in agreement with its KOP 

antagonist profile. Recent studies from the Porreca group suggest that blocking the KOP 

may alleviate ongoing pain  (Xie et al., 2017; Navratilova et al., 2019). The long-acting 

KOP antagonist nor-BNI, specifically in the amygdala, prevents stress-induced 

hyperalgesia in a rat model of migraine (Xie et al., 2017). These effects were replicated 

with a selective short-acting KOP antagonist (Xie et al., 2017), further highlighting 

clinical potential of KOP antagonists as a novel class of therapeutics in persistent and 

chronic pain. Hence, another possibility is that DIPPA acts as an antagonist in vivo at the 

time point of behavioural testing in the present study and mediates antinociceptive effects 

perhaps via the amygdalar KOP circuit. Further in vitro as well as in vivo characterisation 

of DIPPA is warranted to fully elucidate its behavioural profile at the KOP. It should also 

be noted that the WKY rats exhibited hyporesponsivity to DIPPA-induced 

antinociceptive effects in the formalin test but not in the hot plate test. This further 

supports the notion that a possible deficit in the KOP system, at least in the components 

of descending pain pathway that modulate the sensory dimension of a noxious stimulus, 

may underlie the WKY hyperalgesic phenotype to persistent inflammatory stimuli. 

The neural systems responsible for the emotional-affective component of pain have 

gained much attention in recent times. As mentioned earlier, the KOP play a key role in 

driving the affective dimension of pain (Cahill et al., 2014; Liu et al., 2019b). Therefore, 

we compared the effects of systemic administration of U50488 and DIPPA on the 

affective component of noxious persistent inflammatory pain in WKY versus SD rats 

using the F-CPA paradigm. However, the control group (vehicle-treated SD rats) in our 

experiment failed to exhibit avoidance behaviour from the distinct environment in the 

place conditioning apparatus that was paired to noxious formalin injection. This outcome 

also limits our scope in interpreting any potential drug effects in the two strains. There 

are a few important avenues in the F-CPA protocol used in this study that can be modified 
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in order to make the behavioural paradigm work in our laboratory conditions. Firstly, 

irrespective of the strain, there was a clear natural bias in the animals for the compartment 

paired with cinnamon scent over the other compartment with acetic acid odour as shown 

on preconditioning day. The odour stimuli can be changed to other scents such as 

strawberry and peppermint in order to reduce this initial compartment bias. Moreover, the 

visual cue to distinguish the two conditioning compartments can be enhanced by using 

more distinct patterns such as dots and stripes. Next, we used an unbiased approach in 

our design which, when pairing a given compartment with the noxious stimulus 

(formalin), does not consider any innate preference of the animal for one of the 

conditioning compartments upon initial exposure. In this respect, some laboratories have 

additional pre-test days in the protocol before preconditioning day to assess any initial 

preference of the animals for a conditioning compartment. In order to nullify any initial 

preference of an animal, another useful approach is to use the bias design: pairing 

formalin treatment with the preferred compartment from preconditioning day 

(Tzschentke, 1998). Appropriate control needs to be included such as counterbalancing 

the formalin-pairing with preferred and non-preferred compartment within a treatment 

group. The DIPPA injection immediately after exposure to the compartment on 

conditioning day 1 (non-formalin day) may have some aversive aspect due to the acute 

stress associated with drug injection, which probably can be avoided by habituating the 

rats to the procedure of injection (e.g. by administering vehicle) before conditioning days. 

Thus, further pilot studies with the above mentioned refinements are necessary to validate 

the F-CPA paradigm under our laboratory conditions. 

The present study also examined the effects of systemic administration of U50488 and 

DIPPA on anxiety- and depression-related behaviours in the WKY and SD rats. We 

employed a battery of behavioural tests (hot plate, EPM, OF, and FST) in Experiment 1, 

which was similar to the experimental design used in the study for investigating the 

effects of morphine in the two strains in Chapter 2. In contrast with previous reports, the 

vehicle-treated WKY rats in this study did not display reduced open arm and centre zone 

activities in the EPM and OF tests, respectively, compared to SD counterparts (Gentsch 

et al., 1987; Paré, 1992; Tejani-Butt et al., 1994; Malkesman and Weller, 2009; Burke et 

al., 2010, 2016). This discrepancy is possibly due to the methodological differences 

between our study and those published, as mentioned earlier in Chapter 2. Acute stress 

due to prior exposure to hot plate tests may induce freezing in the WKY rats (Paré, 1989c; 
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Zafar et al., 1997; Nosek et al., 2008), affecting their behaviours in subsequent tests. In 

addition, when exposed to novel aversive (e.g. bright light) environment, WKY rats 

display increased immobility (Paré, 1989c; Berton et al., 1997; O’Malley et al., 2010), 

which was evident in our study in the measure of time spent in the centre of the OF. In 

addition, the vehicle-treated WKY rats displayed marked hypolocomotor activity in the 

OF compared to SD controls, in agreement with previous reports (Paré, 1994; McAuley 

et al., 2009; Burke et al., 2010, 2016). When exposed to the 15-min FST, the vehicle-

treated WKY rats exhibited progressive (numerical) increase in the duration of 

immobility (a measure of behavioural despair) over the course of the trial, compared to 

SD counterparts. 

Systemic administration of U50488 did not affect anxiety-related behaviours in the EPM 

and OF tests in either strain. Although activation of KOP induces anxiogenic effects 

(Narita et al., 2006a; Vunck et al., 2011; Smith et al., 2012; Valdez and Harshberger, 

2012; Gillett et al., 2013), some studies have also reported anxiolytic effects of U50488 

(Privette and Terrian, 1995; Kudryavtseva et al., 2005) in rodents. Discrepancies among 

these published studies may be due to, but are not limited to, differences in experimental 

models used, doses employed, light and test conditions, and animal species/strains used. 

Moreover, since the KOP are widely expressed in the brain, specific regions may have 

opposite and compensatory roles in the regulation of anxiety by KOP (Wang et al., 2016). 

Therefore, further studies are needed to understand effects of KOP agonists on anxiety-

like behaviours. In the FST, high dose of U50488 increased immobility in WKY, but not 

in SD, rats, suggesting an enhanced prodepressive-like effect induced by activating the 

KOP (Mague et al., 2003; Carlezon et al., 2006) in the WKY rats. A significant effect of 

DIPPA on anxiety- and depression-related behaviours in either strain at the doses tested 

in our study was not observed. Past reports have demonstrated anxiolytic and 

antidepressant-like effects of DIPPA in the WKY rats, compared with SD counterparts 

(Carr and Lucki, 2010; Carr et al., 2010). Methodological differences (such as different 

anxiety tests and higher dose (10 mg/kg) of DIPPA in the FST) between these studies and 

ours may account for the observed discrepancy. 

We next explored whether a difference in the basal expression of the genes encoding KOP 

and PDYN in discrete brain regions (implicated in processing pain and affect/emotion) in 

WKY and SD rats account for the differences in the phenotype between the two strains. 

Our data showed a region-dependent difference in the expression of these genes: lower 
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level of KOP mRNA in the PFC and higher levels of PDYN mRNA in the PFC and 

hippocampus in behaviourally naïve WKY rats, compared to SD counterparts. Trends for 

lower levels of KOP and PDYN mRNA were observed in the PAG in WKY versus SD 

rats. A recent study by Burke and colleagues reported higher expression of KOP mRNA 

in the amygdala but a trend for lower expression of KOP mRNA in the PFC in WKY 

versus SD rats (Burke et al., 2019). The authors did not find any strain-related difference 

in the expression of PDYN mRNA in the PFC and hippocampus. Methodological 

differences (e.g. singly- vs pair-housed naïve rats) between these two studies may account 

for the discrepancy here. Reduced mRNA expression of KOP in key pain processing 

regions (e.g. in the PFC and PAG) may result in hyporesponsive effects of KOP 

modulators in the WKY rats. Elevated dynorphin mRNA expression in the corticolimbic 

regions (e.g. in the PFC and hippocampus) may contribute to the stress hypersensitivity 

displayed by the WKY rats (Shirayama et al., 2004). However, differences in gene 

expression may not translate to differences in the protein level or function of the 

receptor/peptide. Thus, further investigations are needed to determine whether the 

endogenous peptide level and expression/functionality of the receptor protein are also 

altered. 

In conclusion, the differential KOP-induced behavioural responses obtained in this study 

in the WKY versus SD rats suggest that a maladaptive KOP system in the WKY rats may 

underlie their hyperalgesic phenotype, particularly to a noxious inflammatory stimulus. 

However, DIPPA did not produce strain-specific changes to anxiety- and depression-

related behaviours, possibly due to the low dose employed in the present study. 

Nevertheless, further investigation is warranted to fully characterise the pharmacological 

profile of DIPPA at the KOP. Region-dependent differential expression of KOP and 

dynorphin may underpin some of the behavioural deficits in the WKY rat model.



Chapter 5: Effects of CFA-induced chronic inflammation in WKY and SD rats   

174 

 

5. Chapter 5: Comparison of pain-, anxiety-, and cognition-

related behaviours in the complete Freund’s adjuvant model 

of chronic inflammatory pain between Wistar-Kyoto and 

Sprague-Dawley rats 

 

5.1. Introduction 

According to The International Association for the Study of Pain (IASP), chronic pain is  

defined as pain that persists or recurs for more than 3 months and is associated with both 

emotional distress and functional disability including interference with activities of daily 

life and participation in social roles (Treede et al., 2019). It is a major unmet clinical 

problem in current times, having a significant impact on the individual and imposing a 

huge socioeconomic burden. Epidemiological studies have indicated that chronic pain 

associated with persistent inflammation is one of the leading causes of global non-fatal 

health loss in terms of years lost to disability (GBD 2017 Disease and Injury Incidence 

and Prevalence Collaborators, 2018). Despite being a highly prevalent health problem 

worldwide, the current treatment strategies against chronic inflammatory pain are limited, 

perhaps owing to poor understanding of the exact underlying neurobiological 

mechanisms (Borsook et al., 2014). In addition, persistent inflammatory pain states may 

trigger a cascade of changes in psychological processes (including perception, attention, 

mood, motivation, learning, and memory) along with the sensory symptoms, allodynia 

(pain in response to normally non-painful stimulus) and hyperalgesia (increased pain 

response to painful stimuli) (Simons et al., 2014a). Moreover, affective disorders (anxiety 

and depression) (Asmundson and Katz, 2009; Scott et al., 2016; Stubbs et al., 2016) and 

cognitive dysfunction (Moriarty et al., 2011; Shin et al., 2012) are highly comorbid with 

chronic pain, further contributing to the debilitating nature of the disorder and hence 

posing a significant challenge with regards to treatment strategy. 

Injecting a noxious chemical irritant such as formalin, complete Freund’s adjuvant 

(CFA), or carrageenan into the paws or joints of rodents can be used to mimic the key 

features of chronic inflammatory pain in humans (Burma et al., 2017). Of these, the CFA-

induced inflammation (Stein et al., 1988) lasts usually for 1-3 weeks, allowing for long-

term  studies of localised inflammation-related persistent pain responses (Zhang and Ren, 
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2011). Injection of CFA into the joints or cutaneous/subcutaneous tissues results in 

mechanical allodynia (Stein et al., 1988; Chaplan et al., 1994; Soignier et al., 2011) and 

thermal (heat and cold) hyperalgesia (Hargreaves et al., 1988; Moriarty et al., 2012) in 

rodents. In addition to affecting sensory modality, CFA induces the emotional-affective 

component of pain. Intraplantar hindpaw CFA injection produces place aversion in 

rodents (Zhang et al., 2011; Liu et al., 2019b) that is blocked by KOP antagonist JDTic 

without affecting tactile allodynia (Liu et al., 2019b), suggesting KOP may modulate the 

ongoing tonic-aversive component of chronic inflammatory pain. In the place 

escape/avoidance paradigm, which dissociates sensory and affective dimensions of pain 

experience, CFA-injected rodents avoid the preferred location when the injured paw was 

stimulated, reflecting the aversive nature of the noxious stimulation (Labuda and Fuchs, 

2000; Boyce-Rustay et al., 2010; Refsgaard et al., 2016). Escape/avoidance behaviour 

was attenuated in rats by injecting an astroglial toxin directly into the anterior cingulate 

cortex (ACC) (Chen et al., 2012), an important brain region in the integration of mood 

and nociception (Johansen et al., 2001; LaGraize et al., 2004). This result suggests that 

the activation of astrocytes in the ACC may contribute to the affective component of pain. 

Studies have also reported enhanced anxiety- (Narita et al., 2006a; Chen et al., 2013; do 

Nascimento and Leite-Panissi, 2014; Refsgaard et al., 2016) and depression-like (Shi et 

al., 2010; Kim et al., 2012; Grégoire et al., 2014) behaviours in several rodent models of 

chronic inflammatory pain including the CFA model. Moreover, CFA-induced 

inflammatory pain in rodents have been associated with impairments in multiple 

cognitive domains including spatial learning, recognition memory, attention, and social 

interaction (Cain et al., 1997; Lindner et al., 1999; Pais-Vieira et al., 2009; Parent et al., 

2012; Grégoire et al., 2014; Yang et al., 2014; Amaral et al., 2015). However, no study 

to date has investigated the influence of genetic background on the interaction of pain and 

anxiety and/or cognition in the CFA-induced chronic inflammatory pain model. 

The inbred WKY rat is a prominent and frequently used rodent model of anxiety and 

depression. Compared to other rat strains, WKY rats exhibit increased immobility in the 

FST (Paré and Redei, 1993; Tejani-Butt et al., 1994; Rittenhouse et al., 2002; Burke et 

al., 2010), enhanced anxiety-like behaviour (Gentsch et al., 1987; Paré, 1994; Burke et 

al., 2010, 2016) and social avoidance (Paré, 2000; Pardon et al., 2002; Nam et al., 2014), 

diminished activity when exposed to a novel environment (Paré, 1989c; Pardon et al., 

2002), and impaired cognition (Gonzales et al., 2015). Moreover, WKY rats show 
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augmented neuroendocrine stress responses (Redei et al., 1994; Rittenhouse et al., 2002). 

In addition, WKY rats exhibit increased sensitivity to visceral (Gunter et al., 2002; 

Gibney et al., 2010; O’ Mahony et al., 2013), thermal (heat) (Burke et al., 2010), and 

inflammatory (formalin) (Burke et al., 2010; Rea et al., 2014) noxious stimuli. 

Furthermore, WKY rats display exacerbated mechanical allodynia/hyperalgesia and 

enhanced depression-like behaviour in two rat models of chronic pain (peripheral nerve 

injury and CFA-induced temporomandibular joint inflammation), compared to Wistar 

counterparts (Zeng et al., 2008; Wang et al., 2012), suggesting an influence of genotype 

on exacerbated nociceptive responding and negative affect in chronic pain. We 

hypothesised that the effects of CFA-induced chronic inflammation on behavioural 

domains related to nociceptive responding, negative affect, and cognition will be 

exaggerated in the WKY rat strain, compared to SD counterparts. The specific aims of 

the study conducted herein are as follows: 

• To characterise nociceptive responding to mechanical and thermal (radiant heat) 

stimuli prior to and after inducing chronic inflammation using CFA in WKY 

versus SD rats.  

• To assess the emotional-affective component of pain following CFA-induced 

chronic inflammation in SD and WKY rats. 

• To compare anxiety-like behaviour and general locomotor activity following 

CFA-induced chronic inflammation in SD and WKY rats. 

• To assess effects of CFA-induced chronic inflammatory pain on social, 

recognition, and spatial memory in SD and WKY rats. 
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5.2. Materials and methods 

5.2.1. Animals 

Experiments were carried out in male WKY and SD rats (7-8 weeks old, 180-230 g on 

arrival; Envigo, Bicester, UK). Rats were maintained under a standard 12:12 h light/dark 

cycle (lights on from 07:00-19:00 h) in a temperature- (21±2°C) and humidity-controlled 

(45-55%) room throughout the study. Upon arrival, all animals were housed in groups of 

3-4 per cage in plastic bottom cages (45x20x20 cm3) containing 3Rs basic bedding (>99% 

recycled paper; 3Rs Lab, Fibrecycle Ltd, North Lincolnshire, UK) and sizzle nest material 

(LBS Biotechnology, Horley, UK). Following 5 days of acclimatisation to the unit, 

animals were housed singly in cages for the rest of the study. An additional cohort of male 

SD and WKY rats (n=16/strain) were used in this study as conspecifics for the three-

chamber sociability test. The conspecific rats were pair-housed according to the strain for 

the duration of the study. Food (14% protein rodent diet; Envigo, Bicester, UK) and water 

were available ad libitum. All experimental procedures were carried out during the light 

phase between 08:00 and 18:00 h. The experimental procedures were approved by the 

Animal Care and Research Ethics Committee, National University of Ireland Galway. 

The work was carried out under license from the Health Products Regulatory Authority 

in the Republic of Ireland and in accordance with EU Directive 2010/63. The study was 

also designed and carried out in accordance with the ARRIVE guidelines (Kilkenny et 

al., 2010). 

5.2.2. Complete Freund’s adjuvant injection 

Immunogenic complete Freund’s adjuvant (CFA; Sigma-Aldrich, Wicklow, Ireland), 

consisting of heat-killed and dried Mycobacterium tuberculosis in an 85% paraffin oil 

and 15% mannide monooleate suspension, was used to induce a chronic inflammatory 

pain state (Stein et al., 1988). Rats were injected once with 100 µL CFA (1 mg/mL) in 

the plantar surface of the right hindpaw under brief isoflurane anaesthesia (3% in 0.8 

L/min O2). Control rats received an intraplantar needle insertion into the right hindpaw 

under the same conditions. The duration of anaesthesia in all cases was under 2 min. After 

a brief recovery period, animals were returned to their home cages. 
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5.2.3. Study design 

The experimental timeline is illustrated in Figure 5.1. Baseline nociceptive responses to 

cutaneous mechanical and thermal (heat) stimulations were assessed in the von Frey and 

Hargreaves’ tests, respectively, for each rat. Two sets of baseline testing were conducted 

based on previous work in our group showing reduction in response thresholds/latencies 

at the second baseline testing session relative to the initial session. Baseline paw 

withdrawal thresholds in the von Frey test were determined 5 and 2 days before CFA 

injection. Similarly, baseline paw withdrawal latencies in the Hargreaves’ test were 

measured 4 and 1 days prior to CFA injection. After baseline testing, animals were 

randomly assigned to a treatment condition (control or CFA injection), resulting in 4 

experimental groups: SD-control, SD-CFA, WKY-control, and WKY-CFA (Table 5.1). 

Following CFA/control injections (Day 0), animals underwent a series of behavioural 

investigations: (1) mechanical allodynia was assessed using von Frey test on Days 1, 6, 

and 22; (2) thermal hyperalgesia was determined using Hargreaves’ test on Days 2, 7, and 

23; (3) place escape/avoidance paradigm evaluated the affective component of pain on 

Day 11; (4) anxiety-like behaviours were assessed on Day 13 using elevated plus maze 

and open field tests; and (5) different cognitive behaviours were evaluated using the three-

chamber sociability test (Day 15), novel object recognition test (Day 18), and T-maze 

spontaneous alternation test (Day 20-21). On Day 24, rats were euthanised by 

decapitation. 

 

Table 5.1: Summary of experimental groups. The animals received i.pl. needle insertion 

(control) or 100 µL CFA injection into their right hindpaw under brief isoflurane 

anaesthesia. CFA: complete Freund’s adjuvant, i.pl.: intraplantar, n: number, SD: 

Sprague-Dawley, WKY: Wistar-Kyoto. 

 

 

 

 

 

 

Group Strain 
Treatment (i.pl., right 

hindpaw) 
n 

1 SD Control 10 

2 SD CFA 10 

3 WKY Control 10 

4 WKY CFA 10 
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Figure 5.1: Schematic of the study outlining the timeline of behavioural tests. 3-CST: three-chamber sociability test, CFA: complete Freund’s 

adjuvant, EPM: elevated plus maze, HG: Hargreaves’ test, inj: injection, NOR: novel object recognition test, OF: open field, PEAP: place 

escape/avoidance paradigm, TM: T-maze test, VF: von Frey test. 
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5.2.4. Behavioural testing 

5.2.4.1. Sensory testing 

5.2.4.1.1. von Frey test for mechanical allodynia 

The von Frey (VF) test was used to assess mechanical allodynia (sensitivity to a non-

noxious stimulus). The apparatus (Figure 5.2A) consisted of a six-chambered arena made 

of clear Perspex front and back and white, melamine-coated chipboard lateral walls. The 

dimensions (14x20x25 cm3) of each chamber were such that the rat could move freely. A 

Perspex lid with air-holes was positioned on top of the arena during habituation and 

testing periods to prevent animals escaping from the arena. The arena was placed on a 

raised wire-mesh flooring so that the experimenter could access the hindpaws of the rats 

from below. 6 rats were tested in each session. The arena was cleaned thoroughly between 

the sessions using a warm soapy solution. 

On the test day, rats were habituated to the arena for 15 min. The test was carried out 

using the up-and-down method described by Dixon (Dixon, 1980), where the rats 

received a maximum of 9 nylon VF filament stimulations (Touch Test Sensory Evaluator 

#58011, Stoelting, IL, USA), starting with the 2 g filament. Each filament was applied 

once, perpendicular to the plantar surface of the hindpaw, and targeting the area (Figure 

5.2B) at the base of the third and fourth digits (from medial to lateral) according to 

previous protocol used by the group. A sufficient uniform force was applied to cause 

slight buckling of the filament for approximately 5 s or until a positive response was 

observed. Flinching, licking, or a brisk withdrawal of the paw upon application of the 

filament or immediately after removal of the filament was considered a positive response. 

During the test, both hindpaws were stimulated with VF filaments (alternating between 

paws, starting with the contralateral paw). The responses to the 2 g filament for the 

contralateral paws of all 6 rats were first measured; the responses to the 2 g filament for 

the ipsilateral paws were collected next. If a positive response was observed using the 2 

g filament, filaments of lower weights (down) were applied in descending order until no 

positive responses were observed in that paw. If no response was observed using the 2g 

filament, filaments of higher weights (up) were applied in ascending order until a positive 

response was observed in that paw. After the first change in response pattern in either 

case, additional applications were performed: when no response, the next filament with a 

higher force was tested, and when a positive response, the next lower force filament was 
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tested (up-and-down). In all cases, a maximum of 9 stimulations was applied to each paw. 

The response pattern generate a code that is associated to a constant, k, in the table by 

Dixon (Dixon, 1980). The mechanical withdrawal threshold (g) for each paw was 

calculated using the formula: 10[log(last filament)+k*0.3] 

 

 

Figure 5.2: von Frey testing for mechanical allodynia. (A) Schematic diagram of the 

apparatus used. (B) Plantar surface of the right hindpaw of a rat, showing the area 

(shaded) at which the von Frey filament was targeted. 

 

5.2.4.1.2. Hargreaves’ test for thermal hyperalgesia 

Thermal (heat) hyperalgesia (increased sensitivity to a noxious stimulus) was assessed in 

the Hargreaves’ (HG) test (Hargreaves et al., 1988) using a commercially available 

apparatus (Plantar Analgesia Meter, IITC Life Sci Inc, CA, USA). The apparatus (Figure 

5.3) consisted of six clear Perspex chambers (11x20x15 cm3 per chamber) and placed on 

top of a raised glass panel that was heated to 30±1°C. A Perspex lid with air-holes was 

placed on top of the arena during habituation and testing periods to prevent animals 

escaping from the arena. Rats were placed in individual chambers and allowed to 

habituate for 15 min. A moveable radiant light heat source was positioned underneath the 

glass plate. Using a guide light (idle intensity of 1%) and an adjustable angled mirror, a 

A) 

B) 
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focused beam of radiant light (active intensity of 30% corresponding to 53°C) was applied 

from below to the plantar surface of the hindpaw, targeting the area between the third and 

fourth digits (from medial to lateral), same location as for the VF filaments. The latency 

to flinch, lick or withdraw the hindpaw was recorded. Once the animal responded, the 

pushbutton was pressed to simultaneously stop the timer and deactivate the heat source, 

which then returned to idle intensity. A cut-off point of 20 s was set to avoid any tissue 

damage. If the animal did not respond positively within the cut-off time, a latency of 20 

s was recorded. 6 animals were tested in each session. The withdrawal latencies of the 

ipsilateral paws for all 6 animals were measured first, then the latencies of the 

contralateral paws were collected. In this way, the ipsi- and contralateral paws of each 

animal in a given session were tested four times (alternating between the paws). The 

average withdrawal latency (s) for each paw over the four trials was calculated. The arena 

was cleaned thoroughly between the sessions using a warm soapy solution. 

 

 

Figure 5.3: Schematic diagram of the apparatus used for Hargreaves’ testing to assess 

thermal (heat) hyperalgesia. 
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5.2.4.2. Place escape/avoidance paradigm 

The place escape/avoidance paradigm (PEAP) measures and dissociates the 

affective/motivational and sensory components of pain processing (Fuchs and McNabb, 

2012). In the current study, we conducted PEAP on Day 11 post-CFA injection as 

described previously (Labuda and Fuchs, 2000). The apparatus (Figure 5.4) consisted of 

a clear Perspex arena (30x30x30 cm3) positioned on top of a wire mesh. The arena was 

divided into two compartments by a central partition with a small opening, allowing the 

animal to move freely between the two sides. One compartment was transparent and 

defined as the “light side” (20-22 lux). The other compartment was called the “dark side” 

(0-1 lux); it was covered with black paper and had a wooden black lid on top to minimise 

entry of light. A video camera was located on the top of the light side to record the 

behaviours during the test session. The arena was cleaned thoroughly between animals 

with a warm soapy solution. 

The animals were always placed into the light side of the arena facing away from the 

central opening/dark side. One day prior to testing (Day 10 post-CFA injection), animals 

were initially habituated for 30 min to the test apparatus. On the test day (Day 11 post-

CFA injection), rats were given an additional 10 min to habituate to the arena. Testing 

began immediately thereafter with the animal receiving a noxious mechanical stimulation 

using a suprathreshold VF filament (60 g) to the plantar surface of the hindpaws (same 

location as for the VF test) at an interval of 15 s for 30 min. During this 30-min 

behavioural testing, the rat was allowed unrestricted movement throughout the arena. The 

ipsilateral (CFA injected) paw was stimulated when the animal was in the dark side and 

the contralateral paw was stimulated when it was in the light side of the arena. This sets 

up a situation in which the animal has a choice to move to the aversive light (non-

preferred) side in order to escape and/or avoid noxious mechanical stimulation to the 

injured area in the dark (normally preferred) side. The animal was considered to be in a 

given side of the arena where both its hindpaws were located. The behavioural responses 

to noxious stimuli (criteria for a positive response was similar to those used for VF 

testing) were recorded manually during the trial. The behaviours of the animals (time 

spent and number of entries into the light side) in the arena were recorded and analysed 

later using the EthoVision software (EthoVision XT, version 11.5; Noldus, Wageningen, 

Netherlands).  An increase in the time spent/entries in the light side of the arena reflects 

the degree of aversion to noxious stimulation. 
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Figure 5.4: Schematic diagram of the apparatus used for place escape/avoidance 

paradigm. The animal was stimulated with 60 g von Frey filament on the ipsilateral paw 

when on the dark side and on the contralateral paw when on the light side of the arena. 

 

 

5.2.4.3. Tests of anxiety-related behaviour 

5.2.4.3.1. Elevated plus maze test 

On Day 13 post-CFA injection, the animals were assessed for anxiety-like behaviours 

first in the 5-min elevated plus maze (EPM) test. The test was performed described 

previously in Chapter 2 (see section 2.2.4.2.1). The arena was cleaned between animals 

using a warm soapy solution. Using EthoVision software, the following behaviours were 

quantified: time spent and number of entries in the open arms, closed arms, and centre 

square. 

5.2.4.3.2. Open field test 

Following EPM test, rats were immediately exposed to the open field (OF) for 5 min. The 

test was carried out as described previously in Chapter 2 (see section 2.2.4.2.2). The 

exception was that the floor of the circular arena used in this study was made up of 

reflective aluminium sheet. The arena was cleaned between animals using a warm soapy 

solution. EthoVision system was used to track distance moved in the arena, time spent 
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and number of entries in the centre zone, and latency to leave the centre zone. Number of 

pellets excreted during the trial was also counted.  

5.2.4.4. Tests of cognition 

5.2.4.4.1. Three-chamber sociability test 

The three-chamber sociability test (3-CST) was used to assess social recognition 

behaviour and social memory (Crawley, 2004) on Day 15 post-CFA injection. The 

rectangular arena (90.5x46x40 cm3) was made up of opaque grey plastic sheets, except 

for the front panel that was of transparent Plexiglass. It consisted of three compartments: 

outer left, middle, and outer right, each separated with a transparent Plexiglass partition, 

such that the animal could see the other compartments though the partition. The outer left 

and right compartments mirror each other. The light intensity levels in each compartment 

(46x30.16 cm2) were between 30-40 lux. Each partition contained a small hole giving the 

animal free access in and out of the compartment. In each of the outer compartments, a 

wire mesh insert could be fitted 10 cm from the back wall of the compartment to create a 

restricted area into which a conspecific rat was placed during testing. In this way, the test 

rat could interact with the novel conspecific animal by pure olfactory, visual and auditory 

cues. 

The test consisted of 3 consecutive sessions (Figure 5.5): habituation, sociability, and 

social novelty/preference trials, each lasting for 10 min. In the habituation phase, the test 

animal was placed to the centre of the middle compartment and allowed to freely explore 

the empty arena for 10 min. The test rat was then confined to the middle compartment by 

blocking the holes in the partition walls (using bottles filled with water). The wire mesh 

inserts were placed into both outer left and right compartments. A novel conspecific rat 

(C1) was then confined behind the wire mesh insert in one of the outer compartments.  A 

lid was placed onto each restricted cage to stop the conspecific from escaping. The 

placement of the first conspecific rat into the outer left or right compartment was 

randomly allocated for each trial to avoid a side preference and counterbalanced within a 

treatment group. Also, the conspecifics used for each trial were of the same strain as the 

test rat. The water bottles were then removed, and the test rat was allowed to freely 

explore and interact with the conspecific rat or empty cage insert for another 10 min 

(sociability trial). The test rat was again confined to the middle compartment in a similar 

manner and a second novel conspecific rat (C2) was placed behind the wire mesh insert 
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of the other outer compartment. The test rat was then allowed to freely explore and 

interact with the first conspecific (now familiar, C1) or the second conspecific (novel, 

C2) rat for a further 10 min (social novelty/preference trial). After this, the test rat was 

removed from the arena and returned to its home cage. The conspecific rats were also 

removed and returned to their home cage. The arena was cleaned thoroughly between 

animals using warm soapy water and dried before starting the next trial. 

A video camera located on top of the arena was used to record behaviours during testing 

sessions that were later analysed using the EthoVision system. Distance moved (cm) by 

the test animal in the arena in each session was tracked using EthoVision. Social 

interactions were manually scored as times spent engaging in investigatory behaviours 

including sniffing, rearing/climbing against the wire mesh, and active interaction with 

conspecific animal. In addition, two indices were calculated to evaluate social approach 

and memory, respectively, in the 3-CST (Baronio et al., 2015): (1) sociability index, 

defined as time spent interacting with the conspecific animal (C1) relative to the time 

spent interacting with the empty cage, and (2) social novelty/preference index, defined as 

time spent interacting with the familiar conspecific animal (C1) relative to the time spent 

interacting with the novel conspecific animal (C2). The equations used to calculate these 

indices are given below (Table 5.2): 

 

Table 5.2: Equations for calculating the indices for the assessment of behaviours in the 

3-CST. TC1: time spent interacting with first conspecific animal, Tcage: time spent 

interacting with empty cage, TC2: time spent interacting with second conspecific animal. 

 

 

 

 

 

Index Trial Equation 

Sociability index Sociability (TC1 – Tcage)/(TC1 + Tcage) 

Social novel/preference 

index 
Social novel/preference (TC1 – TC2)/(TC1 + TC2) 
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Figure 5.5: Schematic diagram for the three-chamber sociability test apparatus and 

testing timeline. The test consisted of three consecutive 10-min sessions: habituation trial 

(exploration of the empty arena), sociability trial (exploration of a novel conspecific rat 

verses an empty cage), and social novelty/preference trial (exploration of the now familiar 

conspecific rat verses a second novel conspecific rat). 

 

 

5.2.4.4.2. Novel object recognition test 

The novel object recognition (NOR) test primarily relies on the natural tendency of the 

animal to spend more time exploring new object rather than a previously encountered one 

and was first described as a measure of recognition memory by Ennaceur and Delacour 

(Ennaceur and Delacour, 1988). The test was performed according to protocols described 

previously (Fahey et al., 2008; Callaghan et al., 2018) with slight modifications. Testing 

was conducted in the same circular arena (diameter: 70 cm) used previously for OF test 
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(Figure 5.6A). The arena was illuminated at a constant light intensity of 100±10 lux at 

the floor level. A video camera positioned 35 cm above the floor of the arena was used to 

record behaviours during all sessions for subsequent analysis. The objects used during 

the sessions were 500 mL unlabelled transparent plastic Coca-Cola® bottles (with black 

plastic caps and filled with water) and an abstract plastic structure (base area: 5x5 cm2, 

height: 16 cm) constructed using green, white, and blue toy blocks (Playskool ClipoTM 

blocks). The base of the objects were secured to the floor of the arena with adhesive so 

that they were difficult to displace by the animal. 

The NOR test consisted of 3 sessions: habituation, familiarisation day, and test day, 

conducted on consecutive days (Day 16 to 18 post-CFA injection). On the first day, 

animals were habituated to the arena in the absence of objects for 10 min. On the second 

(familiarisation) day, three identical objects (Coca-Cola® bottles) were placed in the 

arena, approximately 20 cm apart and 15 cm from the arena walls. The rat was placed in 

the centre of the arena facing away from the objects and allowed to freely explore the 

arena and objects three times for 5 min, with 5 min inter-trial intervals. After the 

familiarisation phase with identical objects, the animal was returned to its home cage. On 

the third (test) day, one of the three objects in the arena was replaced with a novel object 

(abstract plastic structure constructed with toy blocks). The animal was re-exposed to the 

arena and objects once for 5 min, allowed to explore freely, and then returned to the home 

cage. Pictorial representation of the task protocol is shown in Figure 5.6B. The arena and 

objects were cleaned thoroughly between each exposure using 70% ethanol to remove 

any odour and olfactory cue. The position of the novel object was alternated between rats 

in order to minimise potential confounding effects related to orientation bias. 

EthoVision software was used subsequently to manually score the behaviours of the 

animals. Object exploration was evaluated by the time spent interacting with the objects 

that included sniffing the object, rearing against the object or having the head directed 

towards the object within 2 cm of the object. Distance moved (cm) by the animal in the 

arena during testing was also tracked using EthoVision. Two indices were also calculated 

to assess NOR results: (1) preference index, defined as the time spent preferentially 

exploring the novel object on the test day relative to the time spent exploring the familiar 

object in the same position on the familiarisation day, and (2) discrimination index, 

defined as the time spent exploring the novel object in relation to the time spent exploring 
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the familiar objects on the test day. The equations used to calculate these indices are given 

below (Table 5.3): 

Table 5.3: Equations for calculating the indices for the assessment of behaviours in the 

NOR test. TO1: time spent exploring object 1, TO2: time spent exploring object 2, TO3: 

time spent exploring object 3, TF: time spent exploring the two familiar objects, TN: time 

spent exploring the novel object. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Novel object recognition test for testing recognition memory. (A) Schematic 

diagram for the arena used. (B) Pictorial representation of the test, consisting of 3 sessions 

on consecutive days: habituation (exploration of the empty arena), familiarisation day 

(3x5 min trials for exploration of identical objects with 5 min inter-trial interval, and test 

day (1x5 min trial for exploration of familiar and novel objects). 

Index Day Equation 

Preference index 
Familiarisation day 

[TO3 – {(TO1 + TO2)/2}]/ 

[TO3 + {(TO1 + TO2)/2}] 

Test day {TN – (TF/2)}/{TN + (TF/2)} 

Discrimination index Test day {TN – (TF/2)}/{TN + (TF/2)} 

B

A
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5.2.4.4.3. T-maze spontaneous alternation test 

The T-maze spontaneous alternation test was used to assess spatial memory on Day 20 

and 21 post-CFA injection. The task is based on the natural tendency of rodents to explore 

novel environments, that is, to visit a new arm of the maze rather than a familiar arm upon 

subsequent exposure. The test was performed according to protocols described previously 

(Deacon and Rawlins, 2006) with slight modifications. Testing was carried out in a 

wooden black arena in the shape of a “T” that was elevated 40 cm above the floor of the 

testing room and enclosed by walls of height 30 cm (see Figure 5.7 for additional 

dimensions). The guillotine doors and central partition were also made of wood and 

painted black. The light intensity level at the floor of the maze was between 18-20 lux. A 

video camera was positioned above the T-maze to record behaviours for subsequent 

analysis. 

The maze was set up for testing with the central partition in place and guillotine doors 

removed from the entrance of the two goal arms. The animal was placed in the start area 

and allowed to choose a goal arm (sample phase). Once it chooses a goal arm, the 

guillotine door was slid down quietly to confine the animal to that arm for 30 s. The 

central partition was then removed and the animal was returned to the home cage. After 

raising both the guillotine doors, the rat was returned to the start area of the maze and 

again allowed to choose any of the two open goal arms (choice phase). The criterion for 

goal arm selection was that the entire animal (whole body plus the tail tip) be on a goal 

arm. A cut-off of 90 s was set for selecting a goal arm in both phases of the trial. If the 

rat failed to select an arm within 90 s, it was removed from the maze and this was 

considered to be an error of omission. Four rats were tested in the T-maze in one session. 

Each rat received 10 trials in total (5 trials per day for two days). The mean (1) percentage 

alternation, (2) error in alternation, and (3) omission of trials were then calculated for 

each animal. The latency to choose a goal arm in the sample phase was also recorded 

manually by the experimenter in the room. The maze was cleaned thoroughly between 

exposures using 70% ethanol to remove any odour or olfactory cue. 
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Figure 5.7: Schematic diagram of the apparatus used for testing T-maze spontaneous 

alternation. 

 

 

5.2.5. Statistical analysis 

The SPSS statistical software (IBM SPSS Statistics, version 24 for Windows; SPSS Inc, 

Chicago, IL, USA) was used to analyse all data. In all datasets the presence of possible 

outliers was checked by assessing the distribution of data. In case a data point fell out of 

the range of (mean-2*standard deviation) to (mean+2*standard deviation), it was 

considered an outlier and excluded from subsequent analysis. The normality and 

homogeneity of variance of the datasets were checked using Shapiro-Wilk and Levene’s 

tests, respectively. The timecourse behavioural data were analysed with repeated 

measures analysis of variance (RM ANOVA) with strain and CFA injection as between-

subject factors and time as within-subject factor. For RM ANOVA, sphericity of the 

datasets was checked with Mauchly's Test for Sphericity; if the assumption of sphericity 

was violated, a Greenhouse-Geisser correction was used. Other behavioural data were 

analysed using the two-way ANOVA with strain and CFA injection as factors. Preference 

index in NOR test was analysed using three-way ANOVA with day (familiarisation/test) 

as an additional factor. Post hoc Student-Newman-Keuls (SNK) test was carried out for 

pairwise group comparisons, where appropriate. The level of significance was deemed 
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p<0.05. In addition, analysis of covariance (ANCOVA) was also run with distance moved 

as covariate for 3-CST and NOR test. If the data were not normally distributed and/or the 

variance was not homogeneous, three transformations were applied, in the order: square 

root, natural logarithm, and ranking of the data values to evaluate if parametric statistics 

can be used. In addition, if the highest standard deviation was less than or equal to 2 times 

the smallest standard deviation for the particular dataset being analysed, parametric 

statistical approach was still employed (Moore et al., 2009). 

If any dataset was ordinal (e.g. VF test data, defaecation) or found to be not normally 

distributed and/or the variance was not homogeneous even after transformation, non-

parametric statistical analysis was performed using Kruskal-Wallis (KW) one-way 

analysis of variance by rank, followed by post hoc Mann-Whitney U-test (p-value was 

adjusted using Bonferroni-Holm correction for multiple comparisons), where 

appropriate. Friedman’s test followed by Wilcoxon signed-rank test was employed to 

assess timecourse data of VF test. In all cases statistical analysis of a dataset was carried 

out for all the groups together. However, in some instances, the groups are graphed 

separately to present the results clearly in a reader-friendly format. Data are expressed as 

either mean ± standard error of the mean (S.E.M) or median with interquartile range 

(IQR) depending on the statistical approach undertaken, parametric or non-parametric, 

respectively. 
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5.3. Results 

5.3.1. Effects of CFA injection on mechanical allodynia in SD and WKY rats 

Friedman’s test revealed significant differences in paw withdrawal thresholds among 

experimental groups for both contralateral (χ2(4)=10.644, p<0.05) and ipsilateral 

(χ2(4)=63.073, p<0.01) paws (Figure 5.8). Post hoc Wilcoxon test showed that the 

ipsilateral paw withdrawal threshold at baseline 1 was significantly higher than baseline 

2 (p<0.05); no difference in paw withdrawal thresholds was found between baseline 1 

and 2 on the contralateral side (p>0.05). Hence, subsequent comparisons of paw 

withdrawal thresholds between pre- and post-CFA time points were performed relative to 

baseline 2. Post hoc Wilcoxon test also revealed that the hindpaw withdrawal threshold 

on baseline 2 was significantly higher than Days 1, 6, and 22 on the ipsilateral side only 

in the CFA-injected SD and WKY rats (all three post-CFA time points vs baseline 2, 

p<0.01), indicating CFA-induced mechanical allodynia. Wilcoxon test indicated there 

were no significant differences in contralateral hindpaw withdrawal threshold between 

baseline 2 and post-CFA time points (all three post-CFA time points vs baseline 2, 

p>0.05). 

As shown in Figure 5.8A, significant main effects on paw withdrawal thresholds on Day 

1 (χ2(3)=11.936, p<0.01), Day 6 (χ2(3)=13.883, p<0.01), and Day 22 (χ2(3)=19.816, 

p<0.001) were also observed in KW tests on the contralateral side. Further post hoc 

analysis at each time point indicated that WKY rats, in comparison to SD rats, displayed 

lower paw withdrawal thresholds on the contralateral side (Day 1: WKY-CFA vs SD-

CFA, p<0.01; Day 6: WKY-control vs SD-control, p<0.01; WKY-CFA vs SD-CFA, 

p<0.05; Day 22: WKY-control vs SD-control, p<0.01), suggesting increased sensitivity 

to mechanical stimuli in the WKY rats. 

On the ipsilateral side (Figure 5.8B), KW analysis indicated significant main effects on 

paw withdrawal thresholds at baseline 2 (χ2(3)=9.816, p<0.05), Day 1 (χ2(3)=24.447, 

p<0.001), Day 6 (χ2(3)=31.852, p<0.001), and Day 22 (χ2(3)=24.453, p<0.001). Further 

post hoc tests at each time point revealed that CFA-injected SD and WKY rats exhibited 

significantly lower paw withdrawal thresholds, compared to respective control 

counterparts, on Days 1, 6, and 22 post-injection (all post-CFA time points: SD-CFA vs 

SD-control, p<0.01; WKY-CFA vs WKY-control, p<0.001), indicating that CFA induced 

mechanical allodynia in both strains. Interestingly, CFA-injected WKY rats displayed 
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greater mechanical allodynia compared with SD counterparts at all three post-CFA time 

points [WKY-CFA vs SD-CFA: p<0.01 (Day 1), p<0.001 (Day 6), p<0.05 (Day 22)], 

suggesting enhanced hypersensitivity to evoked mechanical stimulation in CFA-injected 

WKY rats. WKY rats also exhibited lower ipsilateral paw withdrawal thresholds at 

discrete time points in the absence of CFA injection, compared to SD rats (baseline 2: 

WKY-CFA vs SD-CFA, p<0.05; Day 1: WKY-control vs SD-control, p<0.01). 

 

Figure 5.8: Effect of CFA injection on the mechanical withdrawal threshold of the (A) 

contralateral and (B) ipsilateral hindpaw in SD and WKY rats in the VF test. Data are 

expressed as median with IQR, n=8-10/group. **p<0.01, ***p<0.001 (SD-CFA vs SD-

control), +++p<0.001 (WKY-CFA vs WKY-control); #p<0.05, ##p<0.01, ###p<0.001 

(WKY vs SD counterpart). CFA: complete Freund’s adjuvant, SD: Sprague-Dawley, VF: 

von Frey, WKY: Wistar-Kyoto. 
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5.3.2. Effects of CFA injection on thermal (heat) hyperalgesia in SD and WKY rats 

RM ANOVA revealed significant effects of time (F4,144=63.904, p<0.001), time x strain 

(F4,144=2.744, p<0.05), and time x CFA (F4,144=45.736, p<0.001) in tests of within-

subjects effects on response latency to noxious heat stimulus on the ipsilateral side. A 

significant overall effect of CFA (F1,36=97.396, p<0.001) was also observed in tests of 

between-subjects effects on response latency. Post hoc SNK tests at each time point 

further showed that CFA-injected SD and WKY rats exhibited significantly lower 

response latency, compared to respective control counterparts, on Days 2, 7, and 23 post-

injection (all post-CFA time points: SD-CFA vs SD-control, p<0.05; WKY-CFA vs 

WKY-control, p<0.05), indicating that CFA induced thermal hypersensitivity in both 

strains (Figure 5.9A). WKY-control rats displayed a transient reduction in ipsilateral 

hindpaw withdrawal latency, compared to SD-control rats, on Day 2 (WKY-control vs 

SD-control, p<0.05). 

On the contralateral side (Figure 5.9B), RM ANOVA showed significant effects of time 

(F3.261,117.392=2.619, p<0.05) and time x strain x CFA interaction (F3.261,117.392=2.724, 

p<0.05) in tests of within-subjects effects on response latency. However, post hoc 

analysis showed there was no significant difference between relevant experimental 

groups. 
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Figure 5.9: Effect of CFA injection on the withdrawal latency to noxious heat stimulus 

of the (A) contralateral and (B) ipsilateral hindpaw in SD and WKY rats in the HG test. 

Data are expressed as mean ± SEM, n=10/group. *p<0.05 (SD-CFA vs SD-control), 

+p<0.05 (WKY-CFA vs WKY-control), #p<0.05 (vs SD counterpart). CFA: complete 

Freund’s adjuvant, HG: Hargreaves’, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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side (preferred location) of the arena. RM ANOVA did not reveal any significant effect 

in tests of within-subjects effects on percentage positive response to noxious stimulus 

applied in the dark side. There was an overall significant effect of CFA (F1,35=70.004, 

p<0.001) in tests of between-subjects effects on percentage response. As shown in Figure 

5.10A, post hoc analysis indicated that CFA-treated SD and WKY rats showed 

significantly higher percentage positive response to noxious stimulation, compared to 

respective control counterparts, throughout the 30-min testing period [T0-30 (in 5 min 

bins): SD-CFA vs SD-control, p<0.05; WKY-CFA vs WKY-control, p<0.05]. 

RM analysis of the time spent in the light side (Figure 5.10B) revealed a significant effect 

of time (F3.823,133.806=7.170, p<0.001) in tests of within-subjects effects and an overall 

significant effect of strain (F1,35=30.310, p<0.001) in tests of between-subjects effects. 

Further post hoc tests showed that the WKY-control rats spent significantly less time in 

the light side of the arena, compared to SD counterparts, throughout the trial [T0-30 (in 5 

min bins): WKY-control vs SD-control, p<0.05]. Moreover, neither SD nor WKY rats 

injected with CFA spent more time in the light side, compared to respective control 

counterparts, at any of the time points during the trial [T0-30 (in 5 min bins): SD-CFA vs 

SD-control, p>0.05; WKY-CFA vs WKY-control, p>0.05]. 

All experimental groups exhibited progressive decrease in the number of entries made 

into the light side of the arena. RM ANOVA revealed a significant effect of time 

(F3.379,118.263=55.012, p<0.001) and time x strain (F3.379,118.263=2.657, p<0.05) in tests of 

within-subjects effects on number of entries into the light side (Figure 5.10C). Significant 

overall effects of strain (F1,35=40.573, p<0.001), CFA (F1,35=13.277, p<0.01), and strain 

x CFA interaction (F1,35=5.232, p<0.05) were observed in tests of between-subjects 

effects on light side entries. Post hoc tests showed that WKY-control rats entered 

significantly less into the light side, compared to SD counterparts [T0-30 (in 5 min bins): 

WKY-control vs SD-control, p<0.05] throughout the trial. Also, CFA-injected SD rats 

entered significantly less into the light side, compared to SD controls [T0-30 (in 5 min 

bins): SD-CFA vs SD-control, p<0.05] but no such effect of CFA injection was observed 

in the WKY rats [T0-30 (in 5 min bins): WKY-CFA vs WKY-control, p>0.05]. 
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Figure 5.10: Effects of CFA injection in the PEAP in SD and WKY rats (Day 11 post-

injection). The ipsilateral paw was stimulated when the animal was in the dark side and 

the contralateral paw was stimulated when the animal was in the light side of the arena. 

(A) Percentage positive response to noxious stimulation with 60 g von Frey filament on 

the ipsilateral paw in SD and WKY rats during the 30-min PEAP trial. Temporal profile 

of (B) duration and (C) number of entries in the light side of the arena in SD and WKY 

rats. Data are presented in 5 min bins and expressed as mean ± SEM, n = 9-10/group. 

*p<0.05 (SD-CFA vs SD‐control); +p<0.05 (WKY-CFA vs WKY‐control), #p<0.05 

(WKY-control vs SD‐control). CFA: complete Freund’s adjuvant, PEAP: place 

escape/avoidance paradigm, SD: Sprague-Dawley, WKY: Wistar Kyoto. 
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5.3.4. Effects of CFA injection on anxiety-like behaviours in SD and WKY rats 

On Day 13 post-CFA injection, anxiety-like behaviour was assessed in SD and WKY 

rats, first in the EPM test and immediately thereafter in the OF test. In the EPM, two-way 

ANOVA revealed that there were no significant effect of strain, CFA, or strain x CFA 

interaction on activities in the open arms (Time spent in open arms- strain: F1,38=2.282, 

p>0.05; CFA: F1,38=0.576, p>0.05; strain x CFA: F1,38=0.317, p>0.05. Entries into open 

arms- strain:  F1,38=0.555, p>0.05; CFA: F1,38=0.615, p>0.05; strain x CFA: F1,38=0.301, 

p>0.05) (Figure 5.11A and 5.11B). A significant effect of strain (F1,38=7.072, p<0.05), 

but not of CFA (F1,38=0.054, p>0.05) or strain x CFA interaction (F1,38=1.017, p>0.05), 

was observed on the time spent in closed arms but further post hoc SNK test revealed that 

there were no significant differences between relevant groups (Figure 5.11C). Two-way 

ANOVA revealed a significant strain x CFA interaction (F1,38=6.570, p<0.05) on the 

number of entries into closed arms. Post hoc analysis showed there was no significant 

difference between relevant groups (Figure 5.11D). We also analysed the activity in the 

centre (connecting open and closed arms) of the EPM. Two-way ANOVA revealed a 

significant effect of strain only (F1,38=29.270, p<0.001) on time spent in the centre; post 

hoc analysis revealed that WKY rats spent more time in the centre compared to SD rats 

(WKY-control vs SD-control, p<0.05; WKY-CFA vs SD-CFA, p<0.05; Figure 5.11E). 

Lastly, there was no significant ANOVA effect of strain (F1,38=0.059, p>0.05), CFA 

(F1,38=0.454, p>0.05), or strain x CFA interaction (F1,38=2.458, p>0.05) on number of 

entries into the centre of EPM (Figure 5.11F). 
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Figure 5.11: Effects of CFA injection on the duration and number of entries in (A and B) 

open arms, (C and D) closed arms, and (E and F) centre in the EPM test in SD and WKY 

rats (Day 13 post-injection). Data are expressed as mean ± SEM, n = 9-10/group. a: effect 

of strain (p<0.05), #p<0.05 (WKY vs SD counterparts). CFA: complete Freund’s 

adjuvant, EPM: elevated plus maze, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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General locomotor activity was analysed in the OF. Two-way ANOVA revealed a 

significant effect of strain (F1,38=71.284, p<0.001), but not of CFA (F1,38=0.118, p>0.05) 

or strain x CFA interaction (F1,38=2.409, p>0.05), on the distance moved in the OF arena 

(Figure 5.12A). Post hoc SNK test showed that WKY rats exhibited reduced distance 

moved in the OF compared to SD rats, indicating their characteristic hypolocomotor trait. 

Moreover, CFA injection did not affect distance moved in the arena in either strain. KW 

test found a significant main effect (χ2(3)=12.650, p<0.01) on pellets excreted during the 

5-min OF trial. Although WKY rats exhibited increased defaecation (number of faecal 

boli), post hoc analysis indicated there were no significant differences between the groups 

(Figure 5.12B). Two-way ANOVA revealed a significant effect of strain only 

(F1,38=23.227, p<0.001) on the number of entries into the centre zone; post hoc SNK test 

showed WKY rats demonstrated a significant reduction in centre zone entries compared 

to SD counterparts (WKY-control vs SD-control, p<0.05; WKY-CFA vs SD-CFA, 

p<0.05; Figure 5.12C). Two-way ANOVA revealed there was no significant effect of 

strain (F1,38=1.513, p>0.05), CFA (F1,38=0.0001, p>0.05), or strain x CFA interaction 

(F1,38=0.890, p>0.05) on time spent in the centre zone of the OF (Figure 5.12D). KW test 

showed there was no significant main effect (χ2(3)=7.449, p>0.05) on latency to leave the 

centre zone of the arena (Figure 5.12E).  
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Figure 5.12: Effects of CFA injection on the (A) distance moved, (B) defaecation 

(number of pellets produced), (C) entries into centre zone, (D) time spent in centre zone, 

and (E) latency to leave centre zone in the OF test in SD and WKY rats (Day 13 post-

injection). Data are expressed as (A, C, and D) mean ± SEM and (B and E) median with 

IQR, n = 9-10/group. #p<0.05 (WKY vs SD counterparts). CFA: complete Freund’s 

adjuvant, OF: open field, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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5.3.5. Effects of CFA injection on social behaviour and memory in SD and WKY 

rats 

Locomotor activity, measured as distance moved (cm), was analysed for each phase 

(habituation, sociability, and social novelty/preference) in the 3-CST (Figure 5.13A). 

Two-way ANOVA revealed a significant effect of strain, but not of CFA or strain x CFA 

interaction, in all three phases (Habituation- strain: F1,39=22.113, p<0.001; CFA: 

F1,39=1.691, p>0.05; strain x CFA: F1,39=2.075, p>0.05. Sociability- strain: F1,38=24.146, 

p<0.001; CFA: F1,38=0.543, p>0.05; strain x CFA: F1,38=0.065, p>0.05. Social 

novelty/preference- strain: F1,38=8.464, p<0.01; CFA: F1,38=0.492, p>0.05; strain x CFA: 

F1,38=0.131, p>0.05). Further post hoc SNK tests showed that there were no significant 

differences in relevant experimental groups in the habituation and social 

novelty/preference trials. However, in the sociability trial, WKY rats, regardless of CFA 

injection, showed reduced distance moved in the arena compared to SD counterparts 

(WKY-control vs SD-control, p<0.05; WKY-CFA vs SD-CFA, p<0.05). 

In the sociability trial, the test rat has a choice to interact with the empty cage (non-social 

stimulus) or the novel rat (social stimulus) (Figure 5.13B and 5.13D). There was no 

significant ANOVA effect of strain (F1,38=0.008, p>0.05), CFA (F1,38=0.542, p>0.05), or 

strain x CFA interaction (F1,38=3.537, p>0.05) on time spent interacting with the empty 

cage (Figure 5.13B). Two-way ANOVA did reveal a significant effect of strain 

(F1,38=47.328, p<0.001), but not of CFA (F1,38=2.043, p>0.05) or strain x CFA interaction 

(F1,38=1.004, p>0.05), on time spent interacting with the novel rat in the arena. Post hoc 

analysis showed that WKY rats, irrespective of CFA treatment, spent significantly less 

time interacting with the novel animal compared to SD counterparts in the sociability trial 

(WKY-control vs SD-control, p<0.05; WKY-CFA vs SD-CFA, p<0.05; Figure 5.13B). 

In the ANCOVA, there was a significant effect of strain on time spent interacting with 

the novel rat, whilst controlling for the covariate distance moved (F1,38=24.131, p<0.001). 

Furthermore, in the measure of sociability index (Figure 5.13D) comparing the time spent 

interacting with the animal relative to empty cage, two-way ANOVA revealed a 

significant effect of strain only (F1,38=4.311, p<0.05). Post hoc test indicated WKY-

control rats spent significantly less time interacting with the novel animal compared to 

SD counterparts (WKY-control vs SD-control, p<0.05), suggesting a deficit in social 

approach behaviour in the WKY rats. 
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Next, in the social novelty/preference trial, the test rat is given a choice to interact with 

the then familiar rat or another novel rat introduced in the arena (Figure 5.13C and 5.13E). 

Two-way ANOVA revealed a significant effect of strain (F1,38=14.829, p<0.001), but not 

of CFA (F1,38=0.203, p>0.05) or strain x CFA interaction (F1,38=0.687, p>0.05), on time 

spent interacting with the familiar rat in the arena. Post hoc analysis showed that WKY-

control rats spent significantly less time interacting with the familiar animal compared to 

SD counterparts (WKY-control vs SD-control, p<0.05; Figure 5.13C). In the ANCOVA, 

there was a significant effect of strain on time spent interacting with the familiar rat, 

whilst controlling for the covariate distance moved (F1,38=10.948, p<0.01). Two-way 

ANOVA also revealed a significant effect of strain (F1,38=77.556, p<0.001), but not of 

CFA (F1,38=1.603, p>0.05) or strain x CFA interaction (F1,38=0.214, p>0.05), on time 

spent interacting with the novel animal in the social novelty/preference trial. Further post 

hoc SNK test indicated that WKY rats, regardless of CFA injection, spent less time 

interacting with the novel animal in the arena, compared to SD counterparts (WKY-

control vs SD-control, p<0.05; WKY-CFA vs SD-CFA, p<0.05; Figure 5.13C). In the 

ANCOVA, there was a significant effect of strain on time spent interacting with the novel 

animal, whilst controlling for the covariate distance moved (F1,38=58.660, p<0.001). In 

addition, there was no significant ANOVA effect of strain (F1,38=2.544, p>0.05), CFA 

(F1,38=0.117, p>0.05), or strain x CFA interaction (F1,38=0.586, p>0.05) on the social 

novelty/preference index (Figure 5.13E). 
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Figure 5.13: Effects of CFA injection on the social behaviour in SD and WKY rats in the 

3-CST (Day 15 post-injection). (A) Distance moved in the arena in the 3 trials of 3-CST 

in SD and WKY rats. (B) Time spent interacting with the empty cage versus the rat during 

sociability trial in SD and WKY rats. (C) Time spent interacting with the familiar rat 

versus the novel rat during social novelty/preference trial in SD and WKY rats. Data are 

expressed as mean ± SEM, n = 9-10/group. a: effect of strain (habituation trial: p<0.001, 

sociability trial: p<0.001, social preference trial: p<0.01, sociability index: p<0.05).  

#p<0.05 (WKY vs SD counterpart). CFA: complete Freund’s adjuvant, 3-CST: three-

chamber sociability test, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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5.3.6. Effects of CFA injection on recognition memory in SD and WKY rats 

The novel object recognition test was employed to assess any effect of CFA injection on 

recognition memory in the SD and WKY rats. Two-way ANOVA revealed significant 

effects of strain (F1,35=26.001, p<0.001) and CFA (F1,35=4.271, p<0.05) on time spent 

exploring the novel object. Further post hoc SNK test showed that CFA-treated SD rats 

spent significantly less time exploring the novel object in the arena, compared to control 

counterparts (SD-CFA vs SD-control, p<0.05). The WKY rats, regardless of CFA 

treatment, exhibited reduced duration of exploration of the novel object in comparison to 

SD rats (WKY-control vs SD-control, p<0.05; WKY-CFA vs SD-CFA, p<0.05; Figure 

5.14A). In the ANCOVA, there was a significant effect of strain on time spent interacting 

with the novel object, whilst controlling for the covariate distance moved (F1,35=5.851, 

p<0.05). Additionally, two-way ANOVA revealed a significant main effect of strain only 

(F1,35=17.102, p<0.001) on time spent exploring the familiar objects in the arena. Post 

hoc test indicated that both control and CFA-treated WKY rats spent less time interacting 

with the familiar objects, compared to SD counterparts (WKY-control vs SD-control, 

p<0.05; WKY-CFA vs SD-CFA, p<0.05; Figure 5.14B). There was no significant effect 

of strain in the ANCOVA analysis, whilst controlling for distance moved (F1,35=2.471, 

p>0.05). 

The object exploration data were further analysed by calculating two indices: (1) 

preference index, which compared the time spent exploring the novel object on test day 

relative to the object in that location on familiarisation day, and (2) discrimination index, 

which compared the time spent exploring the novel object in relation to the familiar 

objects in the arena on the test day. Three-way ANOVA revealed significant effects of 

day (F1,71=195.761, p<0.001) and strain x day interaction (F1,71=6.907, p<0.05) on the 

preference index. Post hoc analysis showed that both SD and WKY rats spent more time 

exploring the novel object on the test day in comparison to the object (object 3) in the 

same location on familiarisation day (test day vs familiarisation day: all four experimental 

groups, p<0.05; Figure 5.14C), indicating that both strains preferred to interact with the 

novel object in that location on test day. There was no significant ANOVA effect of strain 

(F1,35=0.350, p>0.05), CFA (F1,35=0.671, p>0.05), or strain x CFA interaction 

(F1,35=1.839, p>0.05) on discrimination index (Figure 5.14D). 
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Figure 5.14: Effects of CFA injection on novel object recognition in SD and WKY rats 

(Day 18 post-injection). (A) Time spent exploring the novel object on the test day in SD 

and WKY rats. (B) Average time spent exploring the familiar objects on the test day in 

SD and WKY rats. (C) Percentage preference index comparing exploration time with the 

novel object on test day relative to object 3 on familiarisation day in SD and WKY rats. 

(D) Discrimination index comparing exploration time with the novel object versus the 

familiar objects on the test day in SD and WKY rats. Data are expressed as mean ± SEM, 

n = 8-10/group. a: effect of day (p<0.001). #p<0.05 (WKY vs SD counterparts). CFA: 

complete Freund’s adjuvant, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 
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showed significant effect of strain (F1,39=36.167, p<0.001), but not of CFA (F1,39=0.447, 
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to SD counterparts. There were no effects of strain (F1,39=0.000, p>0.05), CFA 

(F1,39=0.000, p>0.05), or strain x CFA interaction (F1,39=2.800, p>0.05) on percentage 

error in alternation (incorrect arm choice). Two-way ANOVA revealed significant effect 

of strain (F1,39=26.036, p<0.001), but not of CFA (F1,39=0.321, p>0.05) or strain x CFA 

interaction (F1,39=2.009, p>0.05), on percentage omission of trials (failure to choose an 

arm). Post hoc analysis indicated that WKY rats, regardless of CFA injection, failed 

higher number of times in choosing an arm, compared to SD rats. Furthermore, two-way 

ANOVA revealed a significant effect of strain only (F1,39=13.322, p<0.01) on latency to 

choose a goal arm in the sample phase. Post hoc test showed that both control and CFA-

treated WKY rats took significantly longer to enter into an arm in comparison to SD 

counterparts (Figure 5.15B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: Effect of CFA injection on the spatial memory in SD and WKY rats (Days 

20 and 21 post-injection) in the T-maze spontaneous alternation test. (A) Percentages of 

spontaneous alternation, errors in alternation, and omission of trials in the T-maze in SD 

and WKY rats. (B) Average latency to choose an arm in the sample phase in the T-maze 

alternation task in SD and WKY rats. Data are expressed as mean ± SEM, n = 10/group. 

#p<0.05 (WKY vs SD counterparts). CFA: complete Freund’s adjuvant, SD: Sprague-

Dawley, WKY: Wistar-Kyoto. 
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5.4. Discussion 

The study described in this chapter assessed sensory and affective dimensions after 

inducing chronic inflammatory pain using CFA in WKY versus SD rats. In addition, we 

examined CFA-induced development of anxiety-like behaviour and cognitive impairment 

in the two rat strains, and if these affective and cognitive deficits were enhanced in the 

WKY rats, in comparison to SD counterparts. Both SD and WKY rats showed CFA-

induced mechanical allodynia and thermal hyperalgesia; however, CFA-injected WKY 

rats displayed enhanced mechanical allodynia, compared to SD counterparts, at all post-

injection time points. In the PEAP, CFA-injected WKY and SD rats did not avoid the 

dark (preferred) side of the arena following stimulation of the ipsilateral paw. Neither 

strain exhibited any CFA-induced anxiety-like behaviour in the EPM and OF tests at the 

time point tested. Overall, compared to SD rats, WKY rats displayed impairments in 

social behaviour and in spatial and recognition memory. CFA-induced chronic 

inflammatory pain did not affect social behaviour and spatial memory in either strain at 

the time points tested. A reduction in novel object exploration was observed in the CFA-

injected SD rats, but not in the WKY counterparts, in the NOR test. 

In the present study, WKY rats displayed increased sensitivity (lower paw withdrawal 

threshold) to mechanical stimulation, compared to SD counterparts, at pre-CFA time 

point (baseline 2) and on the contralateral (non-CFA injected) side. Previous studies have 

reported similar allodynic response to mechanical stimulation in naive WKY rats, in 

comparison to SD rats (Taylor et al., 2001; Hestehave et al., 2019a). Interestingly, CFA-

injected WKY rats developed enhanced mechanical allodynia, compared to SD 

counterparts. A recent study has compared nociceptive responses to mechanical 

stimulation in WKY and SD rats in the CFA model (Hestehave et al., 2019b). However, 

the authors reported that the WKY rats developed a less robust mechanical 

hypersensitivity than SD rats after CFA injection. Discrepancy between the studies could 

be due to the different pain tests used (von Frey versus Randall Selitto). With regards to 

thermal hyperalgesia following CFA injection, both strains developed similar 

hypersensitivity to noxious heat stimulus. Hence, these results indicate that (in the 

measures of sensory dimensions of pain) the WKY rats exhibit exacerbated mechanical 

allodynia, but not enhanced thermal hyperalgesia, in the CFA-induced chronic 

inflammatory pain model. 
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The experience of pain is multidimensional comprising of both sensory and affective 

components that are mediated by overlapping neural circuitry. The present study also 

examined the affective dimension of pain in SD and WKY rats using PEAP. This 

paradigm is based on a conflict between the rodents’ natural tendency to avoid light on 

one hand and the avoidance of noxious stimuli in the dark (preferred) location on the 

other hand (Fuchs and McNabb, 2012). Studies in inflammatory pain models have shown 

that rodents spend more time in the light area, compared with control counterparts, 

reflecting increased aversive quality of the stimulation of the injured paw (Labuda and 

Fuchs, 2000, 2001; Uhelski and Fuchs, 2009; Boyce-Rustay et al., 2010; Refsgaard et al., 

2016). In our study, CFA-injected SD and WKY rats, compared to control counterparts, 

exhibited higher response to a suprathreshold mechanical stimulation on the ipsilateral 

paw when in the dark side, indicating increased CFA-induced sensitivity of the injured 

paw in both strains. However, in contrast to previous reports (Labuda and Fuchs, 2000; 

Boyce-Rustay et al., 2010; Refsgaard et al., 2016), the CFA-injected SD rats preferred 

the dark side over the course of the trial, compared to control counterparts. 

Methodological difference relating to time point of PEAP testing (relative to CFA 

injection) in the CFA model between our study and those published may partly explain 

this discrepancy. Previous studies performed PEAP test at early time points (24-48 h) 

following induction of inflammatory state whereas we conducted the test on Day 11 post-

CFA injection.  Thus, it appears that although CFA-induced enhanced sensory response 

to noxious mechanical stimulation persists, the affective dimension of pain may differ 

over time, possibly due to compensatory or maladaptive responses in an on-going pain 

state. A recent study has examined the development of pain aversion and pain-induced 

anxiety in SD rats in the CFA model (Wu et al., 2017). The authors found that CFA 

induced aversion in a place conditioning paradigm, which gradually attenuated over 4 

weeks. On the other hand, anxiety-like behaviour in the elevated zero maze was only 

apparent on Day 28 post-CFA injection and not in the early time points. This further 

supports the contention that manifestation of the negative affective component of pain 

may follow different timecourses. 

Our study is the first to investigate the affective component of pain using PEAP in WKY 

rats in the CFA model. Overall, the WKY rats displayed reduced activity on the light side, 

compared to SD rats, both in terms of time spent and entries into the light side. WKY rats 

display reduced locomotor activity in the OF (seen in this study also), compared to other 
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rat strains (Paré, 1989b; Drolet et al., 2002; Pardon et al., 2002; Burke et al., 2010, 2016). 

In addition, WKY rats exhibit a behaviourally inhibited phenotype (Paré, 1994; McAuley 

et al., 2009), which is considered as a risk factor for anxiety disorders in humans (Lahat 

et al., 2011). Thus, the elevated anxiety level along with diminished motor activity of the 

WKY rats may, to some extent, account for their behaviour observed in PEAP test in the 

current study. 

In the EPM and OF tests to evaluate anxiety-related behaviour, the WKY rats displayed 

an overall propensity to escape/avoidant behaviours in novel environments, compared to 

SD rats. We note that the WKY rats in the present study did not display classic anxiety-

like behaviour for some of the anxiety-related measures in these tests (such as time spent 

in the open arms of the EPM or in the centre zone of the OF), as reported previously 

(Gentsch et al., 1987; Paré, 1992; Tejani-Butt et al., 1994; Malkesman and Weller, 2009; 

Burke et al., 2010, 2016). However, in comparison to SD counterparts, WKY rats spent 

significantly more time in the centre of the EPM, an area that connects the open and closed 

arms of the maze. Such behaviour has been interpreted in previous studies as a tendency 

of the WKY rats to be more ambivalent or indecisive (Nosek et al., 2008; Nam et al., 

2014), a trait observed in affective disorders in humans (Uher et al., 2014). Moreover, in 

accordance with previous studies (Paré, 1989b; Drolet et al., 2002; Pardon et al., 2002; 

Burke et al., 2010, 2016), the WKY rats exhibited decreased activity (distance moved and 

entry into the centre zone) in the novel aversive environment of the OF, indicating a 

certain degree of behavioural inhibition, and perhaps elevated fear/anxiety level. 

Our study did not find any CFA-induced anxiety-like behaviours in SD or WKY rats. 

This is not consistent with previous studies showing enhanced anxiety-like behaviours in 

rats in the CFA model of chronic inflammatory pain (Parent et al., 2012; Wu et al., 2017; 

Zhong et al., 2019). However, in these reports, anxiety tests (EPM, OF, light/dark box, 

elevated zero maze) were performed 3-4 weeks after CFA injection into the hindpaw of 

the rats as opposed to Day 13 in our study. This methodological difference in testing time 

point may account for the discrepant results here. Studies in mice have reported CFA-

induced anxiety-like behaviour at early (1-7 days) (Chen et al., 2013; Refsgaard et al., 

2016; Yue et al., 2018), and later (21-28 days) (Narita et al., 2006a; Wang et al., 2015a; 

Guo et al., 2016) time points relative to intraplantar injection of CFA, although some 

studies did not find any effect of CFA on anxiety at these corresponding time points 

(Urban et al., 2011; Sheahan et al., 2017). The use of different strains of mice, anxiety 
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tests, and uni- or bilateral CFA injection into the hindpaws may account for these variable 

reports.  Taken together, these studies indicate that CFA-induced manifestation of 

anxiety-like behaviours may follow different timecourse particularly depending on the 

species used to model inflammatory pain state. 

The present study also assessed different cognitive domains, namely social approach and 

social memory, recognition memory, and spatial memory, in SD and WKY rats in the 

CFA-induced chronic inflammatory pain model. In the sociability trial of 3-CST, WKY 

rats, compared to SD counterparts, spent significantly less time interacting with the novel 

stimulus rat relative to the empty cage (observed both in duration of interaction and 

sociability index). Such inhibition to social cues in the WKY rats has been demonstrated 

in other studies (Ferguson and Cada, 2004; Nam et al., 2014). In addition, the WKY rats 

spent less time interacting with the novel rat in social novelty/preference trial, compared 

to SD counterparts. However, no difference was observed between WKY and SD rats in 

the relative time spent interacting with novel versus familiar rat, as measured by social 

novelty/preference index. ANCOVA suggested that these differences in interaction times 

between the two strains in sociability and social preference phases are unlikely to be due 

to strain-related differences in locomotor activity. The reduced social interaction time 

displayed by the WKY rats is likely related to its social avoidance behaviour, rather than 

a deficit in social recognition memory (Zhang-James et al., 2014). Next, in the test of 

object learning and recognition memory, WKY rats spent less time exploring the novel 

object, compared to SD counterparts. ANCOVA showed that this difference between the 

strains in novel object interaction time is unlikely to be due to strain-related differences 

in locomotor activity. Our findings are similar to previous studies that reported reduced 

novel object exploration by the WKY rats, compared to Wistar counterparts (Langen and 

Dost, 2011; Shoval et al., 2016; Willner et al., 2019), suggesting an impairment in 

recognition memory in the WKY rats. There was no difference in discrimination or 

preference indices between the two strains. So alternatively the WKY rats may not have 

a deficit in recognition memory per se but exhibit an overall avoidance behaviour to 

novelty (Delini-Stula and Hunn, 1985) that is reflected in reduced object exploration 

times. In the T-maze test for evaluating spatial memory, the WKY rats exhibited reduced 

alternation of the goal arm, compared to SD rats. This reduced alternation might be due 

to their increased failure to choose an arm since no strain difference was observed in 

making incorrect arm choice (error in alternation). Though no other study to date has 
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tested the WKY rats in the T-maze, previous studies have  reported deficit in spatial 

learning and memory in the WKY rats in the Morris water maze, compared to SD 

counterparts (Grauer and Kapon, 1993; Wyss et al., 2000; Doharty, 2018). The indecisive 

nature of the WKY rats is further reflected (Nosek et al., 2008; Nam et al., 2014) in the 

T-maze task where the WKY rats failed to choose an arm in more number of occasions 

than SD counterparts. It should be noted that the cognitive tasks used here have a 

pronounced locomotor component and so the results of these tests may be influenced 

given the WKY rats demonstrate hypolocomotor activity (Paré, 1989a; Pardon et al., 

2002; Burke et al., 2010). Interestingly, WKY rats are not hypolocomotive in home cage 

activity (Burke et al., 2016) or in the rotarod test (Ferguson et al., 2003). This suggests 

that the WKY rats may not have an overt deficit in motor activity, but their deficiencies 

are unmasked in a novel aversive environment. Hence, further studies are needed to 

investigate the deficits in different cognitive domains in the WKY rats and the relative 

influence of their behavioural phenotype on cognitive impairment. 

Neither SD nor WKY rats receiving intraplantar CFA injection exhibited impairment in 

social recognition and spatial memory in the present study. Reduction in active social 

interaction has been observed in rats on Day 28 following intraplantar CFA injection 

(Parent et al., 2012). In addition, CFA-induced impairment in spatial learning and 

memory in rats has been reported previously (Li et al., 2005; Grégoire et al., 2014). 

However, differences in behavioural tests used (e.g. Y-maze, Morris water maze) and 

time points of testing (Day 28 vs Day 15 in assessing social recognition memory) in these 

published reports may account for the discrepant results observed in our study. In the 

NOR test, CFA induced a significant, albeit modest, reduction in the exploration of the 

novel object (without affecting exploration of the familiar objects) in the SD rats, but not 

in the WKY counterparts. A study by Amaral and coworkers demonstrates that 

intraplantar CFA injections on postnatal day 1 in rats impaired cognitive performance in 

the NOR test when assessed on postnatal day 60 (Amaral et al., 2015). Moreover, other 

studies have reported CFA-induced cognitive impairment in rats in the delayed 

nonmatching-to-position lever-press task, a behavioural paradigm that sensitive to 

deficits in learning, memory, and attention (Cain et al., 1997). Hence, there is a possibility 

that if we performed NOR test at a later time point than that in the present study, we may 

observe greater cognitive impairment in the SD rats. This notion was further explored in 

a follow-up study in the next chapter (Chapter 6). 
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In summary, the present study further characterised the CFA-induced chronic 

inflammatory pain model in SD and WKY rats. The results indicate exacerbated 

mechanical allodynia, but not heat hyperalgesia, in the WKY versus SD rats in the CFA 

model. Moreover, the data from the PEAP test showed that manifestation of the affective 

component of pain may follow a different timecourse than the sensory component. 

Apparent differences exist in the domains of social behaviour and recognition and spatial 

memory between WKY and SD rats. The behaviourally inhibited trait of the WKY rats 

may affect performance in some of these cognitive parameters. Our study did not provide 

evidence for CFA-induced anxiety-like behaviour and impairments in social or spatial 

memory in either strain at the time points tested. Only a modest deficit in recognition 

memory was observed in the SD rats in the CFA model. To conclude, this study extended 

the literature on behavioural characteristics of the WKY rat strain as well as CFA-

associated effects on different behavioural domains (pain, affect, and cognition) in both 

SD and WKY rats. 
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6. Chapter 6: Effects of modulating kappa- and delta-opioid 

receptors on pain-, motivation-, and cognition-related 

behaviours in the rat complete Freund’s adjuvant model of 

chronic inflammatory pain 

 

6.1. Introduction 

Chronic pain is an enormous global health problem, resulting in emotional distress and 

functional disability and imposing huge socioeconomic burden. Although mounting 

research over the last few decades has advanced our understanding of the neurobiological 

mechanisms underlying different types of chronic pain conditions, the therapeutic 

strategies against chronic pain are currently limited and opioids are still one of the most 

commonly indicated drugs here. However, the vast majority of the opioids used clinically 

act primarily through the MOP, producing potent analgesia along with deleterious adverse 

effects (including constipation, respiratory depression, tolerance, and addiction) that 

severely limit their therapeutic use. In addition, there is high prevalence of affective 

disorders (anxiety and depression) (Asmundson and Katz, 2009; Scott et al., 2016; Stubbs 

et al., 2016) and cognitive impairment (Moriarty et al., 2011; Shin et al., 2012) with 

chronic pain, and this co-morbidity poses an additional challenge to the management of 

chronic pain. In this regard, other members of the classical opioid receptor family, the 

kappa (KOP)- and delta (DOP)-opioid receptors, have gained much attention as potential 

alternatives to MOP-based therapy. 

The DOP are expressed in both the central and peripheral nervous systems, including Aδ- 

and C-fibre nociceptive neurons, DRG, spinal cord, cortex, amygdala, striatum, and 

hippocampus – regions that are implicated in processing pain, emotion, and cognition 

(Moskowitz and Goodman, 1984; Lever et al., 1992; Mansour et al., 1995; Scherrer et al., 

2006; Le Merrer et al., 2009). Interestingly, DOP expression is low in the mid-brain (e.g. 

PAG) and brainstem (e.g. nucleus raphe magnus) (Le Merrer et al., 2009). In tests of acute 

pain, pharmacological activation of DOP produces weak antinociception (Gallantine and 

Meer, 2005). However, DOP agonists produce potent antinociception in rodent models 

of persistent or chronic pain (Stewart and Hammond, 1994; Fraser et al., 2000; Mika et 

al., 2001; Holdridge and Cahill, 2007), including the chronic Freund’s adjuvant (CFA) 
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model of inflammatory pain (Hurley and Hammond, 2000; Cahill et al., 2003; Codd et 

al., 2009). Such enhanced efficacy of DOP agonists is partly due to upregulation of DOP 

trafficking and expression on the cell surface membrane (Cahill et al., 2003; Commons, 

2003; Kabli and Cahill, 2007) and increased functional activity (Pradhan et al., 2013) in 

chronic pain states. In addition, DOP knockout mice show no (or only subtle) alterations 

in nociceptive thresholds in acute pain models (e.g. hot plate, tail withdrawal, and 

formalin tests) (Filliol et al., 2000; Martin et al., 2003) but exhibit augmented thermal and 

mechanical sensitivity in models of chronic inflammatory (Gavériaux-Ruff et al., 2008, 

2011) and neuropathic pain (Nadal et al., 2006), compared to wild-type counterparts. 

These pharmacological and genetic findings suggest a key role for DOP in alleviating 

chronic pain states. 

Additionally, the DOP plays a prominent role in modulating emotional responses. Genetic 

deletion of the DOP increases immobility in the forced swim test in mice (Filliol et al., 

2000). In contrast, both the administration of enkephalinase inhibitors (which increase 

synaptic level of endogenous DOP preferential peptide, enkephalin) (Jutkiewicz et al., 

2006; Yang et al., 2011) as well as selective DOP agonists (Broom et al., 2002; Jutkiewicz 

et al., 2004; Saitoh et al., 2004, 2008, 2011; Torregrossa et al., 2006; Naidu et al., 2007; 

Vergura et al., 2008; Nozaki et al., 2014) reduce despair-like behaviour in rodents in 

several models of depression. Furthermore, pharmacological data suggest that the DOP 

modulate learning and memory processes, although the exact implication of activating or 

inhibiting DOP activity on memory performance remains unclear owing to conflicting 

results (for review see Pellissier et al., 2018). Nevertheless, constitutive DOP knockout 

mice display impairment in object location learning and short-term memory (Le Merrer 

et al., 2013), indicating a role of DOP in cognitive performance. Hence, the DOP system 

appears to be a potential therapeutic target in comorbid chronic pain and affective 

disorders and/or cognitive impairment. 

In comparison to DOP, the KOP shows overlapping but also distinct distribution in neural 

circuits of pain, affect, and cognition (Minami et al., 1993; Depaoli et al., 1994; Gutstein 

et al., 1998; Snyder et al., 2018). As highlighted in Chapter 4, activation of central KOP 

produces antinociception but also induces negative affective states (e.g. dysphoria, 

aversion, anhedonia, and behavioural despair) in humans (Pfeiffer et al., 1986) and 

rodents (Shippenberg and Herz, 1987; Mague et al., 2003; Todtenkopf et al., 2004; 

Carlezon et al., 2006; Bruchas et al., 2007; Land et al., 2008). On the other hand, 
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pharmacological blockade of KOP produces antidepressant-like effects in a number of 

rodent models, including the forced swim (Mague et al., 2003; Beardsley et al., 2005; 

Zhang et al., 2007; Reindl et al., 2008; Rorick-Kehn et al., 2014), learned helplessness 

(Newton et al., 2002; Shirayama et al., 2004), and social defeat (Grimwood et al., 2011) 

tests. Moreover, recent studies have shown that blocking KOP with nor-BNI or JDTic 

attenuates chronic inflammatory pain-induced tonic-aversion (Liu et al., 2019b) and 

anhedonia (Massaly et al., 2019) in rodents, suggesting that the KOP antagonists may be 

useful in alleviating ongoing pain states and pain-induced negative affect (Xie et al., 2017; 

Navratilova et al., 2019). With regard to cognition, direct administration of the KOP 

agonist U50488 into the hippocampus impairs performance in contextual fear 

conditioning and water maze tasks in mice, which is blocked by the antagonist nor-BNI 

(Daumas et al., 2007). Furthermore, nor-BNI reverses dynorphin B- or stress-induced 

impairment in spatial (Sandin et al., 1998) and recognition (Carey et al., 2009) memory 

in rodents, indicating KOP blockade may prevent cognitive deficit. Taken together, these 

studies indicate potential utility of KOP antagonists in chronic pain and associated 

emotional disorders and/or cognitive dysfunction. Indeed, a recent study  has reported 

that disrupting the KOP gene in a mouse model of osteoarthritis enhances mechanical 

allodynia and pain-induced anhedonia but reduces deficit in object recognition memory 

(Negrete et al., 2017), indicating  a complex role of the KOP in the modulation of pain 

and associated cognitive impairment. 

In addition to exploring opioid receptors other than the MOP for improved therapeutics, 

others have proposed targeting multiple opioid receptors to improve/maintain the efficacy 

of opioid modulation while reducing the adverse effect profile. In recent times, the notion 

of combining two opioid modulatory drugs to produce a certain opioid pharmacological 

profile (favouring the desirable behavioural response and minimising side effects) has 

gained much attention (Almatroudi et al., 2015; Burke et al., 2019). A pervious study has 

reported reduced DOP but enhanced KOP activity (measured using agonist-induced 

[35S]GTPγ binding assay) in the amygdalar membranes in a mouse model of chronic 

inflammatory pain exhibiting comorbid anxiety (Narita et al., 2006a). The amygdala plays 

a key role in nociceptive and affective modulation and memory encoding (Baxter and 

Murray, 2002; Bushnell et al., 2013).  The authors have suggested that these changes in 

the functional activity of DOP and KOP possibly contribute to chronic pain-induced 

emotional and/or cognitive dysfunction. Hence, given the pharmacological profiles of 
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DOP and KOP, a combination drug approach with a DOP agonist and a KOP antagonist 

may be useful in chronic pain and comorbid conditions. 

In the previous chapter (Chapter 5), we demonstrated development and persistence of 

mechanical allodynia and heat hyperalgesia for 3 weeks in a rat model of CFA-induced 

chronic inflammatory pain, in accordance with published reports (Hargreaves et al., 1988; 

Stein et al., 1988; Chaplan et al., 1994; Soignier et al., 2011; Moriarty et al., 2012). 

However, our study did not find any CFA-induced manifestation of negative affective 

state, possibly due to the time point of testing used [Day 13 post-injection compared to 

Day 21 or 28 in previous studies (Parent et al., 2012; Wu et al., 2017; Zhong et al., 2019)]. 

We also observed a modest CFA-induced impairment in object learning and recognition 

memory in SD rats on Day 18 post-injection. Therefore, the present chapter aims to 

further investigate the effects of CFA-induced chronic inflammation on manifestation of 

negative affect- and cognition-related behaviours over time in SD rats. In addition, we 

hypothesised that chronic administration of a DOP agonist (SNC80) and/or a KOP 

antagonist (DIPPA) will alleviate enhanced nociceptive responding and any negative 

affect- and/or cognition-related deficits induced by CFA. The specific aims of the work 

described in this chapter are as follows: 

• To assess the effects of chronic systemic administration of SNC80 and DIPPA on 

mechanical allodynia and heat hyperalgesia induced by CFA injection. 

• To assess recognition memory and motivation-related behaviour at two time points 

post-CFA injection. 

• To determine the effects of chronic systemic administration of SNC80 and DIPPA, 

alone or in combination, on recognition memory in control and CFA-injected rats. 

• To determine the effects of chronic systemic administration of SNC80 and DIPPA, 

alone or in combination, on motivation-related behaviour (anhedonia) in control and 

CFA-injected rats. 
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6.2. Materials and methods 

6.2.1. Animals 

Experiments were carried out in male SD rats (7-8 weeks old, 170-220 g on arrival; 

Envigo, Bicester, UK). Rats were maintained under a standard 12:12 h light/dark cycle 

(lights on from 07:00-19:00 h) in a temperature- (21±2°C) and humidity-controlled (45-

55%) room throughout the study. Upon arrival, all animals were housed in groups of 3-4 

per cage in plastic bottom cages (45x20x20 cm3) containing 3Rs basic bedding (>99% 

recycled paper; 3Rs Lab, Fibrecycle Ltd, North Lincolnshire, UK) and sizzle nest material 

(LBS Biotechnology, Horley, UK). Following 5 days of acclimatisation to the unit, 

animals were housed singly in cages for the rest of the study. Food (14% protein rodent 

diet; Envigo, Bicester, UK) and water were available ad libitum. All experimental 

procedures were carried out during the light phase between 08:00 and 18:00 h. The 

experimental procedures were approved by the Animal Care and Research Ethics 

Committee, National University of Ireland Galway. The work was carried out under 

license from the Health Products Regulatory Authority in the Republic of Ireland and in 

accordance with EU Directive 2010/63. The study was also designed and carried out in 

accordance with the ARRIVE guidelines (Kilkenny et al., 2010). 

6.2.2. Complete Freund’s adjuvant injection 

Immunogenic complete Freund’s adjuvant (CFA; Sigma-Aldrich, Wicklow, Ireland), 

consisting of heat-killed and dried Mycobacterium tuberculosis in an 85% paraffin oil 

and 15% mannide monooleate suspension, was used to induce a chronic inflammatory 

pain state as described previously in Chapter 5 (section 5.2.2). On Day 0, rats were 

injected once with 100 µL CFA (1 mg/mL) in the plantar surface of the right hindpaw 

under brief isoflurane anaesthesia (3% in 0.8 L/min O2). Control (non-CFA) rats received 

an intraplantar needle insertion into the right hindpaw under the same conditions. After a 

brief recovery period, animals were returned to their home cages. 

6.2.3. Chemicals and drug preparation 

The DOP agonist SNC80 [(+)-4-{(αR)-α-((2S,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-

3-methoxybenzyl}-N,N-diethylbenzamide; Tocris, Bristol, UK] was dissolved in 0.01 M 

HCl/0.89% w/v NaCl. The KOP antagonist DIPPA hydrochloride [2-(3,4-

Dichlorophenyl)-N-methyl-N-{(1S)-1-(3-isothiocyanatophenyl)-2-(1-
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pyrrolidinyl)ethyl}acetamide hydrochloride; Tocris, Bristol, UK] was dissolved in 20% 

dimethyl sulphoxide (DMSO; Sigma-Aldrich, Wicklow, Ireland) in sterile deionised 

water. The final doses of the drugs were corrected for the salt form and given as mg free 

base equivalent per kg body weight. Both drugs were administered once daily via the 

subcutaneous (s.c.) route (injection volume: 1 mg/mL) for 30 days. The doses and time 

points of drug administration were chosen based on previous studies (Chang et al., 1994b; 

Fraser et al., 2000; Gallantine and Meer, 2005; Carr and Lucki, 2010; Carr et al., 2010; 

Gavériaux-Ruff et al., 2011; McHugh, 2019). DIPPA and SNC80 were always 

administered 24 h and 30 min, respectively, prior to time point of behavioural testing 

(except for that of splash test which was conducted immediately after test session of NOR 

task). Hence, DIPPA dosing began on Day 0 (24 h before behavioural testing on Day 1) 

and continued until Day 29. Similarly, SNC80 dosing started on Day 1 (30 min before 

behavioural testing) and continued until Day 30. In this way the acute component of drug 

effect was also investigated to assess any development of drug tolerance. For the splash 

test, 10% (w/v) sucrose (Fisher Scientific, Leicestershire, UK) solution was freshly 

prepared on the test day. 

6.2.4. Study design 

The experimental timeline is illustrated in Figure 6.1. Two sets of baselines were 

conducted for nociceptive responses to cutaneous mechanical and thermal stimuli. 

Baseline paw withdrawal threshold to mechanical stimulus in the von Frey test were 

determined 5 and 2 days before CFA injection. Similarly, baseline paw withdrawal 

latencies to noxious heat stimulus in the Hargreaves’ test were measured 4 and 1 days 

prior to CFA injection. On Day 0, animals were randomly assigned to receive 

control/CFA injection and then to drug treatment groups (see Table 6.1 for experimental 

groups and n numbers). Rats were administered once daily with vehicle, SNC80 (1 mg/kg, 

s.c.), DIPPA (1 mg/kg, s.c.), or combination of SNC80 and DIPPA (each 1 mg/kg, s.c.) 

for 30 days. Each animal received two injections to control for the vehicles used and times 

of administration. Also, the sequence of treatments was randomised to control for the 

order of testing and time of the day. The animals were examined in a series of behavioural 

investigations: (1) mechanical allodynia was assessed using von Frey test on Days 1, 7, 

21, and 28; (2) thermal hyperalgesia was determined using Hargreaves’ test on Days 2, 

8, 22, and 29; (3) object learning and long-term recognition memory was evaluated in the 

novel object recognition test at two time points, Day 16-18 and Day 25-27; and (4) 
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anhedonia (motivation-related behaviour) was assessed in the splash test also at two time 

points, Day 18 and Day 27. On Day 30, rats were euthanised by decapitation. 

 

Table 6.1: Summary of experimental groups. CFA: complete Freund’s adjuvant, i.pl.: 

intraplantar, n: number, q.d.: once daily, s.c.: subcutaneous. 

 

 

6.2.5. Behavioural testing 

6.2.5.1. Sensory testing 

6.2.5.1.1. von Frey test for mechanical allodynia 

The von Frey (VF) test to assess mechanical allodynia was performed on Days 1, 7, 21, 

and 28 post CFA-injection using the up-down Dixon method as described previously in 

Chapter 5 (section 5.2.4.1.1). 

6.2.5.1.2. Hargreaves’ test for thermal hyperalgesia 

The Hargreaves’ (HG) test to assess heat hyperalgesia was performed on Days 2, 8, 22, 

and 29 post CFA-injection as described previously in Chapter 5 (section 5.2.4.1.2). 

Group 
Control/CFA 

(i.pl.) on Day 0 
Treatment (s.c., q.d., 30 days) n 

1 Non-CFA Vehicle 10 

2 Non-CFA SNC80 1 mg/kg 10 

3 Non-CFA DIPPA 1 mg/kg 10 

4 Non-CFA SNC80 1 mg/kg + DIPPA 1 mg/kg 10 

5 CFA Vehicle 10 

6 CFA SNC80 1 mg/kg 10 

7 CFA DIPPA 1 mg/kg 10 

8 CFA SNC80 1 mg/kg + DIPPA 1 mg/kg 10 
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Figure 6.1: Schematic of the study outlining the timeline of behavioural tests. CFA: complete Freund’s adjuvant, HG: Hargreaves’ test, inj: 

injection, NOR: novel object recognition test, s.c.: subcutaneous, VF: von Frey test. 
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6.2.5.2. Novel object recognition test for the assessment of recognition memory  

The novel object recognition (NOR) test was carried out as described previously in 

Chapter 5 (section 5.2.4.4.2). Briefly, the test was conducted in a circular open field arena 

over 3 consecutive days: habituation (exploration of the empty arena), familiarisation day 

(3x5 min trials for exploration of identical objects with 5 min inter-trial interval), and 24 

h later test day (1x5 min trial for exploration of familiar and novel objects). In this study, 

NOR test was performed at two post-CFA time points, Day 16-18 and Day 25-27. Distinct 

sets of objects (identical and novel) were used for each test. In the first NOR task, the 

objects used were as before (Chapter 5): 500 mL plastic Coca-Cola® bottles (identical 

objects) and a plastic toy block structure (novel object). The objects used in the second 

NOR test were 473 mL metallic black Monster drink cans (identical objects) and a plastic 

rectangular grey bottle of approximately similar dimension (novel object). In all cases, 

the objects had no apparent natural significance to the rats. 

6.2.5.3. Splash test for the assessment of motivation-related behaviour  

The splash test was used to evaluate self-grooming behaviour, which is an ethologically 

relevant behaviour in rodents (Kalueff et al., 2016). Grooming is cleaning the fur of the 

animal by licking or scratching. A decrease in self-grooming in rodents can used be a 

marker of anhedonia (motivation-related behaviour) (Ducottet and Belzung, 2004; Yalcin 

et al., 2005; Hu et al., 2017). Immediately after the NOR test on Day 18 and 27, the 

animals were assessed in the splash test according to protocols described previously 

(Ducottet and Belzung, 2004; Yalcin et al., 2005; Rosa et al., 2014; Hu et al., 2017). After 

the 5-min NOR test day trial, the animal was transferred to another behavioural testing 

room and placed in a clear Plexiglass box (30x30x40 cm3, 30 lux) for 10 min. After the 

initial habituation to the arena, 10% sucrose solution was squirted twice on the dorsal coat 

of the rat using a spray bottle approximately 10 cm away from the body of the animal. 

The animal was immediately returned to the arena and observed for another 10 min. 

Because of its viscosity, the sucrose solution dirties the coat/fur and initiates grooming. 

Moreover, the palatability of the sucrose solution permits the persistence of the grooming 

behaviour. 

A video camera located underneath the arena recorded the test session. Grooming 

behaviour (bouts consisting of nose/face stroking, head washing, and body licking 

including the dorsum) was manually scored later using EthoVision software (EthoVision 
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XT, version 11.5; Noldus, Wageningen, Netherlands). The total duration of grooming 

during the 10-min test session and latency to start grooming are used as indices of self-

care and motivational behaviour. The arena was cleaned with warm soapy solution and 

between animals. 

6.2.6. Statistical analysis 

The SPSS statistical software (IBM SPSS Statistics, version 24 for Windows; SPSS Inc, 

Chicago, IL, USA) was used to analyse all data. In all datasets the presence of possible 

outliers was checked by assessing the distribution of data. In case a data point fell out of 

the range of (mean-2*standard deviation) to (mean+2*standard deviation), it was 

considered an outlier and excluded from subsequent analysis. The normality and 

homogeneity of variance of the datasets were checked using Shapiro-Wilk and Levene’s 

tests, respectively. The timecourse behavioural data were analysed with repeated 

measures analysis of variance (RM ANOVA) with CFA injection and drug treatment as 

between-subject factors and time/day as within-subject factor. For RM ANOVA, 

sphericity of the datasets was checked with Mauchly's Test for Sphericity; if the 

assumption of sphericity was violated, a Greenhouse-Geisser correction was used. Other 

behavioural data were analysed using two-way ANOVA with CFA injection and drug 

treatment as factors. Preference index in NOR test was analysed using three-way ANOVA 

with day (familiarisation/test) as an additional factor. Post hoc Student-Newman-Keuls 

(SNK) test was carried out for pairwise group comparisons, where appropriate. The level 

of significance was deemed p<0.05. If the data were not normally distributed and/or the 

variance was not homogeneous, three transformations were applied, in the order: square 

root, natural logarithm, and ranking of the data values to evaluate if parametric statistics 

can be used. In addition, if the highest standard deviation was less than or equal to 2 times 

the smallest standard deviation for the particular dataset being analysed, parametric 

statistical approach was still employed (Moore et al., 2009). 

If any dataset was ordinal (e.g. VF test data) or found to be not normally distributed and/or 

the variance was not homogeneous even after transformation, non-parametric statistical 

analysis was performed using Kruskal-Wallis (KW) one-way analysis of variance by 

rank, followed by post hoc Mann-Whitney U-test (p-value was adjusted using Bonferroni-

Holm correction for multiple comparisons), where appropriate. Friedman’s test followed 

by Wilcoxon signed-rank test was employed to assess timecourse data of VF test. In all 

cases statistical analysis of a dataset was carried out for all the groups together. However, 
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in some instances, the groups are graphed separately to present the results clearly in a 

reader-friendly format. Data are expressed as either mean ± standard error of the mean 

(S.E.M) or median with interquartile range (IQR) depending on the statistical approach 

undertaken, parametric or non-parametric, respectively. 
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6.3. Results 

6.3.1. Effects of SNC80 and DIPPA, alone or in combination, on CFA-induced 

mechanical allodynia 

Friedman’s test revealed a significant difference in paw withdrawal thresholds among 

experimental groups for the ipsilateral (χ2(5)=86.667, p<0.001), but not for the 

contralateral (χ2(5)=8.483, p>0.05), paw. Post hoc Wilcoxon test showed that the 

ipsilateral paw withdrawal threshold at baseline 1 was significantly higher than baseline 

2 (p<0.001). Hence, subsequent comparisons of paw withdrawal thresholds between pre- 

and post-CFA time points were performed relative to baseline 2. Post hoc Wilcoxon test 

also showed that the hindpaw withdrawal threshold on baseline 2 was significantly higher 

than Days 1, 7, 21, and 28 on the ipsilateral side in CFA-injected rats (all four post-CFA 

time points vs baseline 2, p<0.01), indicating CFA-induced mechanical allodynia. 

Wilcoxon test indicated there were no significant differences in ipsilateral hindpaw 

withdrawal threshold between baseline 2 and post-CFA time points in the non-CFA-

injected (control) rats (all four post-CFA time points vs baseline 2, p>0.05). 

On the contralateral side (Figure 6.2A), KW test revealed that there was no significant 

main effect on paw withdrawal thresholds at baseline or at post-CFA injection time points 

[baseline 2: χ2(7)=6.957, p>0.05; Day 1: χ2(7)=9.277, p>0.05; Day 7: χ2(7)=8.346, 

p>0.05; Day 21: χ2(7)=10.137, p>0.05; Day 28: χ2(7)=11.413, p>0.05]. 

On the ipsilateral side (Figure 6.2B), KW test showed that there was no significant main 

effect on paw withdrawal threshold at baseline (χ2(7)=3.430, p>0.05). KW analysis 

showed significant main effects on paw withdrawal thresholds on Day 1, 7, 21, and 28 

post-CFA injection [Day 1: χ2(7)=33.213, p<0.001; Day 7: χ2(7)=56.355, p<0.001; Day 

21: χ2(7)=58.817, p<0.001; Day 28: χ2(7)=49.523, p<0.001]. Further post hoc tests at each 

post-CFA time point revealed that, regardless of drug/vehicle treatment, CFA-injected 

rats exhibited significantly lower paw withdrawal thresholds in comparison to respective 

control counterparts (Day 1: CFA vs non-CFA groups, p<0.05, Day 7: CFA vs non-CFA 

groups, p<0.001, Day 21: CFA vs non-CFA groups, p<0.001, Day 28: CFA vs non-CFA 

groups, p<0.001), further indicating development of CFA-induced mechanical allodynia 

in the ipsilateral paw. In the control rats, chronic administration of DIPPA significantly 

reduced paw withdrawal threshold to mechanical stimulation on Day 7, compared to 
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vehicle-treated counterpart (Day 7: non-CFA-DIPPA vs non-CFA-vehicle, p<0.05); this 

effect of DIPPA was not observed in other post-CFA time points. 

 

Figure 6.2: Timecourse of the effects of SNC80 and DIPPA, alone or in combination, on 

the mechanical withdrawal threshold of the (A) contralateral and (B) ipsilateral hindpaw 

in the control and CFA-injected SD rats using VF test. Data are expressed as median with 

IQR, n=8-10/group.  #p<0.05, ###p<0.001 (CFA vs non-CFA counterpart); *p<0.05 (non-

CFA-DIPPA vs non-CFA-vehicle). CFA: complete Freund’s adjuvant, SD: Sprague-

Dawley, VF: von Frey. 
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6.3.2. Effects of SNC80 and DIPPA, alone or in combination, on CFA-induced 

hypersensitivity to noxious heat stimulus 

On the contralateral side (Figure 6.3A), RM ANOVA showed significant effects of time 

(F4,256=2.698, p<0.05) in tests of within-subjects effects on response latency to noxious 

heat stimulus. Further post hoc analysis revealed that there was no significant difference 

between relevant experimental groups. 

RM ANOVA revealed significant effects of time (F3.228,206.576=51.790, p<0.001) and time 

x CFA (F3.228,206.576=44.626, p<0.001) in tests of within-subjects effects on response 

latency to noxious heat stimulus on the ipsilateral side. A significant overall effect of CFA 

(F1,64=505.801, p<0.001) was also observed in tests of between-subjects effects on 

response latency. Post hoc SNK test showed that response latency between the 

experimental groups was not different at baseline. Furthermore, CFA-injected rats 

exhibited significantly lower response latency, compared to non-CFA-injected (control) 

counterparts, on Day 2, 8, 22, and 29 (all post-CFA time points: CFA vs non-CFA groups, 

p<0.05), indicating development of CFA-induced heat hypersensitivity in the ipsilateral 

paw (Figure 6.3B). Chronic administration of SNC80 and DIPPA, alone or in 

combination, did not affect response latency to radiant heat in either control or CFA-

injected rats at any time point. 
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Figure 6.3: Timecourse of the effects of SNC80 and DIPPA, alone or in combination, on 

the withdrawal latency to noxious heat stimulus of the (A) contralateral and (B) ipsilateral 

hindpaw in the control and CFA-injected SD rats using HG test. Data are expressed as 

mean ± SEM, n=8-10/group.  #p<0.05 (CFA vs non-CFA counterpart). CFA: complete 

Freund’s adjuvant, HG: Hargreaves’ test, SD: Sprague-Dawley. 
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6.3.3. Effects of SNC80 and DIPPA, alone or in combination, on recognition 

memory 

The NOR test was employed to assess long-term recognition memory at two post-CFA 

time points, Day 18 and Day 27. On Day 18 post-CFA injection (Figure 6.4), two-way 

ANOVA revealed significant effect of drug treatment (F3,72=5.679, p<0.01) only, but not 

of CFA (F1,72=0.179, p>0.05) or CFA x treatment interaction (F3,72=1.416, p>0.05), on 

time spent exploring the novel object. Further post hoc SNK test revealed that there were 

no significant differences between relevant groups (Figure 6.4A). Of note, a trend for 

DIPPA-induced reduction in novel object exploration was observed in the CFA-injected 

rats (CFA-DIPPA vs CFA-vehicle, p=0.077), which failed to reach statistical 

significance. There were no significant effects of CFA, treatment, and CFA x treatment 

interaction on time spent exploring the familiar objects in the arena (Figure 6.4B). 

Furthermore, three-way ANOVA revealed significant effects of day (F1,145=393.716, 

p<0.001) and drug treatment (F3,145=3.965, p<0.05) in the measure of preference index 

for the novel object on test day relative to the object in that location on familiarisation 

day (Figure 6.4C). Post hoc SNK analysis showed that all experimental groups spent more 

time exploring the novel object on test day in comparison to object 3 in the same location 

on familiarisation day (p<0.05). In addition, two-way ANOVA found significant effects 

of treatment (F3,72=5.679, p<0.01) only on discrimination index which compares the time 

spent exploring the novel object relative to the familiar objects in the arena on the test 

day. However, post hoc test showed there was no significant difference between relevant 

groups (Figure 6.4D). Again, chronic DIPPA administration produced a strong trend in 

reducing discrimination index for the novel object in CFA-injected rats (CFA-DIPPA vs 

CFA-vehicle, p=0.063), which failed to reach statistical significance. 
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Figure 6.4: Effects of SNC80 and DIPPA, alone or in combination, on recognition 

memory in control or CFA-injected SD rats on Day 18 post-injection. (A) Time spent 

exploring the novel object on the test day in non-CFA vs CFA rats. (B) Average time 

spent exploring the familiar objects on the test day in non-CFA vs CFA rats. (C) 

Percentage preference index comparing exploration time with the novel object on test day 

relative to object 3 on familiarisation day in non-CFA vs CFA rats. (D) Discrimination 

index comparing exploration time with the novel object relative to the familiar objects on 

the test day in non-CFA vs CFA rats. Data are expressed as mean ± SEM, n = 8-10/group. 

a: effect of day (p<0.001), b: effect of drug treatment: (p<0.01). CFA: complete Freund’s 

adjuvant, SD: Sprague-Dawley. 
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p>0.05; CFA x treatment interaction: F3,76=0.348, p>0.05. Discrimination index: CFA: 

F1,76=0.109, p>0.05; treatment: F3,76=0.516, p>0.05; CFA x treatment interaction: 

F3,76=0.119, p>0.05. Figure 6.5A, 6.5B, and 6.5D]. Three-way ANOVA revealed a 

significant effect of day (F1,153=366.258, p<0.001) only on preference index. Further post 

hoc SNK test showed that all experimental groups spent more time exploring the novel 

object on test day in comparison to object 3 in the same location on familiarisation day 

(p<0.05) (Figure 6.5C). 

 

 

Figure 6.5: Effects of SNC80 and DIPPA, alone or in combination, on recognition 

memory in control or CFA-injected SD rats on Day 27 post-injection. (A) Time spent 

exploring the novel object on the test day in non-CFA vs CFA rats. (B) Average time 

spent exploring the familiar objects on the test day in non-CFA vs CFA rats. (C) 

Percentage preference index comparing exploration time with the novel object on test day 

relative to object 3 on familiarisation day in non-CFA vs CFA rats. (D) Discrimination 

index comparing exploration time with the novel object relative to the familiar objects on 

the test day in non-CFA vs CFA rats. Data are expressed as mean ± SEM, n = 8-10/group. 

a: effect of day (p<0.001). CFA: complete Freund’s adjuvant, SD: Sprague-Dawley. 
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6.3.4. Effects of SNC80 and DIPPA, alone or in combination, on motivation-related 

behaviour 

Sucrose splash test was used to evaluate ethologically relevant anhedonic-like behaviour 

in the rats at two post-CFA time points, Day 18 and Day 27 (Figure 6.6 and 6.7, 

respectively). On Day 18 post-CFA injection, KW test revealed a significant main effect 

(χ2(7)=14.944, p<0.05) on time spent grooming but further post hoc test indicated that 

there was no significant difference between relevant experimental groups (Figure 6.6A). 

Moreover, KW test showed no significant main effect (χ2(7)=4.165, p>0.05) on latency 

to start grooming in the splash test (Figure 6.6B). 

 

 

Figure 6.6: Effects of SNC80 and DIPPA, alone or in combination, on grooming activity 

in the splash test in control or CFA-injected SD rats on Day 18 post-injection. (A) Time 

spent grooming during 10-min splash test. (B) Latency to start grooming after spraying 

10% sucrose solution on the dorsal coat. Data are expressed as median with IQR, n = 9-

10/group. CFA: complete Freund’s adjuvant, SD: Sprague-Dawley. 
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On Day 27 post-CFA injection, KW analysis revealed that there were no significant main 

effects on grooming time (χ2(7)=7.735, p>0.05; Figure 6.7A) or latency (χ2(7)=1.716, 

p>0.05; Figure 6.7B) to groom in the splash test. 

 

 

Figure 6.7: Effects of SNC80 and DIPPA, alone or in combination, on grooming activity 

in the splash test in control or CFA-injected SD rats on Day 27 post-injection. (A) Time 

spent grooming during 10-min splash test. (B) Latency to start grooming after spraying 

10% sucrose solution on the dorsal coat. Data are expressed as median with IQR, n = 9-

10/group. CFA: complete Freund’s adjuvant, SD: Sprague-Dawley. 
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6.4. Discussion 

In the present study we observed that chronic administration of SNC80 or DIPPA did not 

affect mechanical allodynia or heat hyperalgesia induced by CFA injection in SD rats. 

CFA injection did not induce any deficit in recognition memory (NOR test) or motivation-

related behaviour (splash test) at the time points tested post-CFA injection (Day 18 and 

Day 27). Chronic administration of DIPPA tended to impair performance in the NOR test 

on Day 18 in the CFA-injected, but not in the control, rats. There was no effect of SNC80 

or DIPPA on grooming behaviour in the splash tests. Furthermore, chronic administration 

of SNC80 and DIPPA together did not affect any of the behavioural domains (nociceptive 

responding, depressive-like, and cognition) in either control or CFA-injected rats. 

Intraplantar injection of CFA into the hindpaw induced mechanical allodynia and thermal 

hyperalgesia in the rats, as expected. Chronic administration of SNC80 did not affect 

nociceptive responding in control or CFA-injected rats. Previous studies have shown 

acute systemic or intracerebral administration of SNC80 effectively reduced CFA-

induced mechanical and thermal hypersensitivity in rats and mice (Fraser et al., 2000; 

Cao et al., 2001; Gavériaux-Ruff et al., 2008, 2011; Pradhan et al., 2013). Only two 

studies to date have investigated the effects of repeated or chronic administration of 

SNC80 in mice in pain models. Repeated administration of SNC80 (10 mg/kg) in CFA-

injected mice over 5 days produced significant antinociception in the beginning of the 

schedule but also resulted in analgesic tolerance (Pradhan et al., 2010). Moye and 

coworkers have recently reported that chronic daily treatment with SNC80 (10 mg/kg) 

for 11 days reduced peripheral and cephalic allodynia in a mouse model of chronic 

migraine, although the authors observed limited development of opioid-induced 

hyperalgesia following chronic SNC80 treatment (Moye et al., 2019). Thus, it appears 

that the low dose (1 mg/kg) of SNC80 used in our study may account for the lack of effect 

on nociceptive responding in VF and HG tests in the rats both at an acute time point (Day 

1) and following chronic administration. No study to date has investigated the effects of 

chronic administration of DIPPA in tests of pain. We demonstrated earlier in Chapter 4 

that acute DIPPA (2.5 mg/kg) injection reduced formalin-evoked nociceptive behaviour. 

Like SNC80, the low dose (1 mg/kg) of DIPPA in general did not affect nociceptive 

responses in the present study. Interestingly, repeated DIPPA treatment transiently 

reduced paw withdrawal threshold in the control, but not in the CFA-injected, rats on Day 
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7. However, this apparent pronociceptive effect of DIPPA might be due to the modest 

increment observed in mechanical threshold in the vehicle group at that time point. 

The present study examined CFA-induced cognitive deficit on Day 18 and 27 following 

intraplantar CFA injection into the hindpaw. Vehicle-treated CFA-injected rats did not 

exhibit impairment in object recognition memory in the NOR test at either post-CFA time 

point, compared to control counterparts. The results observed for Day 18 in this study are 

at odds with the previous study discussed in Chapter 5, where CFA-injected SD rats 

displayed a modest reduction in novel object exploration time compared to control 

counterparts. Methodological differences (e.g. repeated injection procedure, different set 

of testing procedures) between the two studies may account for the discrepant results. 

Intraplantar CFA injection during neonatal period (postnatal day 1) impairs long-term 

recognition memory in the NOR task performed during adulthood (postnatal day 60) in 

rats (Amaral et al., 2015), suggesting that chronic pain during early life may induce 

cognitive deficits in adulthood. Hence, future studies may investigate any deficit in 

recognition memory in the CFA model at later time points than in our study. 

Chronic SNC80 administration did not affect recognition memory in control or CFA-

injected rats in the current study. A recent study has shown that 3CS-nalmefene, a mixed 

MOP antagonist/partial DOP agonist, prevents impairment in object displacement 

learning in rats in the interferon-alpha model of depression (Callaghan et al., 2018), 

suggesting DOP may have a role in learning and memory. However, the dose of SNC80 

employed in our study might be too low to elicit any effect in the NOR task. On the other 

hand, we observed strong trends for DIPPA-induced impairment in  recognition memory 

in the CFA-treated rats, but not in the non-CFA (control) counterparts, suggesting that 

the pain status of the animal may alter the effect of drug on memory performance 

(Baiamonte et al., 2013). In our chronic dosing schedule, we maintained the 24 h 

administration time point of DIPPA prior to any behavioural testing, as published 

previously (Chang et al., 1994b; Carr and Lucki, 2010; Carr et al., 2010) to avoid KOP 

agonist-like activity of DIPPA within the first 4 h of administration (Chang et al., 1994b). 

However, previous reports have shown that acute administration of KOP antagonists 

prevent KOP agonist- or stress-induced impairment in recognition memory (NOR and 

water maze tasks) in rodents (Daumas et al., 2007; Carey et al., 2009; Paris et al., 2011). 

The exact pharmacodynamic profile of DIPPA with regards to its intrinsic activity at the 

KOP is not yet fully known and in vivo studies have suggested mixed agonist/antagonist 
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results in different behavioural paradigms (Burton and Gebhart, 1998; Kuzmin et al., 

2000; Terner et al., 2005; Carr and Lucki, 2010; Carr et al., 2010). Therefore, further 

studies are needed to elucidate the mechanisms underlying differential effects of KOP 

modulation on cognition-related behaviours in the CFA model of chronic inflammatory 

pain. 

We also investigated chronic inflammatory pain-induced anhedonic (motivation-related) 

behaviour on Day 18 and 27 post-CFA injection. Anhedonia (defined as loss of interest 

or pleasure) is one of the core symptoms of depression (Uher et al., 2014). We assessed 

anhedonia by measuring self-grooming in the rats in the splash test. Self-grooming is a 

complex innate homeostatic behaviour in rodents that is highly regulated by specific brain 

regions including the cortex, striatum, and amygdala (Kalueff et al., 2016). Previous 

studies have shown that grooming is reduced in rodents in the splash test following 

different kinds of behavioural (Yalcin et al., 2008; Amiri et al., 2016; Sadeghi et al., 2016; 

Hu et al., 2017) and biological (Sens et al., 2017) stressors and has been interpreted as a 

marker of anhedonia. Treatment with typical antidepressants prevent stress-induced 

grooming deficit in rodents (Yalcin et al., 2008; Sadeghi et al., 2016). The present study 

did not find any CFA-induced deficit in grooming behaviour at both testing time points. 

A few previous studies have reported CFA-induced anhedonic behaviour in the sucrose 

preference test in rodents (Shi et al., 2010; Refsgaard et al., 2016; Zhang et al., 2016). 

The difference in testing paradigm used between our study and those published may 

account for the discrepant results. 

With regard to treatment, no drug effect on grooming was observed in the control or CFA-

injected rats at either time points in the present study. Antidepressant properties of SNC80 

have been found in rodents in a number of behavioural paradigms, such as the forced 

swim (Broom et al., 2002; Jutkiewicz et al., 2004; Saitoh et al., 2004; Nozaki et al., 2014), 

tail suspension (Henry et al., 2018), and social defeat (Henry et al., 2018). Furthermore, 

repeated daily dosing with SNC80 (3 and 10 mg/kg) for 8 days attenuates anxiety-like 

behaviour in the EPM in olfactory bulbectomized rats (Saitoh et al., 2008). As for KOP 

antagonists such as nor-BNI and JDTic, they have been shown to produce antidepressant-

like effect in classical rodent models of depression (Mague et al., 2003; Shirayama et al., 

2004; Beardsley et al., 2005; Grimwood et al., 2011). A recent study has also 

demonstrated that relatively short-acting KOP antagonists (LY2444296 and LY2795050) 

reduce grooming deficits induced by the KOP agonist salvinorin-A in the splash test 
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(Butelman et al., 2019). These studies highlight the potential of DOP agonists and KOP 

antagonists in depression-like states. Hence, further investigation is warranted to explore 

manifestation of depressive-like behaviours in chronic inflammatory pain and any effect 

of opioid modulation thereon. 

Our study is the first to investigate the effects of chronic administration of SNC80 and 

DIPPA together in the CFA model of chronic inflammatory pain. Synergistic 

antidepressant-like effects of combining a DOP agonist (ADL5859) and a KOP 

antagonist (LY2444296) have been reported recently (Huang et al., 2016). The authors 

demonstrated that each drug on its own significantly reduces immobility in the forced 

swim test in mice. However, in combination, much lower doses of ADL5859 and 

LY2444296 were needed to produce comparable antidepressant-like effects, devoid of 

any locomotor activation effect (Huang et al., 2016). Hence, given that a DOP agonist 

and a KOP antagonist have distinct pharmacological profiles, such a synergism may allow 

the use of both drugs at lower doses to achieve desired behavioural output with fewer side 

effects. Although in the present study combination of SNC80 and DIPPA did not produce 

any significant behavioural effect in the rats, further investigation is warranted to explore 

the potential usefulness of this combination strategy. 

In conclusion, these results did not provide any evidence for CFA-induced anhedonia or 

impairment of recognition memory in SD rats at the time points tested. Overall, chronic 

administration of SNC80 and DIPPA, alone or in combination, did not affect CFA-

induced mechanical allodynia or heat hyperalgesia at the doses tested. Moreover, trends 

were seen for DIPPA-induced impaired recognition memory in CFA-injected rats only at 

a discrete time point. The functional relevance of such observation warrants further 

investigation. Lastly, chronic modulation of DOP and/or KOP appear not to affect 

grooming behaviour in the sucrose splash test at the doses tested.
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7. Chapter 7: General Discussion 

Affective disorders (anxiety and depression) and pain are among the most debilitating 

conditions worldwide. A substantial body of research indicates that pain and negative 

affect share a complex reciprocal relationship, whereby the presence of one condition can 

modulate the other (Wiech and Tracey, 2009; Hawker et al., 2011; Jennings et al., 2014). 

However, the neurobiological mechanisms underlying this association are poorly 

understood. Several studies have shown that anxiety and depressive disorders 

significantly increase the risk of developing chronic headache and musculoskeletal 

(including low back and neck/shoulder) pain (Ohayon and Schatzberg, 2003; Grover et 

al., 2012; Peres et al., 2017). Pain and negative affective states frequently coexist (Poole 

et al., 2009; Gadermann et al., 2012), which further aggravates the severity of each 

individual disorder, reducing the effectiveness of pharmacological treatment. Such 

comorbid conditions significantly impair the quality of life of the patients and impose a 

huge socioeconomic burden. As such, understanding the neurobiology of this interaction 

may facilitate the development of improved therapeutics for the management of pain, 

affective disorders, and their comorbidity. In this regard, it is imperative to investigate 

the participation of the opioid system in the interaction between pain and negative affect, 

given the key role played by this system in modulating both pain and affect/emotion. 

The aim of the work described in this thesis was largely to examine nociceptive 

responding to thermal (acute) and inflammatory (persistent or chronic) stimuli in the 

WKY rat, a genetic model of negative affect. The present work also aimed to determine 

if the behavioural changes were related to alterations in the opioid system, particularly 

the MOP and KOP system, in key brain regions implicated in pain and affect. In addition, 

the effects of pharmacological manipulation of MOP and KOP were investigated in WKY 

and SD rats on acute heat and persistent inflammatory pain and anxiety-/depression-

related behaviours. Moreover, the effects of pharmacologically modulating MOP in the 

ventrolateral subcolumn of PAG on inflammatory pain and the resulting influence on the 

descending inhibitory pain pathway were compared between WKY and SD rats. 

Additionally, the effects of CFA-induced chronic inflammation on nociceptive 

responding and chronic pain-associated negative affect and cognitive impairment were 

examined in WKY and SD rats. Lastly, we also investigated the effects of 

pharmacologically modulating KOP and DOP on nociceptive responding, depressive-, 

and cognition-related behaviour in the rat CFA model. 
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The main findings reported and discussed in this thesis include: 

1) WKY rats were less sensitive to the antinociceptive effects of systemically 

administered MOP agonist morphine in tests of acute thermal (hot plate test) and 

persistent inflammatory (formalin test) pain, compared to SD rats. 

2) WKY rats displayed reduced responsivity to the antinociceptive effects of morphine 

administered directly into the vlPAG, compared to SD counterparts, in the formalin 

model of persistent inflammatory pain. Furthermore, concomitant changes in the 

expression of c-Fos in downstream neural substrates (NRM and lumbar spinal dorsal 

horn) were blunted in the WKY versus SD rats. 

3) WKY rats were hyporesponsive to pharmacological modulation of KOP in the 

formalin model of persistent inflammatory pain. 

4) There were receptor/prepropeptide-specific and region-dependent differences in the 

expression of opioid-related genes, particularly those within the MOP and KOP 

system, in key regions involved in processing pain and affect between WKY and SD 

rats (Table 7.1). 

5) Mechanical allodynia was exacerbated in the WKY rats following intraplantar CFA 

injection into the hindpaw. Strain differences in the measure of social behaviour and 

spatial and recognition memory were apparent between WKY and SD rats. 

Additionally, recognition memory was impaired following CFA injection in the SD 

rats. 

6) Chronic systemic administration of KOP antagonist and DOP agonist, alone or in 

combination, had no effects on CFA-induced mechanical allodynia or heat 

hyperalgesia at the doses tested in SD rats. 

Chapters 2 and 3 examined the effects of pharmacological manipulation of the MOP via 

systemic administration and direct injection into the vlPAG, respectively, on nociceptive 

responding using two models of pain, acute heat and persistent inflammatory pain. The 

results from Chapter 2 showed that the systemic administration of the MOP agonist 

morphine produced antinociception in the hot plate and formalin tests in SD rats, effects 

attenuated by the MOP selective antagonist cyprodime. In both tests of nociception used 

here, WKY rats appeared to be less sensitive to morphine than SD rats, particularly to 

relatively low doses of morphine. Reduced responsivity to opioids in WKY rats, 

compared with SD rats, has been reported previously in the hot plate and warm water tail 

withdrawal tests (Sitsen et al., 1987; Hoffmann et al., 1998; Terner et al., 2003; Hestehave 
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et al., 2019b). Our results extend this finding to the formalin model of persistent 

inflammatory pain. These strain-related differences in morphine potency in nociceptive 

assays seem unlikely to be due to any effect of the drug on motor activity, as supported 

by the locomotor activity data from OF tests where 0.5 or 2 mg/kg morphine did not 

impair locomotor activity in either strain. Furthermore, equivalent plasma morphine 

levels in SD and WKY rats suggested that these differences in morphine sensitivity were 

unlikely to be due to differences in morphine pharmacokinetics in the two strains. Thus, 

considering the differential antinociceptive effects of morphine in WKY versus SD rats, 

it appears reasonable to suggest that there could be a lack of adequate engagement of the 

MOP system within descending pain circuitry in the WKY rats. Therefore, this hypothesis 

was further investigated in Chapter 3 with a focus on MOP in the vlPAG, an important 

region in the descending pain pathway for mediating MOP-induced antinociception 

(Sharpe et al., 1974; Yaksh et al., 1976b; Lane et al., 2005; Loyd et al., 2008; Morgan et 

al., 2009). The results showed that WKY rats were hyporesponsive to the antinociceptive 

effects of morphine injected into the vlPAG, compared to SD counterparts, in the 

persistent inflammatory (formalin) pain model. Although there are no studies to date 

specifically examining neural substrates within the descending pain pathway in relation 

to the opioid system in WKY rats, there is some evidence that the PAG is involved in 

hyperalgesia in this rat strain. Previous work in our laboratory has demonstrated 

subcolumn-specific alterations in the signalling of the transient receptor potential 

vanilloid 1 (TRPV1) (Madasu et al., 2016) and the peroxisome proliferator-activated 

(PPAR) receptors  (Okine et al., 2017) in the PAG in WKY versus SD rats. Both of these 

systems have key roles in peripheral and central nociceptive processing (Caterina et al., 

1997; McGaraughty et al., 2003; Russo et al., 2007; Costa et al., 2008; De Novellis et al., 

2012). Though MOP expression in the vlPAG did not differ between WKY and SD rats, 

data presented in Chapter 3 identified the vlPAG as a key locus for the hyporesponsivity 

to MOP agonism in WKY rats in the formalin test. Future experiments could compare the 

activity of the MOP (e.g. using [35S]GTPγS binding assay) in the vlPAG of WKY versus 

SD rats to assess any strain-related alteration in receptor functionality that will further 

support the pharmacological findings. Additionally, examining the components of the 

MOP-induced intracellular signalling cascade in the vlPAG may help to reveal 

neuromolecular underpinnings for hyperalgesia in the WKY rats. Also, it should be noted 

that the subcolumns of PAG have different but overlapping neuronal connections (Rizvi 

et al., 1991; An et al., 1998), playing distinct roles in stress and aversive responding (Keay 
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and Bandler, 2001). Therefore, further pharmacological investigation is necessary to 

unravel any relative contribution of the other PAG subcolumns (dlPAG and lPAG) to 

differential MOP-mediated response in the WKY rats. 

Opioid-induced antinociception involves activation of the descending inhibitory pain 

pathway via GABAergic disinhibition (Lau and Vaughan, 2014). We found that intra-

vlPAG injection of morphine in SD rats reduced formalin-evoked nociceptive behaviour 

and was associated with an increase in c-Fos expression in the NRM, one of the principal 

nuclei of the RVM involved in opioid-induced antinociception (Young et al., 1984; Urban 

and Smith, 1994). The increase in expression of c-Fos likely reflects an increase in RVM 

OFF cell activity (Fields et al., 1983b; McGaraughty et al., 1993; Tortorici and Morgan, 

2002). Furthermore, there was a concomitant reduction in c-Fos expression in the lumbar 

segment of the DHSC, which likely reflects top-down inhibitory modulation of spinal 

nociceptive transmission (Presley et al., 1990; Gogas et al., 1991, 1996), reducing 

formalin-evoked nociception. These changes in c-Fos expression in NRM and DHSC 

were blunted in the WKY rats following intra-vlPAG morphine administration. The PAG-

RVM-spinal cord circuit is a well-characterised component of the descending pain 

pathway (Millan, 2002). Thus, a reduced MOP-induced engagement of the descending 

inhibitory pain pathway from the vlPAG may underpin the hyperalgesic response to 

noxious inflammatory stimuli in the WKY rats, compared to SD counterparts. 

Electrophysiological studies would be useful here in understanding any strain-related 

functional differences in the activity of ON and OFF cells in the RVM. A limitation of 

my work here is that the identity of the neurons expressing c-Fos in the RVM and DHSC 

is not known at present. In this respect, future studies using double labelling 

immunohistochemistry technique will help to identify the c-Fos expressing neurons in the 

RVM and DHSC and could provide better mechanistic understanding regarding the 

deficit in MOP-induced signalling in the WKY rats. 

While the PAG has been most studied in relation to hyperalgesic behaviour in the WKY 

rats, altered expression and/or functionality of the MOP within higher cortical and limbic 

brain regions of the WKY rats may also influence their hyporesponsivity to morphine, 

compared with SD rats. The CeA has dense reciprocal connections with the PAG, 

particularly with the lateral/ventrolateral subcolumns (Rizvi et al., 1991; Da Costa Gomez 

and Behbehani, 1995b; Neugebauer et al., 2004). Direct injection of morphine into the 

amygdala including the CeA produces antinociception in rats (Helmstetter et al., 1998; 
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Sabetkasaei et al., 2007; Rashvand et al., 2014), which can be antagonised by systemic 

administration of naloxone (Sabetkasaei et al., 2007). Moreover, administration of 

morphine into the amygdala increases the release of opioid peptides (enkephalins and β-

endorphin) in the PAG (Ma and Han, 1991). The PAG also receives input from the mPFC 

(An et al., 1998; Gabbott et al., 2005). Electrical stimulation of the ACC attenuates the 

affective component of pain in the PEAP in a rat model of neuropathic pain, an effect that 

is blocked by lesioning the vlPAG without affecting the tactile sensitivity (LaBuda and 

Fuchs, 2005). Thus, higher brain regions can modulate neuronal activity at the level of 

PAG. We did not observe a global strain-related difference in the expression of the genes 

encoding MOP or POMC in regions associated with pain and affect, except for higher 

levels of MOP and POMC mRNA in the hippocampus and PFC, respectively, in naïve 

WKY versus SD rats (Table 7.1). Nevertheless, it will be interesting to further explore 

the effects of pharmacologically manipulating the MOP in specific subnuclei (such as the 

CeA and ACC) in the WKY rats to assess their involvement in hyperalgesic response. 

Moreover, techniques such as optogenetics could be employed to further unveil any 

differential input to the PAG (particularly to the ventrolateral subcolumn) from these 

higher brain sites, which may help to explain the characteristic behavioural phenotype of 

the WKY rats. 

In Chapter 4, the effects of pharmacological manipulation of KOP via systemic 

administration of KOP-selective drugs, U50488 and DIPPA, were examined on 

nociceptive behaviour in WKY and SD rats. The prototypic KOP agonist U50488 

produced antinociceptive effects in the SD rats in response to acute thermal (heat) and 

persistent inflammatory (formalin) stimuli, as was expected. One interesting finding of 

this study was that systemic administration of the KOP antagonist DIPPA alone reduced 

formalin-evoked nociceptive behaviour in the SD rats. Though the exact pharmacological 

profile of DIPPA at the KOP remains to be determined, studies have reported that DIPPA 

reduces anxiety- and depressive-like behaviours in rats (Carr and Lucki, 2010; Carr et al., 

2010), which is in agreement with its KOP antagonist-like profile (Chang et al., 1994b, 

1994a). Additionally, DIPPA (at doses >3mg/kg) attenuates U50488-induced 

antinociception in tests involving noxious acute heat stimulus (Kuzmin et al., 2000; 

Terner et al., 2005). Moon and colleagues have shown that intra-articular injection of 10 

µM, but not 10 nM, of DIPPA reverses the antinociceptive effect of U50488 administered 

into the same site in a rat model of knee osteoarthritis (Moon et al., 2016). These findings 
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suggest that DIPPA has KOP antagonist-like effects in vivo. However, a complete 

interpretation of data from these published studies is difficult due to lack of inclusion of 

a treatment group that received only DIPPA, as in our study. The exception here is the 

report from Terner et al who has shown that DIPPA alone has mild antinociceptive effect 

in response to acute heat stimulus in rodents (Terner et al., 2005), which suggests agonist-

like effects of DIPPA at the KOP. The findings discussed so far with respect to 

pharmacological effects of DIPPA also suggests another possibility that DIPPA may act 

as a partial agonist in vivo. Therefore, further in vitro and in vivo investigations are 

warranted to examine the intrinsic activity of DIPPA at the KOP. 

Furthermore, in our study we observed that the WKY rats were hyporesponsive to the 

antinociceptive effects induced by U50488 or DIPPA in response to persistent 

inflammatory (formalin) stimulus, but not to heat (hot plate) stimulus. Such stimulus-

dependent differences between the two strains with regard to efficacy of KOP modulators 

suggest that the KOP system is possibly hypofunctional in inflammatory pain in the WKY 

rats, but retains functionality in thermal pain in both strains. Noxious heat and chemical 

stimuli have different effects on the physiology of the somatosensory system. As 

mentioned earlier in Chapter 1, specialised transducer proteins such as the TRP channels 

on primary afferents (C- or Aδ-fibres) detect one or more stimulus modalities (Basbaum 

et al., 2009; Julius, 2013). Heat-sensitive afferents express TRPV1, an endogenous 

transducer of noxious heat and capsaicin (active ingredient of chili peppers) (Caterina et 

al., 1997, 2000). In addition to acute heat nociception, TRPV1 has a key role in mediating 

heat hypersensitivity induced by tissue injury and inflammation (Tominaga et al., 1998; 

Caterina et al., 2000; Davis et al., 2000), thus reflecting the ability of TRPV1 to act as a 

molecular integrator of thermal and chemical stimuli (Tominaga et al., 1998). Polymodal 

primary afferents also express transient receptor potential ankyrin 1 (TRPA1) receptor, 

which is involved in detecting chemical irritants that elicit inflammatory pain (Chen and 

Hackos, 2015). TRPA1 has been reported to be the principal mediator of nociceptive 

behaviour evoked by formalin in vivo (McNamara et al., 2007). Opioids, including those 

acting at KOP (Randic et al., 1995; Snyder et al., 2018), have been shown to effectively 

inhibit excitatory neurotransmission via nociceptive primary afferents, thereby producing 

antinociception (McCormack et al., 1998; Endres-Becker et al., 2007; Ikoma et al., 2007). 

Hence, there could be a differential modulation of the KOP on primary afferents that 

express TRPV1, TRPA1, or both in WKY versus SD rats, resulting in pain modality-
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dependent differences in KOP antinociception in the two strains. Our findings here also 

underscore the importance of using multiple pain models when investigating genotype 

difference in opioid efficacy. Future studies examining the influence of both modality and 

strain will help in understanding whether genotype differences in opioid antinociception 

are limited to particular types of pain or not. 

With regard to DIPPA, Carr and colleagues have examined DIPPA in tests related to 

negative affect and reported that whilst DIPPA is anxiolytic in both SD and WKY rats 

(Carr and Lucki, 2010), it has antidepressant-like effects in WKY rats,  but not in SD 

counterparts (Carr et al., 2010). However, this strain-dependent effect of DIPPA was not 

seen in the FST in our study, possibly due to the low dose employed. Nonetheless, these 

published reports along with our results from nociceptive assays suggest that the KOP 

system might be altered in the WKY rat strain and that such alterations may underlie its 

phenotype. This notion is further supported by findings in our study (Table 7.1) and others 

(Dennis et al., 2016; Burke et al., 2019) regarding the differential expression of the genes 

encoding KOP and PDYN in key brain regions implicated in pain and affect in the WKY 

rats, compared to SD counterparts. Therefore, further investigations examining functional 

activity of the KOP in these regions are needed. For instance, [35S]GTPγS assay can be 

employed to assess receptor functionality in vitro. In addition, in vivo pharmacological 

studies examining effects of direct intracerebral injections of KOP-modulating drugs into 

discrete brain regions in the WKY rats could help to elucidate region-dependent role 

played by the KOP in relation to hyperalgesia and negative affect. A region of interest in 

this respect could be the amygdala or more specifically the CeA. A recent study has 

revealed a role for the KOP in the CeA in SIH in a rat model of migraine (Xie et al., 

2017). As mentioned earlier, the CeA has dense reciprocal projections with the PAG. 

Thus, any alteration in the functionality of the KOP in this CeA-PAG pathway may, in 

turn, affect nociceptive responding in the WKY rats. Besides pharmacological 

investigation, future studies using electrophysiology could explore KOP 

signalling/activity in the CeA in WKY and SD rats. 
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Table 7.1: Summary of results on the expression of genes encoding MOP, KOP, POMC, 

and PDYN (measured using RT-qPCR) in discrete brain regions involved in pain and 

affect in naïve WKY rats, compared to SD rats. ↑: higher, ↓: lower, ↔: no difference; 

Amyg: amygdala, Hypo: hypothalamus, Hipp: hippocampus, KOP: kappa-opioid 

receptor, MOP: mu-opioid receptor, PAG: periaqueductal grey, PFC: prefrontal cortex, 

PDYN: prodynorphin, POMC: proopiomelanocortin, SD: Sprague-Dawley, WKY: 

Wistar-Kyoto. 

 

As mentioned earlier in Chapter 1, chronic pain and negative affect share a complex 

reciprocal relationship. Just as the presence of negative affect can exacerbate pain 

experience, chronic pain states can also lead to development of anxiety and depressive 

disorders (McWilliams et al., 2003; Knaster et al., 2012; de Heer et al., 2014), resulting 

in debilitating comorbidity. In addition to affective disorders, chronic pain is highly 

comorbid with cognitive impairment in the clinical population (Moriarty et al., 2011; Shin 

et al., 2012; Moriarty and Finn, 2014; Whitlock et al., 2017). In this respect, I explored 

different behavioural domains relating to nociception, negative affect, and cognition in 

the CFA model of chronic inflammatory pain in Chapters 5 and 6. 

Results in Chapter 5 provide further evidence for genotype-dependent exacerbation of 

nociceptive responding in the CFA model of chronic inflammatory pain. While both 

strains developed mechanical allodynia and thermal hyperalgesia following CFA 

injection into the hindpaw, WKY rats exhibited greater mechanical allodynia in the VF 

test, compared to SD counterparts. Similar to our results, others have demonstrated 

greater mechanical allodynia in the WKY rats after injecting CFA into the 

temporomandibular joint (Wang et al., 2012) or following chronic constriction nerve 

injury (Zeng et al., 2008), compared with Wistar rats. Previous work in our laboratory 

has shown that WKY rats, but not SD counterparts, develop thermal hyperalgesia in the 

Receptor/ 

propeptide 

Regions 

PFC Amyg Hipp Hypo PAG 

MOP ↔ ↔ ↑ ↔ ↔ 

KOP ↓ ↔ ↔ ↔ ↓ (trend) 

POMC ↑ ↔ ↔ ↔ ↔ 

PDYN ↑ ↔ ↑ ↔ ↓ (trend) 
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spinal nerve injury model of neuropathic pain (Jennings, 2015). However, Hestehave et 

al have reported in two separate studies that the WKY rats develop less robust mechanical 

hypersensitivity after CFA injection (Hestehave et al., 2019b) or their mechanical 

hypersensitivity did not differ from SD rats following spared nerve injury (Hestehave et 

al., 2019a). Differences such as models used to manifest chronic neuropathic pain and 

behavioural tests employed to assess mechanical hypersensitivity after CFA injection 

may, at least in part, account for the discrepant results here. Overall, results from our 

study and the current literature suggest an exacerbation of nociceptive responding 

following induction of chronic pain in the WKY rat strain. 

Furthermore, Chapter 5 examined the effects of CFA-induced chronic inflammatory pain 

on manifestation of anxiety-like behaviour and cognitive impairment in SD and WKY 

rats. Strain-related differences were apparent between SD and WKY rats in the measures 

of activity in a novel aversive environment (an indirect measure for anxiety-like 

behaviour) and in the domains of social behaviour and recognition and spatial memory. 

We did not observe pain-induced anxiety or deficits in social and spatial memory in either 

strain, possibly due to differences in time points of testing between our study and those 

published (Parent et al., 2012; Grégoire et al., 2014; Wu et al., 2017; Zhong et al., 2019). 

Therefore, further studies are needed to assess manifestation of anxiety- and depressive-

like behaviours, as well as deficits in these cognitive domains, at later time points in the 

CFA model, and to explore any genotype-dependent exacerbation of these behaviours in 

the WKY rats. In our study, there was a modest CFA-induced impairment in recognition 

memory (NOR test) in the SD rats. Similar CFA-induced cognitive impairment has been 

reported earlier in the NOR test (Amaral et al., 2015) and in other paradigms with learning 

and memory components (Cain et al., 1997; Baiamonte et al., 2013) in rats. Future studies 

will need to elucidate the molecular correlates associated with cognitive deficits in the 

CFA model. Since the opioid system also has a role in learning and memory, it would be 

interesting to examine any CFA-induced changes in the expression and/or functionality 

of the different opioid receptors and peptides in key neural substrates (e.g. hippocampus, 

PFC, PAG) and correlate with behavioural outcome. 

The findings from Chapter 5 were followed up with another in vivo study presented in 

Chapter 6 where we further examined the effects of CFA-induced chronic inflammatory 

pain on the manifestation of any depressive-like behaviour and impairment in recognition 

memory over time in SD rats. However, in this study we did not observe CFA-induced 
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impairment in recognition memory in the NOR test at either of the two post-CFA injection 

time points investigated (Day 18 or 27). One of the differences between the two in vivo 

studies in Chapters 5 and 6 is the aspect of repeated drug/vehicle administration in the 

latter study. Whether stress from repeated injections has any effect on these behavioural 

outcomes needs further investigation. A previous study by Amaral and colleagues suggest 

that CFA injection during neonatal period could have long-lasting detrimental effects on 

recognition memory in adulthood (Amaral et al., 2015). In addition, there is ample clinical 

and preclinical evidence indicating that chronic pain induces maladaptive neuroplastic 

changes in brain regions with overlapping functions in pain, affect, and cognition 

(Apkarian et al., 2004; Baliki et al., 2006; Mutso et al., 2012; Kiritoshi and Neugebauer, 

2015; Nishinaka et al., 2016). Thus, future studies could examine if negative affective 

states or cognitive impairments manifest beyond the observed chronic inflammatory state. 

Comorbidity between chronic pain and affective disorders and/or cognitive impairment 

results in poor therapeutic outcome for patients. Although there is evidence for a 

reciprocal relationship between these conditions, the underlying neurobiological 

mechanisms remain poorly understood, limiting therapeutic options to effectively treat 

such comorbidity. In this regard, drugs acting at KOP and DOP are currently under active 

research due to their improved side-effect profile and abuse potential compared to MOP  

agonists (Al-Hasani and Bruchas, 2011; Wang et al., 2019). KOP antagonists are 

currently being considered for the treatment of neuropsychiatric diseases, including 

anxiety, depression, and substance abuse disorders (Carlezon and Krystal, 2016).  

Recently, KOP antagonists have also gained attention for the treatment of chronic pain 

(Xie et al., 2017; Liu et al., 2019b; Navratilova et al., 2019). Similarly, DOP agonists 

display high efficacy in chronic inflammatory pain and migraine headache and have 

anxiolytic and antidepressant-like effects (Pradhan et al., 2011; Moye et al., 2019). Hence, 

in Chapter 6, the effects of chronic systemic administration of a KOP antagonist (DIPPA) 

and a DOP agonist (SNC80) on CFA-induced enhanced nociceptive responding and any 

associated depressive-like and cognitive deficits were investigated in the SD rats. 

However, chronic administration of these drugs, alone or in combination, had no overall 

effect on nociceptive or other behavioural domains in rats, except for a transient DIPPA-

induced impairment of recognition memory in the CFA-injected rats. Although the drugs 

were administered chronically for 30 days, the doses employed in our study may have 

been too low to elicit a significant pharmacological effect in the behavioural tests. Given 
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the unique pharmacological profiles of KOP antagonism and DOP agonism, future studies 

should further explore their therapeutic potential in comorbid chronic pain-negative 

affect/cognitive impairment and the influence of genetic background thereon. 

The studies discussed so far in this thesis have some limitations that should be noted. In 

particular: 

(a) Although every effort has been made to collect data with precision and in a 

reliable way, we acknowledge the possibility of Type II errors in interpreting 

experimental datasets. In statistical analysis, Type I (false positive) and Type II (false 

negative) errors are related in that reducing Type I error tends to increase Type II error 

and vice-versa (Kim, 2015). We have applied Bonferroni-Holm correction to account for 

multiple comparisons and, therefore, reduce the probability of making a Type I error. 

However, in doing so, we could increase chances of committing a Type II error. As such, 

a power analysis may help to deduce the probability of avoiding a Type II error. This is 

particularly important in preclinical studies like ours where the sample size is relatively 

low and it is not always feasible to increase the number of experimental animals as there 

are ethical implications of using animals for research (Festing and Altman, 2002). 

(b) A battery of behavioural tests was employed in the studies following a 

pharmacological intervention to assess the effects of the drug on multiple behavioural 

domains. A limitation of such a test battery approach is the impact that stress or handling 

associated with each task has on the animal. In addition, carryover effects from prior tests 

may influence behavioural responses in subsequent tests. A pervious study has shown 

that mice with test battery experience exhibit different behaviour compared to naïve mice 

(exposed to only one test in the battery) (McIlwain et al., 2001). The authors observed 

difference in behaviour between test battery and naïve animals for number of tasks 

including the open field, rotarod, and hot plate tests. Though the use of a test battery 

approach is a good strategy to obtain most information with the fewest number of animals, 

the test experience here could be a source of variance in the data. 

(c) The studies were conducted using male rats only. Numerous studies have 

demonstrated sex differences in pain at the clinical level, particularly in chronic pain 

conditions (Sorge and Totsch, 2017). Despite a higher prevalence of pain reports and 

disorders in women (Fillingim et al., 2009), preclinical studies in pain have largely used 

male rodents (Mogil, 2012) that may skew the complete mechanistic picture of chronic 

pain and any associated affective/cognitive disorders. One of the reasons behind this sex 
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bias is the commonly held view that different stages of oetrous cycle in female rodents 

could cause significant variability in behavioural results. However, studies have shown 

robust sex differences in nociception that are not influenced by fluctuation of hormonal 

levels at different stages of the oestrous cycle in rats and mice (Mogil et al., 2000). In 

addition, sex-dependent differences in response to opioids have been reported in both 

clinical and preclinical studies (Rasakham and Liu-Chen, 2011; Averitt et al., 2019). 

Though there are some discrepancies, the majority of these studies have demonstrated 

reduced efficacy of opioids (such as morphine, buprenorphine, nalbuphine, U50488, 

SNC80) in females compared to males (Sarton et al., 2000; Barrett et al., 2002; Cepeda 

and Carr, 2003; Aubrun et al., 2005; Stoffel et al., 2005; Bai et al., 2015). Moreover, sex 

differences in preclinical pain studies have been shown to be dependent on the rodent 

strain used, and there are strong lines of evidence supporting for a role of genotype in 

determining sex differences in opioid-mediated antinociception (Mogil et al., 2000; 

Terner et al., 2003). With regards to the WKY rats, Burke and colleagues has recently 

demonstrated some sex dimorphism in anxiety- and depression-related behaviours in this 

strain. Future studies should therefore be carried out using female rats to explore any 

influence of sex on the genotype-dependent response to opioids in pain-negative affect 

interaction. 

In conclusion, the body of work presented in this thesis further adds to our understanding 

of altered nociceptive responding in the presence of negative affective state. Our findings 

extend the behavioural and neurobiological profile of the WKY rat model. The results 

suggest, for the first time, that deficits in MOP-induced signalling in the vlPAG and 

consequently impaired engagement of downstream regions of the descending inhibitory 

pain pathway, may underlie hyperalgesia to noxious persistent inflammatory stimulus in 

the WKY rat. In addition, WKY rats exhibit differential nociceptive responses to 

pharmacological modulation of the KOP compared to SD counterparts, suggesting 

alterations in the KOP system may also account for some of their characteristic 

behavioural profile. Furthermore, our findings provide evidence for an influence of 

genotype on exacerbated nociceptive response in chronic inflammatory pain. Lastly, 

results of the experiments presented herein contribute to our understanding of the 

complex modulatory effect of chronic pain on cognitive responses. 
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Appendices 

 

Appendix A: Buffers and solutions – Western immunoblotting 

 

1 M Tris-HCl, pH 7.4 

• For 100 mL: 

o Weigh 15.15g Trizma-base (Sigma-Aldrich, Wicklow, Ireland) 

o Add to 50 mL dH2O and place on stirrer to dissolve 

o Adjust pH to 7.4 

o Make up to a final volume of 100 mL with dH2O 

o Store at 4ºC 

0.5 M Tris-HCl, pH 6.8 

• For 200 mL: 

o Weigh 12.11 g Trizma-base 

o Add 50 mL dH2O and place on stirrer to dissolve 

o Adjust pH to 6.8 

o Make up to a final volume of 200 mL with dH2O 

o Store at 4ºC 

1.5 M Tris-HCl, pH 8.8 

• For 500 mL: 

o Weigh 90.82g Trizma-base 

o Add 50 mL dH2O and place on stirrer to dissolve 

o Adjust pH to 8.8 

o Make up to a final volume of 500 mL with dH2O 

o Store at 4ºC 
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RIPA lysis buffer 

Ingredients (for 12 mL):  

50 mM EGTA 240 µL 

50 mM NaF 120 µL 

5 M NaCl 360 µL 

1 M Tris-HCl pH 7.4 600 µL 

0.25% Na-deoxycholate 300 µL of 10% Na-deoxycholate solution 

1 mM Na-orthovanadate 120 µL 

dH2O 12 mL (final volume) 

 

• Male 990 µL aliquots 

• Store at -20ºC 

• Add 10 µL protease inhibitor cocktail (cat# P8340, Sigma-Aldrich, Wicklow, 

Ireland) to each aliquot before use 

 

4X Sample buffer 

Ingredients (for 50 mL):  

SDS 0.92 g 

1 M Tris-HCl pH 6.8 2.5 mL 

Glycerol 4 mL 

1% Bromophenol Blue (in PBS) 1 mL 

dH2O 50 mL (final volume) 

 

• Make 950 μL aliquots 

• Store at -20ºC 

• Add 50 μL 2-mercaptoethanol to each aliquot in fume hood when ready to use 

 

10% SDS  

• 100 uL 10% SDS (Sigma-Aldrich, Wicklow, Ireland) in 10 mL dH2O 

• Store at room temperature 

 

10% Ammonium persulfate (100 mg/ml) 

• Make fresh daily 

• As required while making up gels, e.g. 0.05 g in 500 μL 
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• Store at 4ºC 

 

5X Running buffer 

Ingredients (for 1 L):  

Trizma-base 15 g 

Glycine 108 g 

20% SDS 25 mL 

dH2O 1 L (final volume) 

 

• Store at room temperature 

• Dilute to 1X before use 

 

1X Transfer buffer 

Ingredients (for 2 L):  

Trizma-base 6.06 g 

Glycine 28.8 g 

20% Methanol 400 mL 

dH2O 2 L (final volume) 

 

• Store at 4ºC 

 

10X Tris-Buffered Saline (TBS) 

Ingredients (for 1 L):  

Trizma-base 30 g 

NaCl 80 g 

KCl 2 g 

dH2O 1 L (final volume) 

 

• pH to 7.4 before bringing to final volume 

• Store at 4ºC 

• Dilute to 1X before use 
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Blocking solution 

Ingredients (for 100 mL):  

Non-fat powder milk 5 g 

Tween 20 50 μL 

1X Tris-buffered saline (TBS) 100 mL (final volume) 

 

• Store at 4ºC 

 

Washing solution 

Ingredients (for 100 mL):  

Tween 20 200 μL 

1X Tris-buffered saline (TBS) 100 mL (final volume) 

 

• Store at 4ºC 

 

Primary Antibody diluent: stored at 4°C 

• Same as blocking solution 

• Store at 4ºC 

 

Secondary Antibody diluent 

• 1% milk solution (1 g milk in 100 ml TBS with 10 µL of Tween 20) 

• Store at 4ºC 

 

Stripping Buffer (25mM Glycine with 1% SDS) 

• Add 1.876 g glycine to 950 mL dH2O 

• pH to 2 with HCl 

• Add 50 mL of 20% SDS 

• Store at room temperature 

 

 



Appendix A  

255 

 

0.1% Ponceau stain solution 

Ingredients (for 100 mL):  

Ponceau stain 100 mg 

5% acetic acid 1 mL 

dH2O 100 mL (final volume) 

 

• Store at 4ºC 

 

12% SDS-PAGE Resolving gel (for 2 gels) 

Ingredients Volume 

dH2O 6.58 mL 

30% acrylamide mix 8 mL 

1.5 M Tris-HCl pH 8.8 5 mL 

10% SDS 200 μL 

10% ammonium persulphate 200 μL 

TEMED 20 μL 

 

4% Stacking gel (for 2 gels) 

Ingredients Volume 

dH2O 5.48 mL 

30% acrylamide mix 1.36 mL 

0.5 M Tris-HCl pH 6.8 1 mL 

10% SDS 80 μL 

10% ammonium persulphate 80 μL 

TEMED 8 μL 
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Appendix B: Buffers and solutions – Transcardial perfusion 

 

0.89% w/v NaCl 

• Weigh 8.9 g NaCl 

• Add deionised water (dH2O) to make up to 1 L 

 

Heparinised saline 

• Add 5,000 units of heparin (Wockhardt Ltd, Wrexham, UK) per litre of 0.89% 

NaCl 

 

Cryoprotective solution (25% w/v sucrose solution (1 L) with 0.1% sodium azide) 

• 0.1 M PBS: Dissolve 5 PBS tablets (Sigma-Aldrich, Wicklow, Ireland) in 500 mL 

• Add 250 g of sucrose (Fisher Scientific, Leicestershire, UK) 

• Add 1 g sodium azide (Sigma-Aldrich, Wicklow, Ireland)  

• Stir until dissolved 

• Make up to 1 L with dH2O 
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Appendix C: Buffers and solutions – Immunohistochemistry 

 

0.1% w/v PB-Azide  

• 0.1 M PB: 

o Weigh 3.1188 g of NaH2PO4.H2O (stock A) (Sigma-Aldrich, Wicklow, 

Ireland) 

o Weigh 13.7772 g of Na2HPO4.2H2O (stock B) (Fisher Scientific, 

Leicestershire, UK) 

o Add dH2O to make up to 1 L 

• Weigh out 1 g sodium azide  

• Add to 1 L of 0.1 M PB and stir to dissolve 

 

Quench 

• 30% H2O2 (Sigma-Aldrich, Wicklow, Ireland) in 10% methanol/dH2O (Fisher 

Scientific, Leicestershire, UK)  

 

Blocking solution 

• 0.2% TXPBS: Add 3 mL of Triton-X (Sigma-Aldrich, Wicklow, Ireland) to 1 L 

of 0.1 M PBS 

• 3% normal goat serum (NGS) (Abcam, Cambridge, UK) in 0.2% TXPBS  

 

Primary Antibody 

• Rabbit anti-cFos (1:2000, cat#ab190289, Abcam, Cambridge, UK) in 1% NGS in 

0.2% TXPBS 

 

Secondary Antibody 

• Biotinylated goat anti-rabbit antisera (1:200, cat#ab97049, Abcam, Cambridge, 

UK) in 1% NGS in 0.1 M PBS 
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