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ABSTRACT  

Purpose: Neuropathic pain is a debilitating condition that deeply affects quality of life and is a 

major socioeconomic burden. Elements of stress and fear are involved in patients suffering 

from this illness. The endogenous analgesic system can be modelled by assessing responses to 

stress known as stress induced analgesia. Quite often, the anticipation of pain is a major 

source of fear and anxiety for chronic pain sufferers, leading to or compounding stress and 

anxiety related disorders. Thus, responses to conditioned fear were modelled utilising a fear 

conditioned analgesia protocol on an animal model of neuropathic pain. 

Methods: Electric foot-shock stimulation was used as a stressor to activate the endogenous 

analgesic system in C57BL/6 mice. Neuropathic pain was modelled via the chronic constriction 

injury method. The resultant analgesia from the stressor was measured by two thermal pain 

assays: the hotplate and Hargreaves test, engaging unique supraspinal and spinal pain 

pathways. The immediate response to stress was the experimentally produced stress induced 

analgesia. A two-day fear conditioning protocol was setup to assess fear conditioned analgesia. 

Day 1 consisted of an associative learning task, where the electric foot-shock was paired with a 

tone at fixed timings and repetitions. On day 2, only the conditioned response was presented, 

and its resultant analgesia recorded. The engagement of endogenous opioids and 

cannabinoids were tested via systemic administrations of receptor antagonists, AM281 and 

naltrexone. The neuronal activity within the PAG was assessed using c-fos 

immunohistochemistry.  

Results: Stress induced analgesia induced by brief continuous footshock was largely mediated 

by endogenous opioids. By contrast, both opioids and cannabinoids mediated the analgesia 

induced by intermittent footshock. Extended continuous footshock produced supramaximal 

responses which prevented the assessment of endogenous opioids and cannabinoids. After 

incremental modulations and extensive testing, a robust fear conditioned analgesia was 

produced which accounted for injection stress. The immediate response to stress was opioid 
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mediated whilst both endogenous opioid and cannabinoids was necessary to mediate fear 

expression and fear conditioned analgesia. Neuropathic pain disrupts the stress response but 

interestingly did not alter fear expression. Neuronal activity within the PAG was increased with 

neuropathic pain mice.  

Conclusion: The relative involvement of endogenous opioids and cannabinoids heavily 

depends on the parameters of the stressor. Neuropathic pain disrupts the endogenous 

analgesic system and this correlates to major changes in activity within the PAG. 
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1. CHAPTER 1: INTRODUCTION 

1.1 Acute and Chronic Pain 

Acute pain is a physiological and psychological response to tissue injury that aids healing and 

recovery (Cohen et al., 2021; Schug et al., 2016). As such, it is an aversive sensory and 

emotional experience caused by possible or actual tissue damage which triggers a series of 

defensive behavioural and neurological responses, to avoid potential or further damage 

(Woolf and Mannion, 1999). Pain persisting beyond the normal healing period of 3 - 6 months 

is regarded as chronic and pathological (Treede et al., 2019; Woolf and Mannion, 1999). Unlike 

acute pain, chronic pain is a maladaptive condition which often does not confer a biological 

benefit. Chronic pain can arise from a physical injury, illness, cancer, or surgery and can be 

related to inflammation and/or neuronal insults (Blyth et al., 2001). 

 

Unfortunately, chronic pain is prevalent, affecting 1.6 million Australians aged 45 and over in 

2016 (Australian Bureau of Statistics, 2017). The economic costs of chronic pain in Australia is 

substantial, and was estimated to be $139 billion in 2018 alone (Australian Institute of Health 

and Welfare, 2020). Much of this economic burden is attributed to chronic sufferers impaired 

quality of life and the limited ability to participate in normal activities (Cohen et al., 2021; 

O’Connor, 2009). The nature of this condition causes widespread social, mental, and physical 

issues (Blyth et al., 2001). Along with the constant and abnormal pain, individuals have trouble 

sustaining employment and are often co-diagnosed with mental health conditions such as 

depression (Bair et al., 2003; Blyth et al., 2001). In 2018, Chronic pain had an estimated burden 

of cost at 139 billion dollars; mainly due to a loss of productivity and increased healthcare use 

(Australian Institute of Health and Welfare, 2020). 
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1.2 Neuropathic Pain 

1.2.1 Classification of Neuropathic pain 

Neuropathic pain is a particularly problematic form of chronic pain which is caused by a lesion 

or disease of the somatosensory nervous system (Raja et al., 2020). It can arise from damage 

to the peripheral or central nervous system by infections (e.g., HIV, herpes zoster), drugs (e.g., 

chemotherapy agents such as the paclitaxels), metabolic disturbances (e.g., diabetes mellitus), 

trauma (e.g., spinal cord injury in accidents or nerve damage following surgery), and vascular 

(e.g., stroke) or autoimmune conditions (e.g., multiple sclerosis). Eight % of the general 

population suffer from neuropathic pain and that comprises about 25% of patients who have 

chronic pain (Torrance et al., 2006).  

 

1.2.2 Neuropathic pain symptoms 

At a mechanistic level, neuropathic pain states lead to neuroplastic changes that produce an 

imbalance in inhibitory and excitatory pain and sensory signals (Bouhassira, 2019). These 

maladaptive changes within the nociceptive pathway result in an amplification of noxious and 

non-noxious signalling. Clinically, this manifests as a range of abnormal pain sensations 

including hyperalgesia, spontaneous pain, and allodynia (Bouhassira, 2019). Hyperalgesia is an 

increased sensitivity to pain, or a reduction in the threshold of a stimulus to evoked pain 

sensations, making a mild noxious stimulus become unbearably painful. Allodynia occurs when 

a previously innocuous stimulus becomes noxious such as the sensation of fabric touching the 

skin while putting clothes on. Individuals also experience spontaneous or paroxysmal pain in 

the absence of an appropriate noxious cue (Baron et al., 2010). The complexity and range of 

these symptoms makes pharmacotherapy challenging.  

 

It is important to note that chronic neuropathic pain is associated with several psychosocial 

comorbidities. These include anxiety, depression, catastrophising, and other symptoms such as 
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disturbed sleep and endocrine function (Cohen et al., 2021; Colloca et al., 2017; Smith and 

Torrance, 2012). Indeed, some patients report that these psychosocial comorbidities are the 

most disabling aspects of chronic neuropathic pain. Furthermore, these psychosocial 

disturbances are thought to enhance and prolong the problematic pain symptoms (Cohen et al., 

2021; Dogru Huzmeli and Melek, 2017; Smith and Torrance, 2012).  

 

1.2.3 Treatments for neuropathic pain. 

Treatment options for neuropathic pain are symptomatic and not one single medication can 

treat for the entire aetiology. First line drugs include serotonin-noradrenalin reuptake 

inhibitors (SNRIs, e.g. duloxetine), tricyclic antidepressants (TCAs, e.g. amitriptyline) and anti-

convulsants (e.g. gabapentin, pregabalin). Second line treatment options include opioid 

receptor agonists (e.g. oxycodone, Tramadol; a mixed opioid agonist and SNRI) and topical 

agents such as capsaicin and lidocaine patches (Finnerup et al., 2015).  

 

The gabapentin class of drugs are currently the gold standard for treatment. However, they are 

effective in fewer than a half of neuropathic pain sufferers and produce intolerable side-

effects in many of these people. Compounding this, they are now recognised as drugs of abuse 

and could lead to a wave of issues similar to the current opioid crisis. Other drugs targets, such 

as cannabinoids, are emerging treatment options to a variable extent in different countries. 

Recommendations are made based on the balance between positive and negative effects, 

considering the level of pain relief, tolerability, and safety. For example, a meta-analysis of 

randomized controlled trials has shown an overall moderate pain relief effect of cannabinoids 

with moderately greater adverse effect profiles compared to first- or second-line treatments 

(Whiting et al., 2016).  New treatments for neuropathic are essential. It should also be noted 

that these cannabinoids have little impact on the disabling psychosocial comorbidities. 
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1.3 Pain pathways 

Pain pathways are dynamic systems which are engaged to detect and coordinate a defensive 

response against a potential or aversive stimulus threatening tissue damage (Melzack, 1999). 

These pain systems comprise afferent and efferent components. Under normal conditions, 

afferent systems signal ‘pain’ to the brain, a process called nociception, while efferent systems 

from the brain dampen those pain inputs, a process known as descending, or endogenous 

analgesia.  

 

1.3.1 Ascending pain pathways 

Noxious stimuli are detected by pain signalling receptors, known as nociceptors, that are 

located on the peripheral terminals of nociceptive afferent fibres. These nociceptors are 

responsible for translating noxious thermal, chemical, or mechanical stimuli into an electrical 

signal. Many of these pain transducers are specific proteins and ligand gated ion channels such 

as transient receptor potential ion channels (TRP, e.g. TRPV1 a noxious heat sensor) and acid 

sensing ion channels (ASICs, e.g. ASIC3 which senses lactic acidosis created by anaerobic 

metabolism during a heart attack). These nociceptors are located on subtypes of afferent 

fibres, namely unmyelinated C and myelinated A𝛿 fibres. Together with the Aβ fibres, which 

usually convey non-noxious information, they convey the full sensory aspect of acute and 

chronic pain including hyperalgesia and allodynia (Yam et al., 2018). 

 

First order noxious and non-noxious afferent sensory information synapse with second order 

neurons in the dorsal horn of the spinal cord (Figure 1.1). The dorsal horn is architecturally 

organised into specific laminae where primary afferents converge based on their modality and 

the body region they innervate. The A𝛿 and C fibres innervate in the outer superficial 

component of the dorsal horn, namely laminae I and II (Todd, 2010). The dorsal horn contains 

a complex array of interneurons, which modulate pain transmission, and projection neurons, 
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which transmit painful information supraspinally through different ascending pain pathways. 

Some of these projection neurons go through the spinothalamic tract and transmit the sensory 

signal up to the somatosensory cortex, after relaying in the thalamus. This gives us the 

perception and localization of pain (Yam et al., 2018). Other projection neurons ascend via the 

spinoreticular tract, where it travels to the brainstem reticular formation, then onto the 

thalamus and hypothalamus. This transmits the complex emotional aspects of pain (Yam et al., 

2018).  

 

 

Figure 1. 1 General organisation of pain systems. This comprises (i) ascending pain pathways 
which arise from peripheral nociceptive afferents which send ‘pain’ information to the spinal 
cord and then to the brain, and (ii) descending analgesic pathways arising from multiple higher 
brain centres and project to the spinal cord via the midbrain periaqueductal grey (PAG) and 
rostral ventromedial medulla (RVM). The ascending pain pathways convey noxious information 
to the brain. Descending pathways inhibit ascending pain pathways at the level of the spinal 
cord. 
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1.3.2 Descending pain modulatory/analgesic pathways  

In addition to control by local interneuron circuits, ascending pain transmission is modulated 

by endogenous analgesic systems within the brain. These are often called descending pain 

modulatory pathways, or descending analgesic pathways. Thus, there are various descending 

pathways which normally serve to suppress ascending nociceptive signalling (Figure 1.1). 

Regions throughout cortical and limbic areas, such as the medial prefrontal cortex and 

hypothalamus project directly, or indirectly via the amygdala to the midbrain periaqueductal 

grey (PAG) and rostroventral medulla (RVM) (Ossipov et al., 2010). The PAG-RVM system 

provides the final common pathway which projects to the spinal (and medullary) dorsal horn 

where it normally acts to suppress ascending nociceptive signals (Lau and Vaughan, 2014). A 

range of neurotransmitters which are crucial to the modulation of nociception are expressed 

throughout the descending PAG-RVM pathway. These include the prime transmitters GABA 

and glutamate, plus a range of modulatory co-transmitters including serotonin, noradrenaline, 

peptide transmitters such as opioids, and endogenous cannabinoids (endocannabinoids) (Yam 

et al., 2018).  

 

1.3.3 Disinhibition of descending analgesic pathways: a mechanism for activation 

In their seminal review, Bausbaum & Fields (1984) first proposed the ‘GABA disinhibition’ 

hypothesis to explain the activation of the descending analgesic pathway (Figure 1.2). The 

descending analgesic pathway is generally quiescent because output descending projection 

neurons in the PAG and RVM are inhibited by tonically active GABAergic interneurons. These 

interneurons release GABA and activate inhibitory GABA-A receptors which then inhibit the 

descending projection neurons. Suppression of the influence of the inhibitory tonically 

GABAergic interneurons reduces this tonic inhibition, a process known as disinhibition. This 

disinhibition of projection neurons within the PAG and RVM leads to activation of the 

descending analgesic pathway to the dorsal horn.  
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This disinhibition can occur by two independent postsynaptic and presynaptic mechanisms 

(Figure 1.2). The first, postsynaptic inhibition, is direct inhibition of the cell bodies of 

GABAergic interneurons by ionotropic or metabotropic receptors (Figure 1.2). Ionotropic 

receptors, such as GABA-A receptors, have a chloride channel which allows the passive influx 

of negative chloride ions (because the chloride concentration is lower inside most neurons) 

producing a hyperpolarisation, or inhibition of the neuron. Metabotropic receptors, Gi/o-

protein coupled receptors have many intracellular signalling pathways, one of these being 

direct coupling via Gi/o-proteins to voltage-gated ion channels. One of these ion channels, 

inwardly rectifying potassium channels, allow the passive efflux of potassium ions (because the 

potassium concentration is much higher inside neurons) producing a hyperpolarisation, or 

inhibition of the neuron.  
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Figure 1. 2 Disinhibition of descending pathways by opioids and cannabinoids. The 
descending analgesic pathway is normally quiescent. This is because output projection neurons 
in components of the descending pathway (e.g. midbrain PAG and RVM) are inhibited by 
tonically active GABAergic interneurons. Inhibition of this tonic inhibitory control leads to 
activation of the descending output neurons, a process known as disinhibition. Opioids reduce 
this inhibition by (1) direct postsynaptic inhibition of GABAergic interneurons, and (2) 
presynaptic inhibition of the release of GABA from these interneurons. Cannabinoids reduce 
this inhibition by only presynaptic mechanisms. 

 

The second mechanism of disinhibition is presynaptic, whereby the release of transmitter from 

the terminals of GABAergic interneurons is reduced (Figure 1.2). This presynaptic disinhibition 

is largely mediated by metabotropic Gi/o-protein coupled receptors, as above, but these are 

located on nerve terminals rather than cell bodies (Winters et al., 2022). These presynaptic 

metabotropic receptors inhibit transmitter release indirectly via Gi/o-protein modulation of 

voltage-gated calcium and potassium channels (Winters and Vaughan, 2021).  
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1.3.4 Role of opioids and cannabinoids in disinhibition 

Opioid and cannabinoid drugs, such as morphine and tetrahydrocannabinol (THC), produce 

analgesia by targeting the descending pathways, particularly the PAG and RVM (Lau and 

Vaughan, 2014). These drugs produce their effects by mimicking the actions of endogenous 

transmitters on their respective receptor systems. For example, the endogenous opioids 

endorphin, met-enkephalin and dynorphin act on mu, delta and kappa-opioid Gi/o-protein 

coupled receptors, although the major analgesic effects of opioids are mediated by mu-opioid 

receptors (Bagley and Ingram, 2020). The endogenous cannabinoids, anandamide and 2-

arachidonyl glycerol (2-AG), act on cannabinoid CB1 and CB2 Gi/o-protein coupled receptors, 

although the major analgesic effects of cannabinoids are mediated by CB1 receptors (Winters 

& Vaughan, 2021). 

 

Opioids and cannabinoids are known exert their effects on the descending analgesic pathway 

via disinhibition (Basbaum and Fields, 1984; Meng et al.. 1998) through specific post and pre-

synaptic mechanisms, as indicated above. Opioids act via direct post-synaptic inhibition by 

activating mu-opioid receptors in GABA interneuron populations in the PAG and RVM. They 

also suppress the release of GABA through presynaptic inhibition in those PAG/RVM neuron 

populations. Cannabinoids only act via pre-synaptic mechanisms by activating CB1 receptors in 

the GABAergic interneurons, inhibiting the release of GABA (Winters and Vaughan, 2021; 

Winters et al., 2022).   

 

1.4 Neuropathic pain mechanisms, a role for descending systems 

The widespread and debilitating symptoms of neuropathic pain are likely to be due to 

pathophysiological changes in the central and peripheral nervous system. Allodynia (pain in 

response to a typically innocuous stimulus), hyperalgesia (hypersensitivity to pain) and 

spontaneous pain are all markers indicating the chronification of pain (Bridges et al., 2001; 
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Costigan et al., 2009). A unifying hypothesis or single mechanism can’t account for all the 

aspects neuropathic pain. It likely develops from a variety of interrelated mechanisms which 

vary from patient to patient (Bridges et al., 2001). 

 

1.4.1 Neuropathic pain mechanisms 

Changes within the periphery and afferent systems accounts for some of the aspects of 

neuropathic pain. For example, ectopic impulse generation within nociceptive afferents is a 

consequence of the nerve injury associated with neuropathic pain. Action potentials fire within 

the nociceptive pathway without the need for a stimulus. This is due to an alteration in 

expression of ion channels at or near the site of injury, particularly voltage gated sodium 

channels. This increases membrane excitability which leads to instability and the generation of 

action potentials within nociceptive and non-nociceptive afferents (Bridges et al., 2001; 

Costigan et al., 2009). This constant afferent barrage from nociceptors, at least partly, explains 

the symptom of spontaneous pain in neuropathic pain sufferers. Another example is the 

transient receptor potential vanilloid subtype 1 (TRPV1) which detects heat and environmental 

noxious stimuli. Following various types of injury, this ion channel is sensitized by inflammatory 

signal transduction pathways, leading to lowered thresholds for activation. This also 

contributes to apparent spontaneous pain at innocuous temperatures which would not 

normally activate TRPV1 (Malek et al., 2015).  

 

Pain sensitization and hypersensitivity is also a common occurrence following neuropathic 

pain. The injured primary nociceptors experience peripheral and central modifications which 

result in enhanced axonal sensitivity to mechanical, thermal, or chemical stimuli. This is 

mediated by alterations in transmitter signalling, synthesis, as well as signal transduction 

membrane excitability (Costigan et al., 2009). Neuropathic pain disrupts the typical pattern of 
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pain specificity where innocuous sensory inputs generate pain. This hypersensitivity to pain 

occurs in and outside of the injured nerve (Devigli et al., 2008).  

 

There are also well characterised changes within pain processing pathways in the spinal cord. 

Allodynia, a key symptom of neuropathic pain is mediated by the low threshold Aβ fibres. The 

myelinated fibres normally transmit innocuous sensory information via non-pain pathways 

through the spinal cord, but now transmit pain following a neural lesion. The absence of C-

fibre terminals (denervated area) causes the Aβ fibres to sprout to the superficial laminae of 

the dorsal horn which normally receives inputs from Aδ and C-fibres, thus it now transmits 

nociceptive signals (Mannion et al., 1996). This clinically manifests as allodynia for neuropathic 

pain patients; the instances where normally innocuous sensory information, such as brushing 

against the skin when putting on clothes, can be painful. While maladaptations at the site of 

injury and within ascending systems provide the mechanisms for initiating chronic neuropathic 

pain, they cannot fully explain the maintenance of this pain states and its constellation of 

ongoing issues.   

 

1.4.2 Dysregulation of the descending pathway in neuropathic pain 

While ascending nociceptive information provides the brain with information about the state 

of various tissues, it does not do so in isolation. As mentioned above, descending pain 

modulatory pathways modulate ascending nociceptive information circuitry; providing a 

balance between pain faciliatory and inhibitory systems which maintain baseline nociceptive 

processing. These descending pathways which originate within multiple higher brain centres 

such as the pre-frontal, cingulate and insula cortex engage subcortical structures such as the 

hypothalamus and amygdala. From these subcortical regions, multiple descending pathways 

converge onto upper brainstem structures, such as the periaqueductal grey (PAG), which then 
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project via lower brainstem regions such as the rostroventral medulla (RVM) to the spinal cord 

where they modulate ascending pain signals (Costigan et al., 2009; Ossipov et al., 2010).  

 

Neuropathic pain disrupts descending pain modulation through mechanisms which not only 

suppress the descending inhibition of pain transmission, but also facilitate ascending pain 

transmission (De Felice et al., 2011; Hughes et al., 2013; Ossipov et al., 2014). Much of what 

we know about the descending pain modulatory pathways and their involvement in 

neuropathic pain has been discovered only within the past two decades. For example, intra-

RVM microinjection of the kappa-opioid agonist U69,593 or antagonism of spinal α2 

adrenergic receptors in asymptomatic nerve injured rats, produces symptoms of allodynia. 

These results indicate that inhibiting nociceptive inhibitory neurons in the RVM has a profound 

effect on the development of neuropathic pain (De Felice et al., 2011). Another study 

demonstrated that blocking α2-adrenoceptors within the spinal cord, utilising a different 

model for neuropathic pain, hastended the onset of neuropathic pain sensitization and 

symptoms (Hughes et al., 2013). Taken together, this accentuates an important role for the 

descending pathway in neuropathic pain; descending inhibition acts to protect against 

neuropathic pain symptoms.  

 

Recent studies are also beginning to describe a brain pathway which contributes to the 

development of neuropathic pain states (Cheriyan and Sheets, 2018; Huang et al., 2019). 

Experimental data shows that there is a decrease in endocannabinoid signalling in the 

prefrontal cortex due to augmented inputs from the basolateral amygdala (BLA) because of 

nerve injury. Activating medial prefrontal cortex - vl-PAG projections under a neuropathic pain 

state has analgesic properties by increasing GABAergic activity and reducing glutamatergic 

activity in the vl-PAG (Huang et al., 2019). Nerve injury alters the inhibitory and excitatory 

balance of medial prefrontal cortex-PAG neurons which are region and laminar specific 
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(Cheriyan and Sheets, 2018). The net effect reduces serotonergic and noradrenergic outputs 

into the spinal cord, thus silencing the descending inhibitory control of ascending pain (Huang 

et al., 2019). Together, these studies demonstrate that neuropathic pain causes a 

dysregulation at multiples levels in the descending pain modulatory pathways. However, these 

studies are at an early stage and relatively little is known about how these descending 

pathways are altered in neuropathic pain states.  

 

1.5 Stress and pain 

Mammals attempt to preserve homeostasis in the face of constant challenges from a range of 

intrinsic and extrinsic forces, known as stressors (Chrousos et al., 1988). The compensatory 

adaptation to these events is a stress response. These stress responses promote acute (and 

later long-term) neural adaptations which produce co-ordinated behavioural, autonomic, and 

somatic responses. Specifically, these acute responses include increased alertness and 

attention, increased heart rate and blood pressure, plus the suppression of pain. Together, 

these responses allow the redirection of energy to re-establish or maintain the body’s 

equilibrium (Tsigos et al., 2020). Examples of scenarios which could cause this include 

psychological stressors, such as public speaking and important work deadlines, or physical 

stressors, such as injury and electric shock. Heightened and/or prolonged stress can cause 

long-term physical and psychological problems. Stress is almost always prevalent in mental 

health conditions such as depression and anxiety (Schneiderman et al., 2005). 

 

1.5.1 Stress-induced analgesia 

One of the well characterised neural stress responses is stress-induced analgesia (SIA). This 

occurs in response to stressful or fearful scenarios and is an in-built pain suppression 

mechanism (Lewis et al., 1980). It is important to note that this analgesic response does not 

occur in isolation but is coordinated with the above autonomic and behavioural responses to 
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escape or avoid threatening, or potentially damaging situations. This analgesic response often 

has two phases. Firstly, the inhibition of pain allows an organism to focus on promoting 

adaptive fight/flight responses to enhance survival. Once the organism escapes this situation, a 

subsequent recuperative phase allows the organism to protect or prevent further injury (Amit 

and Galina, 1986). Importantly, while the behavioural and autonomic responses differ between 

these two phases, both contain an analgesic response. However, the form of this analgesic 

response differs between the active and passive/recuperative coping strategies (Bandler and 

Keay, 2001).  

 

Stress-induced analgesia is mediated by descending pain modulatory pathways (see section 

1.3). The PAG-RVM descending system receives inputs from higher regions involved in fear and 

stress, including the amygdala, and produces analgesia via its descending projections to the 

spinal cord. Acute stressors activate this descending pathway, and this leads to an inhibition of 

ascending nociceptive transmission (Butler and Finn, 2009). It is important to note that these 

stressors can be physical, such as painful stimuli, or psychological, such as threatening 

situations and learned/innate fear. Several experimental paradigms have been used to induce 

stress-induced analgesia in rodent studies, including painful stimuli (e.g. footshock), 

threatening stimuli (e.g. forced swim test, restraint), and learned fear (e.g. Pavlovian 

paradigms of associative fear-learning).  

 

1.5.2 Opioid and Cannabinoid pathways for stress-induced analgesia 

Neurochemically distinct pathways that mediate stress-induced analgesia have been identified. 

The activation of these distinct pathways is based on the nature, type, and temporal 

parameters of the stressor (Amit and Galina 1986; Lewis et al., 1980; Parikh et al., 2011; 

Terman et al., 1986). Of particular interest are the endogenous opioid and cannabinoid 

neurotransmitter systems which appear to mediate different forms of stress-induced 
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analgesia. For example, broad-spectrum opioid receptor antagonists, such as naloxone and 

naltrexone, attenuate the stress-induced analgesia induced by less intense, shorter duration 

stressors such as warm-water swim stress, escapable brief intermittent foot-shock and brief 

restraint (Akil et al., 1976; Lewis et al., 1980; Mogil et al., 1996; Terman et al., 1986). By 

contrast, analgesia produced by more intense, or longer inescapable stressors, such as cold-

water swim stress and prolonged footshock are resistant to opioid receptor antagonism (Lewis 

et al., 1980; Mogil et al., 1996; Terman et al., 1986).  

 

In the past 20 years it has been demonstrated that the non-opioid form of stress-induced 

analgesia is mediated by endogenous cannabinoid systems (Lee et al., 2016; Suplita et al., 

2005; Valverde et al., 2000). In these studies, it has been demonstrated that the non-opioid 

stress-induced analgesia is inhibited by cannabinoid CB1 knockout and antagonists, such as 

AM251, AM281 and SR141716 (Rimombant) (Hohmann et al., 2005). These studies indicate 

that distinct endogenous opioid and cannabinoid pathways mediate these different forms of 

stress-induced analgesia.  

 

The distinction between these forms of stress-induced analgesia is, however, not always clear. 

For example, the role of opioids and cannabinoids in the analgesia produced by different 

stressors can vary with the rodent strains used (Tierney et al., 1991). Another issue is that 

while the hot-plate tests for thermal nociception and is the most common analgesic assay of 

stress-induced analgesia, many studies also use tail-flick and Hargreaves plantar test of 

thermal nociception (Finn and Butler, 2009). These different modes of nociception are 

conveyed and controlled by distinct ascending nociceptive pathways and descending analgesic 

pathways (Le Bars et al., 2001). For example, while withdrawal reflexes in the Hargraves 

plantar thermal nociceptive test primarily Is mediated by spinal reflex pathways, those in the 

hotplate test are mediated by supraspinal pathways (Barik et al., 2018). Thus, it has recently 
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been shown that the role of cannabinoids and opioids in the analgesia induced by brief 

restraint stress differs between the hot-plate and Hargreaves plantar tests (Atwal et al., 2020). 

These seemingly conflicting results emphasize that the role of opioid and cannabinoid systems 

is not a simple all-or-nothing process and can vary in a subtle manner. 

 

1.5.3 The link between pain and stress  

Pain, stress, and fear have some important common neural substrates. They all activate 

descending analgesic pathways (Terman et al., 1984). Interestingly, these descending 

pathways partially overlap those which mediate other fear behaviours (see section 1.7). The 

perception and expression of pain is altered in individuals that have stress related disorders. 

Pain and responsiveness to pain treatment (pain relief) is quite often influenced by anxiety, 

stress or fear related disorders (Ji et al., 2018). In addition, patients suffering from a variety of 

stress disorders perceive pain differently and have altered pain processing compared to those 

not suffering from these disorders (Geuze et al., 2007; Perry et al., 1987). Thus, investigating 

the link between pain, stress and fear may assist with studying the complex mechanisms 

underlying acute, and more importantly chronic pain.  

 

1.6 Fear-learning and Analgesia 

Besides pain and immediate threats described above, stressors can be learned behaviours. This 

provides a coordinated defence response that enhances an animal’s chance for survival when 

faced with a threatening situation, as learned from prior experience. In addition to immediate 

analgesic responses to physical and psychological stressors, fear conditioned analgesia is a 

phenomenon in which descending analgesic pathways are activated by a learned association 

between an actual physical stressor and a normally innocuous stimulus.  
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1.6.1 Fear-learning 

The interaction between pain and fear can be observed by the behavioural paradigm of 

Pavlovian conditioning, specifically fear conditioning. Our understanding of fear learning, i.e. 

fear-conditioning, is based on studies which have examined fear behaviours such as freezing 

and, to a lesser extent, escape/flight (Bouton et al., 2021; LeDoux 2014, Lutz et al., 2015). By 

contrast, relatively little is known about how fear learning and analgesic responses, i.e. fear-

conditioned analgesia, interact with eachother. 

 

Freezing is a standard fear-like behaviour in rodents and is relatively easy to analyse 

(Fanselow, 1980). In these studies, an innocuous conditioned stimulus (CS), such as an audio 

tone or light, is initially paired with an aversive unconditioned stimulus (US), such as electrical 

foot-shock (Figure 1.3). Normally, the US-footshock (with, or without the CS) induces the fear 

behaviour of freezing in rodents (Chang et al., 2009: Kamprath and Wotjak, 2004). The 

footshock paradigms used in the studies are comparable to those which elicit stress-induced 

analgesia (as in section 1.5).  
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Figure 1. 3 Pavlovian Fear Conditioning: learning and extinction. (A) Fear learning and 
extinction and (B) its application to rodent models. (A) Initial presentation of an 
aversive/painful unconditioned stimulus (US) normally elicits fear behaviour. When this is 
paired with an innocuous conditioned stimulus (CS) it induces associative learning. Thus, 
subsequent presentation of the CS-alone will induce the same fear behaviour. (B) This can be 
modelled experimentally, by using footshock as the US (red), and an audio tone as the CS 
(green). Adapted from Bouton et al. (2021). 

 

Subsequent exposure to the CS stimulus alone elicits fear response. This response to the US is 

known as associative learning (Myers and Davis, 2007). The fear response, however, diminishes 

with repeated CS exposure, a process known as fear extinction (Chang et al., 2009; Herry et al., 

2010). It should be noted that extinction does not erase the fear memory, instead, it creates a 

new association of the CS without the US (Chang et al., 2009, Bouton et al., 2021).  

 

1.6.2 Fear-conditioned analgesia 

It is important to note that this type of associative learning paradigm has not been used to 

examine fear-conditioned analgesia, that is, the analgesic response to subsequent exposure to 

the CS (Figure 1.3). However, there are many forms of learning. For example, context related 

learning is a paradigm where the noxious stimulus is initially presented in a specific 
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environmental context, rather than being associated with a cue (such as and audio tone, or 

light). In this case, subsequent presentation of the context-alone elicits the fear response of 

freezing. Thus, fear-learning is associated with a specific environmental context; context-related 

learning.  

 

To date, all learning analgesia studies have focused on contextual learning. Thus, the relatively 

small number of studies on fear-conditioned analgesia have focussed on the context-related 

learning (Chance et al., 1978; Finn et al., 2004; Hayes et al., 1978; Harris & Westbrook 1995). In 

these studies, re-exposure to an environment which was previously associated with an aversive 

stimulus is enough to induce an analgesic response (Butler and Finn, 2009).  

 

1.7 The midbrain PAG  

As mentioned above, the midbrain PAG is a key component of descending pathways which co-

ordinate analgesic and other responses to stress. The periaqueductal grey (PAG) is a cell dense 

region situated surrounding the midbrain cerebral aqueduct (third ventricle) (Bandler and 

Shipley, 1994). It is a vital structure responsible for modulating pain, defensive behaviours, 

aversive actions, and associated autonomic responses. Early functional studies reported that 

direct electrical or chemical stimulation of the PAG evokes analgesia and defensive behaviours 

(Bandler et al., 1985; Liebeskind et al., 1973).  

 

1.7.1 PAG columnar organisation  

The PAG can be delineated by longitudinal neuronal columns that are functionally distinct 

across the rostral-caudal axis in a range of mammalian species (Figure 1.4). These columns are 

divided into the lateral (l-PAG), dorsal medial (dm-PAG), dorsal lateral (dl-PAG), and 

ventrolateral (vl-PAG) periaqueductal grey (Bandler and Shipley, 1994). The dorsal and ventral 
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components of the PAG mediate distinct active and passive coping strategies, respectively. 

This brain structure is viewed as the final common pathway which co-ordinates a range of 

analgesic, behaviour, and autonomic responses in stressful situations. 

 

Figure 1. 4 Organisation of the midbrain PAG. The PAG is organised into functionally distinct 

longitudinal columns. The lateral (l-PAG) and dorsolateral columns (dl-PAG) mediate active 

coping strategies. This includes defence/threat to escape/flight responses which are associated 

hyper-reactivity, increased blood pressure and heart rate, vocalisation, plus non-opioid 

mediated analgesia. The ventrolateral column (vl-PAG) mediates passive coping strategies. This 

includes quiescence and hypo-reactivity, which is associated with decreased blood pressure 

and heart rate, plus opioid mediated analgesia. Adapted from Bandler and Keay (2001). 

 

The dorsal columns of the PAG, including the dl-, dm- and l-PAG, organise defence/threat to 

escape/flight responses which are associated hyper-reactivity (e.g. increased somatic reflex 

activation), increased blood pressure and heart rate, vocalisation, plus brief non-opioid 

mediated analgesia (Bandler and Key, 2001). Furthermore, the specific type of active 

emotional coping is dependent on its location along the rostro-caudal axis (Bandler and Key, 

2001). Activation favouring the rostral end, produces confrontational defence behaviours 

whilst activation on the caudal end, elicits fight or flight behaviour (Figure 1.4).  
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By contrast, passive coping mechanisms are mediated by the ventral region, particularly the vl-

PAG (Bandler and Key, 2001; Zhang et al., 1990). Thus, the vl-PAG mediates quiescent 

behaviour, decreased responsiveness (e.g. reduced somatic reflexes) and reduced blood 

pressure and heart rate, and opioid mediated analgesia (Figure 1.4). It should be noted that, 

unlike the dorsal PAG, there are no major differences in the behaviours organised by the vl-

PAG along its rostrocaudal PAG axis.  

 

As a final point, it should be noted that a stated that, like fight/flight, freezing behaviour is a 

standard fear-like behaviour analysed in rodents (Fanselow, 1980). Confusingly, it is often 

called both an active and a passive coping strategy in different studies, depending upon the 

type of study. For example, it is often called a passive coping strategy because this fear 

behaviour is assessed as by the absence of all movement outside of respiration and therefore 

appears to be passive (Metna-Laurent et al., 2012). However, in terms of descending PAG 

pathways it is an active coping strategy. This is because it is mediated by the dorsal PAG and is 

associated with hyper-reactivity, increased blood pressure and heart rate, and non-opioid 

mediated analgesia (Bandler et al., 2000; Yeh et al., 2021). In this regard, freezing is partly 

mediated by rostral components of the dorsal PAG which also organisation static active coping 

strategies such as confrontation (Figure 1.4). 

 

1.7.2 The PAG and stress-induced analgesia 

The midbrain PAG descending pathway has a crucial role in both stress-induced analgesia and 

fear-conditioned analgesia (Butler & Finn 2009; McNally et al., 2011). As mentioned above, 

opioids and cannabinoids have differential roles in stress-induced analgesia (section 1.5). Thus, 

microinjection of cannabinoid and opioid receptor antagonists into specific subregions of the 

PAG and amygdala inhibit stress-induced analgesia (Connell et al., 2006; Wiedenmayer and 

Barr, 2000).  
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Direct PAG stimulation has classically been known to produce an analgesic effect (Mayer and 

Liebeskind, 1974) whilst the amygdala transmits information about fear, stress, and pain 

(Connell et al., 2006). Both these brain regions are part of major descending analgesic 

pathways (Ossipov et al., 2010) which emphasizes their role in modulating both stress and 

pain. As mentioned above it is well known that analgesia via the vl-PAG is mediated by opioids. 

Thus, opioid microinjections into the vl-PAG produce analgesia. Furthermore, opioid-mediated 

stress-induced analgesia is abolished by direct microinjection of opioid receptor antagonists 

into the vl-PAG (Fields, 2004). By contrast, non-opioid-mediated stress-induced analgesia is 

abolished by direct microinjection of cannabinoid receptor antagonists into the l/dl-PAG 

(Hohmann et al., 2005). Thus, stress-induced analgesia mediated by endogenous opioids and 

cannabinoids is controlled via distinct neuronal pathways through the ventral and dorsal 

components of the PAG, respectively.  

 

1.7.3 The PAG, fear behaviours and fear-conditioned analgesia  

Many behavioural experiments indicate overlapping anatomical substrates, including the PAG 

and amygdala, when fear, analgesia, and pain is studied under a fear conditioned analgesia 

paradigm (Corcoran et al., 2020; Faneslow and Helmstetter, 1988; Hammer and Kapp, 1986; 

Olango et al., 2012; Rea et al., 2011). Increased C-fos expression in the PAG and central 

nucleus of the amygdala is demonstrated when using GABA signal modulating agents that 

suppressed fear behaviour and fear conditioned analgesia (Rea et al., 2011). The PAG is also 

involved in regulating aversive memory formation, specifically within the dl-PAG. It receives 

projections from the amygdala and engages in freezing and autonomic responses from sensory 

stimuli paired with a noxious cue (Yeh et al., 2021). Injecting naloxone into various regions into 

the PAG whilst performing conditioned fear experiments has indicated a role for opioids being 

involved in this neural response (Hammer and Kapp, 1986). Cannabinoids have also been 
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implicated in having a role in mediating fear conditioned analgesia when microinjections of 

endocannabinoid agents are made into the PAG (Olango et al., 2012) and anterior cingulate 

cortex (Corcoran et al., 2020), following conditioning. These studies accentuate the affective 

components of pain and stress in modifying the presentation of analgesia whilst having 

anatomical correlates throughout the descending pain modulatory pathway.    

 

1.7.4 Opioid and cannabinoid control of the descending amygdala-PAG system  

The circuitry underlying stress-induced activation of the descending amygdala-PAG-RVM 

descending system has been examined in recent optogenetic studies (Tovote et al., 2016; 

Winters et al., 2022; Yin et al., 2020). These studies have shown that GABA has a crucial role 

through the descending amygdala-PAG neuroaxis. Thus, descending GABAergic outputs from 

the amygdala regulate descending outputs from the PAG and GABAergic interneurons within 

this brain structure. Crucially, opioids and cannabinoids differentially regulate amygdala and 

PAG GABAergic control of outputs from the midbrain PAG (Winters et al., 2022).  

 

1.8 Summary and Purpose 

Chronic neuropathic pain is a debilitating widespread condition which will only increase in 

proportion with the ageing population. Pathophysiological stress is almost always present in 

individuals suffering with chronic pain, further compounding their lifestyle. Neuropathic pain 

and stress are known to impact the descending analgesic pathways, impacting associated brain 

regions, neurotransmitters and signalling pathways. The periaqueductal grey is one such brain 

region that will be focused on, given its involvement in organising fear/stress responses whilst 

also being a major site for analgesic action. 
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A large body of research has highlighted an opioid mediated stress induced analgesia pathway; 

characterised by shorter duration, escapable, less intense stressors, along with a non-opioid 

(cannabinoid) pathway; characterised by longer, intense, and inescapable stress. My first aim 

for this thesis was to characterise and compare experimentally produced stress induced 

analgesia profiles using different intensities and durations of foot-shock, as well as using 

different types of pain assays. The pharmacology was also characterised using cannabinoid and 

opioid agents.  

 

Fear conditioned analgesia can be modelled in the laboratory, allowing to breakdown the 

affective components of pain, conditioned fear, and resultant analgesia. While there are 

numerous studies which have assessed fear responses such as freezing behaviour, less is 

known about the analgesic responses to fear-conditioning. The second aim of this series of 

experiments was to determine the conditioning parameters required to produce a robust and 

reproducible analgesic response in footshock induced fear-conditioning.  

 

The study of neuropathic pain states and stress induced analgesia in the literature has been 

limited, furthermore for fear conditioned analgesia. This research will use conditioned and 

unconditioned footshock models of stress induced analgesia which will have a high degree of 

flexibility, allowing for the modification of the intensity, duration, frequency, and nature of 

stress. This model has not been used when looking at mouse model of neuropathic pain. My 

third aim for these series of experiments was to assess the pharmacology of the 

experimentally produced fear conditioning protocol and use it under a mouse neuropathic 

pain model. Finally, PAG brain activity will be assessed using c-fos immunohistochemistry.  
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It is hypothesised that opioids will modulate the brief, less intense stress induced analgesia 

profiles whilst cannabinoids will alter the intense, long stress induced analgesia. Neuropathic 

pain is expected to reduce the severity of the experimentally produced stress induced 

analgesia. Changes in c-fos activity within the PAG is predicted when compared to non-

neuropathic pain mice.   

 

1.9 Aims 

In summary, the aims of this project were to: 

1. Characterise analgesia induced by a painful stressor, footshock, and to determine the 

role of endogenous opioids cannabinoids in different forms of this stress-induced 

analgesia.  

2. Develop a fear-learning paradigm that could be used to assess fear-conditioned 

analgesia. Then determine the role of endogenous opioids cannabinoids in fear-

conditioned analgesia.  

3. Determine the effect of a neuropathic pain model on stress-induced analgesia and 

fear-conditioned analgesia. Then examine how these engaged a key component of 

descending analgesic pathways, the midbrain PAG. 
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2. CHAPTER 2: MATERIALS & METHODS 

2.1 Animals & housing 

For this study, experiments were performed on adult male, 8-12 week old C57BL/6 mice (ARC 

Perth, Australia, RRID:IMSR_JAX000664). All experimental materials and procedures were 

approved by the Royal North Shore Hospital Animal Ethics Committee (protocol RESP/18/321), 

using the ARRIVE guidelines (McGrath and Lilley, 2015) and ‘NH&MRC Code of Practice for the 

Care and Use of Animals in Research in Australia’ guidelines (8th Edition 2013, updated 2021). 

Mice were obtained from the local Kolling Institute animal facility. 

 

Animals were housed in groups of four in individually ventilated cages (Allentown, Allentown, 

USA) under controlled temperature (23 ± 1 °C, 70% humidity) and automated lighting (ON:OFF 

at 7am:7pm). Mice had ad libitum access to water and food pellets. Cages were enriched with 

a mouse house igloo, tissues for nesting, and on alternate weeks either a straw or paddle pop 

stick. Animals which did not undergo any surgical procedures were under these conditions 

until the experiments were performed. Animals which underwent surgical procedures 

underwent different housing after surgery (see section 2.2.1). Below is a description of all the 

procedures used in the study (section 2.2), then the protocol timelines in which these 

procedures were used in the behavioural experiments (section 2.3) and the 

immunohistochemistry experiments (section 2.4). This is followed by a description of the 

analysis and statistics used for analysis (section 2.5).  

 

2.2 Procedures 

2.2.1 Neuropathic pain modelling – animal surgical groups 

The aim of this study was to examine the effect of a neuropathic pain model. The chronic 

constriction injury (CCI) model of sciatic nerve damage was used to model nerve injury induced 

neuropathic pain, with a modification of smaller sutures for mice (Adamson Barnes et al., 
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2016; Bennett and Xie, 1988). This model uses chronic gut sutures which induced gradually 

inflammation and partial constriction and damage of the sciatic nerve. To do this, a 

comparison was made between three group of animals which underwent either: 

A. Surgery for a nerve-injury neuropathic pain model: CCI-operated mice 

B. Sham surgery: sham-operated mice which served as controls for the surgical 

procedures. 

The data in chapters 3 and 4 was obtained from ‘normal’ unoperated animals to provide a 

basic characterisation of stress-induced analgesia in ‘normal’ mice. The data in chapter 5 was 

obtained from CCI-operated and sham-operated animals to examine the effect of neuropathic 

pain on stress-induced analgesia.  For the surgical procedures in group A and B animals, 

anaesthesia was induced in a closed chamber and maintained via a nose cone with isoflurane 

(2% in saturated O2, flow rate 1 – 4 ml.min-1). Animals were placed on a warmed pad and 

surgery was performed under aseptic conditions. After anaesthetic induction, an area over the 

left hindlimb was shaved and cleaned with alcohol wipes. An incision was made in the skin of 

the left hind limb alongside the femur, followed by blunt dissection of the biceps femoris 

muscle to expose a section of the left sciatic nerve proximal to its trifurcation. In  

A. CCI-operated mice, the sciatic nerve was gently freed from surrounding tissues to 

avoid any damage and two chromic gut sutures (7–0 gauge, as opposed to three-four 

6-0 gauge sutures in rats) were tied loosely around the nerve and spaced at a distance 

2-3mm. The suture tightness was such that it produces a transient moderate twitch of 

the operated hindlimb under anaesthesia.  

B. Sham-operated mice, the nerve was exposed but not touched.  

In both surgical groups, the overlaying muscle layer was then closed (6-0 silk sutures), the skin 

incision layer sealed with surgical glue and cleaned with an alcohol wipe.  

 

Following the surgery, CCI and sham-operated mice were recovered in a warmed clean cage 

until fully recovered from anaesthesia. They were then returned to a clean cage and housed 
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separately in adjacent translucent cages. Post-surgery individual housing was used because 

male C57BL/6 mice often fight and can damage the sites of surgical incisions. Both the CCI and 

sham operated mice were recovered for a period of 14 days, sufficient time to allow the full 

development of stable signs of neuropathic pain (Jaggi et al., 2011). Mice were monitored daily 

(usually 2-3 days) until the wound healed and then every 2 days until the experiment 

commenced. No serious adverse events were observed in these mice, and all proceeded 

through to the experiments. 

 

2.2.2 Assessment of nociception and allodynia 

These experiments were performed in a quiet room, under moderate level illumination (warm 

white light 15 - 20 lux). In this study two different types of thermal nociceptive assays were 

used. Thermal nociception was assessed using either the hot-plate, or Hargreaves’ plantar test 

devices in different groups of animals (Ugo Basile, Gemonia, Italy). Both tests measure the 

latency at which an animal displays a pain-like response to the noxious thermal stimulus, thus, 

an increase in latency is indicative of hypoalgesia (or analgesia), while a decrease in latency is 

indicative of hyperalgesia. However, these devices measure different aspects of thermal 

nociception (Hargreaves et al., 1988; Le Bars et al., 2001; Parikh et al., 2011). The hot-plate test 

measures a complex supra-spinal nociceptive reflex response to noxious thermal stimulation of 

all the paws. By contrast, the plantar test measures a spinal reflex response to noxious thermal 

stimulation of only one hindpaw (specifically applied to left hindpaw, which corresponded to 

the operated hindlimb in CCI and sham animals).  

 

For the hot-plate test, mice were placed on a plate heated to 50°C, surrounded by an acrylic 

cylinder (height 30 cm, diameter 25 cm). The latency for the first pain-like response, including 

jumping, lifting/licking of paw was recorded and the animal was removed from the device. 

Mice did not undergo any acclimatisation to the device before testing. A cut-off latency of 45 

seconds was used to prevent potential tissue damage. 
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In the Hargreaves plantar test, mice were placed in individual, adjacent acrylic enclosures (15 x 

10 x 10 cm, with removable lids) on a glass plate. Mice were initially acclimatised to these 

chambers for 30 minutes over 2 consecutive days before testing was performed; this 

acclimatisation was to ensure reduced exploratory behaviour during testing which was 

essential as the animals have to be relatively stationary to assess hindpaw withdrawal 

responses (as opposed to ‘normal’ locomotion). For testing, a focused infrared beam (heat) 

was directed to the plantar surface of the left hind paw through the glass plate at an intensity 

which resulted in baseline paw withdrawal latencies of 8 – 10 sec. The infrared beam was 

manually turned off when the animal displayed a pain-like response, including rapid hindpaw 

lifting and/or licking withdrawal. The paw withdrawal latency (PWL) was recorded. A cut-off 

latency of 20 seconds was used to prevent potential tissue damage. 

 

In CCI- and sham-operated animals, cold allodynia was tested using plantar application of 

acetone. Animals were placed in an elevated acrylic chamber with a mesh wire floor and left to 

acclimatize for 30 - 60 minutes before any testing was conducted. Cold allodynia was assessed 

by applying 20 µL of acetone to the operated hind paw to induce evaporative cooling. The 

number of pain-like responses to this cool stimulus was counted over a 2 min period. 

 

After testing on any these devices, the animal was returned to its home cage.  All testing 

devices and chambers were cleaned with 70% ethanol solution prior to and after use. For 

different experimental conditions, testing was repeated up to 2-3 times at intervals of a 

minimum of 5 min.  

 

 

2.2.3 Stress-induced and fear-conditioned analgesia 
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These experiments were performed in a quiet room, under moderate level illumination (warm 

white light 15 - 20 lux). In this room there were 4 footshock chamber which were inside sound 

isolated external chamber (Figure 2.1). The footshock chamber (30 x 25 x 20 cm) had three 

aluminium walls, a clear acrylic door and ceiling, and a stainless steel-grid floor through which 

a scrambled electric shock could be applied (Med Associates, Fairfax, USA). The footshock 

chambers were contained within individual ventilated sound-insulated cabinets, fitted with a 

fan (70 dB noise) and white light (20 lux) that were left on throughout the protocol. Each 

cabinet contained a speaker which played a 5 kHz audio tone (80 dB), and a camera to record 

the animal’s activity.  

 

 

Figure 2. 1 Footshock device. The fear conditioning chamber is inside a sound isolated outer 
chamber (external sound isolating chamber). Sound isolation is provided by a small exhaust fan 
(~70db white noise). The chamber is constantly lit by an internal light. An electric shock is 
applied through the wire-grid floor of the footshock chamber. And audio tone is played 
through a speaker mounted on the chamber 

 

In this series of experiments, footshock was used as the stressor to produce stress-induced 

analgesia. This same footshock was paired with a standard cue, an audio tone, to produce fear-

conditioned analgesia. For: 

A. Stress-induced analgesia: these experiments involved examining the effect of 

footshock on analgesia, measured using the hot plate and Hargreaves thermal 



44 
 

nociceptive assays before and after the stressor. The footshock intensity used in this 

study was aversive and mildly painful (0.9 mA), as used in numerous studies (see 

section 1.5).  

B. Fear-conditioned analgesia: this is a standard fear-learning paradigm used in 

numerous studies (Chang et al., 2009) (see also section 1.5). On day 1, the aversive 

footshock is the unconditional stimulus (US) was paired with an innocuous conditional 

stimulus (CS) which was an audio tone (80 dB, 5kHz). On the following day 2, the 

expression of associative fear-conditioned analgesia was then assessed presenting just 

the audio tone (CS).  

 

In these experiments, stress-induced analgesia was assessed by measuring thermal 

nociception (hot plate , or Hargreaves devices) before and after footshock for (A), and before 

and after footshock plus audio tone on day 1 for (B). Fear-conditioned analgesia was assessed 

by measuring thermal nociception (hot plate) before and after the audio tone (CS) on day 2 for 

(B). The specific timing of these protocols is described below (section 2.3).  

 

2.2.4 Drugs and their administration 

In some experiments, the role of endogenous cannabinoids and opioids was examined by 

blocking their actions with receptor antagonists which are known to easily access the brain 

following systemic delivery. To examine this, maximal doses of the cannabinoid CB1 receptor 

antagonist AM281 (3 mg·kg-1) and the non-selective opioid receptor antagonist naltrexone (10 

mg·kg-1) were used (Cayman Chemicals, Ann Arbor, USA). These antagonists have previously 

been shown to produce complete and long lasting blockade (e.g. naltrexone effects last >5x 

longer than naloxone) of centrally mediated endogenous cannabinoid and opioid actions in 

‘normal’ and neuropathic animals following subcutaneous delivery (Atwal et al., 2020; Casey et 

al., 2017; Kazantzis et al., 2016; Kruk-Slomka et al., 2017; Mogil et al., 1996). Nonetheless, the 

effectiveness of these antagonists under the current experimental conditions was first 
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confirmed in experiments in chapter 3 by their ability to abolish the analgesia (increase in hot 

plate latency) produced by near-maximal doses of the broad-spectrum opioid and cannabinoid 

receptor agonists morphine (10 mg·kg-1) and WIN55212 (3 mg·kg-1) .  

 

Drugs were prepared on the testing day and injected subcutaneously (lightly restrained and 

injected at the back of the neck via a 31-gauge needle) at a volume of 0.1mL per 10g body 

weight. All drugs were prepared in a mixture of 2% randomly methylated beta-cyclodextrin 

(RAMEB), 15% dimethyl sulfoxide (DMSO) and 5% Tween-80 in saline. The vehicle solution 

(DMSO: Tween: RAMEB in saline) was used as a negative control, and in our prior studies has 

been shown to have no overt behavioural effects in mice . To maintain consistency throughout 

experiments, this vehicle solution was chosen as it includes RAMEB and lipophilic agents 

(DMSO and Tween) which facilitate dissolution of cannabinoid drugs. Behavioural effects were 

assessed 60 – 120 min following injection (Atwal et al, 2020), and this was within the 

maximally effective period of these antagonists (from 30min to greater than 3-4 hours). 

 

2.2.5 Immunohistochemical processing 

Perfusion and brain sectioning 

In c-Fos immunohistochemistry experiments, mice were deeply anesthetised via an 

intraperitoneal injection of sodium pentobarbitone (Lethabarb 100 mg·kg-1). Once reflexes 

were abolished, the heart was exposed via thoracotomy and the right atrium of the heart was 

pierced and a 25G gauge needle was inserted into the left ventricle to inject solutions (Gage et 

al., 2012). Each mouse was first flushed with saline solution (0.9% NaCl, 0.5% NaNO2, 1:50 

Heparin in distilled dH2O), then 4% paraformaldehyde (PFA, pH 7.4) in 0.1 M Phosphate 

Buffered Saline (PBS, 0.3% Sodium dihydrogen orthophosphate NaH2PO42H2O, 1% anhydrous 

disodium hydrogen phosphate Na2HPO4, 0.9% NaCl in dH2O (pH 7.4) using a gravity perfusion 

feed (Paul et al., 2008). Adequate flush was assessed by a change in liver colour from red to 

dark grey and fixation by hind paw rigidity. The brain and upper cervical spinal cord were 
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carefully removed and post-fixed overnight in 4% PFA, then stored in 30% sucrose in 0.1M PBS 

at 4 °C.  

 

Brains were blocked into two sections by cutting through the optic chiasma perpendicular to 

the rostro-caudal axis. These blocks were pinned or cut on the left side to determine 

lateralisation of landmarks and staining. Serial coronal brain sections were frozen in OCT 

compound (Sakura Finetek, Torrance, USA) and cut at a thickness of 40µm using a CM1860 UV 

Cryostat at -16°C (Leica Biosystems, Nussloch, Germany) (Fischer et al., 2008). Sections were 

collected into three sequential series. One series was stored in 30% sucrose at 4°C (in 0.1M 

PBS) for immunohistochemical processing; and the other two series for long-term storage in an 

antifreeze solution at -20°C (30% 0.1M PBS, 50% ethylene glycol, 20% glycerine).  

 

c-Fos immunohistochemical processing 

Free floating sections were first washed in 0.1M PBS (3 x 10 minutes), then placed inside glass 

reaction vials for 30 min with 50% EtOH, the for 30 min in 3% H2O2 + 50% EtOH at room 

temperature on an orbital shaker (100 rpm). The hydrogen peroxide step was used to quench 

the of endogenous peroxidase activity which is necessary for immunohistochemistry reactions 

using horseradish peroxidase (Adams, 1992). Sections were then rinsed in 0.1M PBS and 

placed into a Normal Goat Serum blocking solution (10% in 0.1M PBS) for 30 minutes on the 

orbital shaker at room temperature. This blocking step reduces non-specific binding of the 

primary antibody. Sections were then incubated with a rabbit anti-c-Fos antibody (EMD 

Millipore, Temecula, USA) at a dilution of 1:1500 in Normal Goat Serum (2% in 0.1M PBS) for 

48 hours at 4°C.  

 

Sections were then washed in 0.1M PBS and incubated in secondary antibody, Horse Anti-

Rabbit IgG (Vector Labs, Burlingame, USA) at a dilution of 1:500 in Normal Goat Serum (2% in 

0.1M PBS) for 2 hours at room temperature on the orbital shaker. Sections were rinsed briefly 
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in 0.1M PBS and incubated in ExtrAvidin peroxidase (1:1000 in 0.1M PBS) for 2.5 hours at room 

temperature on the orbital shaker. Slices were then washed in 0.1M PBS. The bound c-Fos 

antibody complex was visualised using nickel-enhanced 3,3- diaminobenzidine 

tetrahydrochloride (Ni-DAB) (Ramos-Vara, 2005). To do this, the sections were first pre-

incubated in Ni-DAB solution (0.05% DAB, 0.004% NH4Cl and 0.2% D-Glucose in 0.1M PBS) for 

10 minutes on ice; this was used to facilitate nuclear penetration of the solution as c-Fos is a 

nuclear accumulating protein (Nestler et al., 2001). Glucose oxidase (1.6uL per 10ml of DAB) 

was then added to the solution to produce H2O2 and activate the colorimetric reaction. The 

reaction was terminated after 10 minutes by thoroughly washing slices in 0.1M PBS (5 x 10 

mins). Sections were stored overnight at 4°C.  

 

The next day, brain sections were mounted on to gelatinized slides and left to dry overnight in 

a fume hood. To dehydrate and remove lipid content, the slides were then passed through an 

ascending EtOH series (50, 70, 90, 100%) for 3 minutes each and then placed into clean 

histolene for 45 minutes. The slides were cover slipped with Dibutylphthalate Polystyrene 

Xylene (DPX) and left to dry overnight. Slides were cover slipped for later imaging.  

 

2.3 Experimental Protocols 

Each animal underwent only one of the above experiments, and only one type of analgesia 

testing. Experiments were carried out on groups of four animals. The surgery, protocol and 

drug treatments were block‐randomised (blocked for two treatments in each group of four 

animals). For each group of four animals the experimenter made four solutions for injection 

which were randomly allocated and coded by another researcher. At the end of behavioural 

testing in all experiments, mice were euthanised using CO2 overdose and cervical dislocation, 

while those used for immunohistochemistry were euthanised by the process of perfusion. 
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All behavioural procedures were performed during the hours of 9am–12pm. To reduce 

handling stress, animals were monitored and handled 2 - 3 times per week over a 1 – 4 week 

period. They were then transferred to the Pain Management Research laboratory testing room 

from the animal facility three days prior to the experiment via a lift. To reduce stress, animals 

were acclimatised for a further 3 days, and to the pain testing devices on these days if used 

(Figures 2.2 - 2.4A). Animals were kept in their home cage in the testing room, or in an 

adjacent room for the duration of the experiment; both rooms were under similar lighting 

conditions to the animal facility. The protocol for the experiments in chapters 3 -5 were as 

follows. 

 

2.3.1 Experiment 1 (Chapter 3) – stress-induced analgesia in unoperated ‘normal’ animals 

These experiments examined stress-induced analgesia in ‘normal’ unoperated mice. In these 

single day experiments, the stressor was footshock which is an aversive and mildly painful 

unconditioned stimulus (US, 0.9 mA). In these experiments, animals underwent repeated 

baseline thermal nociceptive testing (hot-plate or plantar test in separate animal groups) once 

every 5 min until stable hot‐plate, or paw withdrawal latency was obtained which varied by 

less than 20% over 3 consecutive trials (Figure 2.2B, C). Then to assess stress-induced 

analgesia, thermal nociception was measured before and after footshock (Figure 2.2B, C). 

 

In experiments on the basic characterisation of stress-induced analgesia, animals were 

individually placed in the footshock chamber and within 30 seconds underwent one of the 

footshock paradigms (Figure 2.2B). These paradigms included continuous footshock (2, 5, 15 

and 180 second duration) and intermittent footshock (10x 1 second duration, every 60 

seconds) (Figure 2.2D). At the completion of the footshock paradigm, the animal was removed 

from the footshock chamber and underwent testing for thermal nociception, and then at 

various time points (Figure 2.2B). It might be noted that testing on the Hargreaves device was 

only performed twice after footshock (compared to 5 times for the hot plate). This was 
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because Hargreaves testing is highly sensitive to animal movement, and this increased over a 2 

– 20 minute period following footshock. 

 

 

Figure 2. 2 Timeline of procedures to assess stress-induced analgesia in chapter 3. (A) Overall 
timeline of the one-day stress-induced analgesia (SIA) experiment performed after 
acclimatisation in naïve unoperated animals. (B, C) Timeline of the experiment day, which was 
either (B) basic characterisation, or (C) pharmacology of stress-induced analgesia; with the 
timepoints of thermal nociceptive testing (hot plate, or Hargreaves devices) and the general 
period over which footshock was applied. In (C), a drug or vehicle was injected subcutaneously 
60 min prior to undergoing footshock, with additional assessment of thermal nociception 
beforehand. (D) Expanded timeline of the footshock timing for continuous footshock (2 – 180 
sec duration), or intermittent footshock (10x 1sec duration, once every 60sec).  
 

 

In experiments on the pharmacological characterisation of stress-induced analgesia, animals 

underwent a similar protocol, but also received a subcutaneous drug/vehicle injection 50 - 60 

minutes prior to undergoing footshock, plus additional thermal nociceptive testing was 

performed prior to footshock to assess the drug effects (Figure 2.2C). It might be noted that 

additional experiments were performed to examined drug actions without footshock. These 

experiments had a simple time course and are described in chapter 3. 
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Figure 2. 3 Timeline of procedures to assess fear-conditioned analgesia in chapter 4. (A) 
Overall timeline of the two-day fear-conditioned analgesia (FCA) experiment performed after 
acclimatisation in naïve unoperated animals. (B, C) Timeline of the two experiment days (day 1 
and 2), which was either (B) basic characterisation, or (C) pharmacology of fear-conditioned 
analgesia; with the timepoints of thermal nociceptive testing (hot plate) and the general 
period over which footshock/audio tone was applied. In (C), a drug or vehicle was injected 
subcutaneously 60 min prior to undergoing footshock/audio tone, with additional assessment 
of thermal nociception beforehand. (D) Expanded timeline of the footshock/audio tone timing 
for day 1: a variable duration of acclimatisation, then 5 or 10x 15/30sec audio tones co-
terminating with a 1sec footshock (once every 60 sec), and day 2: 1x 15/30sec audio tone.  
 

 

2.3.2 Experiment 2 (Chapter 4) – fear-conditioned analgesia in unoperated ‘normal’ 

animals 

These experiments examined fear-conditioned analgesia in ‘normal’ unoperated mice. In these 

two-day experiments (Figure 2.3A), the stressor was footshock which is an aversive and mildly 

painful unconditioned stimulus (US, 0.3 – 0.9 mA). In addition, there was an innocuous 

conditioned stimulus (CS) which was an audio tone (80 dB, 5 kHz). As above, animals 

underwent repeated baseline thermal nociceptive testing (hot-plate or plantar test in separate 

animal groups) once every 5 min until stable hot‐plate, or paw withdrawal latency was 

obtained which varied by less than 20% over 3 consecutive trials (Figure 2.3B, C). Then to 

assess fear-conditioned analgesia, thermal nociception was measured before/after footshock 

plus tone on day 1, and before/after tone-alone on day 2 (Figure 2.3B, C). 
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In experiments on the basic characterisation of fear-conditioned analgesia, animals were 

individually placed in the footshock chamber and were presented with the footshock plus tone 

on day 1, and the tone-only on day 2 (Figure 2.3B). In these experiments only an intermittent 

footshock/tone protocol was used. Several the parameters of the footshock/tone protocol 

were systematically altered to determine the optimal conditions to produce fear-conditioned 

analgesia on day 2 (Figure 2.3D). These included (i) the acclimatisation on day 1 (0 – 4 min) to 

the footshock chamber before commencing the protocol on day 1, (ii) the number of 

footshock/tone presentations on day 1, and (iii) the duration of the audio tone on days 1 and 

2.  

 

In experiments on the pharmacological characterisation of fear-conditioned analgesia, animals 

underwent a similar protocol, but also received a subcutaneous drug/vehicle injection 50 - 60 

minutes prior to undergoing footshock, plus additional thermal nociceptive testing was 

performed prior to footshock to assess the drug effects (Figure 2.3C).  
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Figure 2. 4 Timeline of procedures to assess the effect of the CCI-neuropathic pain model on 
fear-conditioned analgesia in chapter 5. (A) Overall timeline of the two-day fear-conditioned 
analgesia (FCA) experiment performed after acclimatisation, allodynia testing and CCI- or 
sham-surgery. (B, C) Timeline of the two experiment days (day 1 and 2), which was either (B) 
basic characterisation, or (C) c-Fos immunohistochemistry. (B) In the fear-conditioning 
behavioural experiments, the timepoints of thermal nociceptive testing (hot plate).  (C) In the 
fear-conditioning c-fos experiments, the timepoint of euthanasia is shown (there was no 
nociceptive testing). In (B, C), the general period over which footshock/audio tone was applied 
is shown. (D) Expanded timeline of the footshock/audio tone timing for day 1: a variable 
duration of acclimatisation, then 5 or 10x 15/30sec audio tones co-terminating with a 1sec 
footshock (once every 60 sec), and day 2: 1x 15/30sec audio tone.  
 

2.3.3 Experiment 3 (Chapter 5) – effect of neuropathic pain on fear-conditioned analgesia 

To examine the effect of the neuropathic pain model on fear-conditioned analgesia, these 

experiments compared CCI- and sham-operated mice (Figure 2.4A). Testing for cold allodynia 

was performed on the day before, and at 14 days after surgery (Figure 2.4A). In the first set of 

experiments, fear-conditioned analgesia was compared in CCI- and sham-operated mice 

(Figure 2.4B, D), using the same two-day protocol and footshock/audio tone timing as in the 

above unoperated mice (Figure 2.3B, D).  

 

In the second set of experiments, neuronal activation was assessed using c-fos 

immunohistochemistry. A similar two-day fear-conditioning protocol was used in these mice 

but with two differences (Figure 2.3B, D): (i) two hours following either the day 1 or day 2 fear-

conditioning protocol, animals were then anaesthetised and underwent perfusion for 

extraction of brain tissue for immunohistochemical processing; (ii) these animals did not 
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undergo antinociceptive behavioural testing. Antinociceptive testing was not included because 

the additional noxious stimulus activates nociceptive systems and would confound 

examination of the effect of the fear-conditioning protocol.  

 

2.4 Data Acquisition and Analysis 

The experimenter was initially blinded to drug conditions and treatment conditions. All raw 

data was first collated in a spreadsheet and then unblinded to the experimenter. 

 

2.4.1 Behavioural experiments 

Time course data was analysed as raw values. The normalised effect of the stressor was 

calculated as a percentage of the maximal possible effect (%MPE) by comparing an average of 

two consecutive pre-stress (fear-conditioning) raw values to the post-stress value immediately 

after fear-conditioning (post-stress 0min time point). This timepoint was chosen as it provided 

the greatest stress induced analgesia effect which could be comparable when administering 

treatment. The %MPE was calculated as 100 * [Post-stress – Pre-stress] / [Cut-Off – Pre-stress]. 

All data was presented as the mean ± s.e.mean. 
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Figure 2. 5 Schematic of the subdivisions of the midbrain periductal grey (PAG). For 
Immunohistochemistry experiments, the PAG was divided into longitudinal columns, including 
the dorsomedial (DM), dorsolateral (DL), lateral (L), ventrolateral (VL) PAG. The different 
columns are shown at different rostrocaudal levels; from more rostal (AP – 3.7 mm) to more 
caudal (AP – 4.9 mm) levels relative to bregma. 

 

2.4.2 Immunohistochemistry experiments 

The midbrain periaqueductal gray (PAG) was anatomically and functionally organised into 

longitudinal columns on these basis of their function and anatomy (Keay and Bandler, 2001). 

These include dorsomedial (dmPAG), dorsolateral (dlPAG), lateral (lPAG), ventrolateral (vlPAG) 

and ventromedial (vmPAG, which includes the dorsal raphe) columns. The number and 

distribution of single-labelled c-Fos-IR neurons in each of these functionally distinct columns 

were quantified at four equidistant, anterior-posterior PAG levels (Figure 2.5) (Fields et al., 

1991; Franklin and Paxinos, 2008)   

 

For immunohistochemistry analysis, brain sections were observed using bright-field 

microscopy (Olympus BX-51 microscope) and images of each section and each region of 

interest were captured using a digital camera (Olympus DP-70) using Jenoptik Gryphax 

software. Each section was observed through a range of magnifications from 4X to 1000X. For 

analysis of single-label c-Fos-IR, positive cells were visualised using the bio-format plugin in 
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ImageJ. All images were processed identically to ensure optimal resolution of c-Fos-IR. The 

analyse particle tool on ImageJ was used for automated counting. The same parameters were 

used in all brain sections and subdivisions. These were also maintained across all experimental 

groups and conditions. Representative images for single cell c-Fos experiments were not 

manipulated and raw cell count data was used as opposed to automated counting. Images 

were not manipulated for cell counting or in representative images.  

 

2.4.3 Statistical analysis 

Every treatment group consisted of 4 - 8 animals based on sample size calculations (comparing 

independent means with effect sizes od 1.8 – 2.5, α and β errors = 0.05. No exclusion criteria 

were pre‐determined, and no animals were excluded from the study on the basis of data 

obtained. Time course data were compared using two-way mixed effect ANOVAs, with time 

and drug treatment as a within- and between-subject factors (Prism v8, GraphPad Software 

RRID:SCR_002798; SPSS, IBM Corp RRID:SCR_002865). Comparison of surgery and treatment 

groups were analysed using one-way ANOVA, with drug treatment as a between-subjects 

factor. Post-hoc comparisons were made using the Dunnett adjustments for multiple 

comparisons. Data satisfied the criterion of normality (D’Agostino-Pearson test). One- and two-

way ANOVAs satisfied homogeneity of variance (Brown-Forsythe test) and sphericity 

(Mauchly’s test), respectively. Data was determined to be significantly different when p < 0.05.  
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3. CHAPTER 3: ROLE OF ENDOGENOUS OPIOIDS AND 

CANNABINOIDS IN STRESS-INDUCED ANALGESIA   

3.1 Introduction 

It is well known acute physical and psychological stressors engage endogenous analgesic 

systems (Ossipov et al., 2014). An internal disruption of homeostasis, whether it be by a 

physical or psychological stressor, causes stress. Neural and behavioural responses, such as a 

reduced sensitivity to pain, manifest to return to us back to balance (Yamada and Nabeshima, 

1995). Patients with a history of post-traumatic stress disorder have been observed to have 

changes in the way they process pain (Geuze et al., 2007). Stress induces a suite of behavioural 

responses (together these are an evolutionary response for survival); one of these responses is 

analgesia. Examining the changes in pain processing in times of stress is crucial in 

understanding the underlying mechanisms at work. 

 

Stress induced analgesia is a behavioural phenomenon which is useful in examining the 

interaction between stress and pain. This is an inbuilt pain suppression mechanism in response 

to a threatening stimulus (Finn and Butler, 2009). This analgesic response is known to be 

mediated by the activation of descending modulatory pain pathways (Finn and Butler, 2009). 

Behavioural models mimicking stress-induced analgesia require an aversive stimulus (stressor) 

and/or a noxious stimulus. Stressors can include restraint stress, forced swim tests, foot-

shocks and are usually paired with pain assays such as the tail flick or hot plate test (Finn and 

Butler, 2009).  

 

It is well established that there are two distinct descending pathways involved in stress-

induced analgesia; opioid and non-opioid mediated. Interestingly, that the nature, duration, 

intensity and type of stressor and noxious stimulus have a major influence in determining 

whether stress-induced analgesia is opioid or non-opioid mediated (Girardot and Hollaway, 
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1984; Parikh et al., 2011; Termain et al., 1986). For example, the opioid antagonist, naltrexone, 

attenuates the stress-induced analgesia induced by inescapable, prolonged, and intermittent 

foot-shock (Lewis et al., 1980). By contrast, brief and continuous footshock produces stress-

induced analgesia which is resistant to opioid antagonism (Lewis et al., 1980). It was eventually 

shown that the cannabinoid CB1 antagonist, Rimonabant (SR141716), inhibits this non-opioid 

form of stress-induced analgesia induced by continuous foot-shock (Hohmann et al., 2005). 

This indicates a role for cannabinoids in non-opioid mediated stress-induced analgesia. While 

these studies indicate that there are distinct forms of stress-induced analgesia mediated by 

endogenous opioids and cannabinoids, no one study has examined both forms under identical 

experimental conditions.  

 

3.2 Aims 

The aim of this chapter was to develop stress-induced analgesia profiles using the foot-shock 

paradigm. Based on the literature on opioid and non-opioid mediated stress-induced 

analgesia, brief continuous and intermittent prolonged protocols were tested. The resultant 

analgesia was going to be assessed using the hotplate and plantar test; two thermal 

nociceptive assays. Finally, opioid and cannabinoid antagonist were used to distinguish the 

type of analgesia produced.  

 

3.3 Results 

3.3.1 Stress induced analgesia: a comparison of different foot-shock protocols with the 

hotplate thermal nociceptive assay 

Initially, several inescapable footshock protocols were examined to identify their stress-

induced analgesic response profiles. Several continuous and intermittent footshock protocols 

were tested which have previously been characterised as being mediated by endogenous 

opioids and/or cannabinoids in rats (Hohmann et al., 2005; Lewis et al,. 1980). These included 

four continuous footshock protocols of durations, including 2, 5, 15 and 180 seconds, plus an 
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intermittent footshock protocol which comprised 10x 1 second footshocks every minute, all at 

an intensity of 0.9 mA (Olango et al., 2012) (Figure 3.1A). These protocols were compared to 

control animals which were placed inside the footshock apparatus but did not receive 

footshocks. The resultant stress-induced analgesia was assessed using the hotplate apparatus 

at set time points before and after the footshock protocol (Figure 3.1 A). All footshock 

protocols produced a transient increase in hot plate latency (Figure 3.1B). There was no 

apparent change in hot plate latency in animals which did not receive a footshock (Figure 

3.1B). 

 

There was a significant interaction between the effect of time and foot-shock protocol on hot 

plate latency (p < 0.0001, F (35,203) = 9.87, two-way ANOVA interactions). Hotplate latency did 

not significantly different between the footshock treatment groups at any of the three pre-

footshock time points (Figure 3.1 B, p > 0.05, all groups versus no-footshock, Dunnett’s 

posthoc test). Immediately following footshock, hot plate latency was greater with all 

footshock groups compared to those which did not receive footshock (Figure 3.1b, p < 0.0001 

for 2, 5, 15, 180s continuous and 10x 1 second intermittent footshock versus no-footshock, at 

0min post-footshock, Dunnett’s posthoc test). At 5 minutes post-footshock, hot plate latency 

was greater following intermittent and 5 - 180s continuous footshock compared to those 

which did not receive footshock (Figure 3.1b, p < 0.01, 0.05, 0.0001 and 0.001 for 5, 15, 180s 

continuous and 10x 1 second intermittent footshock versus no-footshock, Dunnett’s posthoc 

test). At 10 minutes post-footshock, hot plate latency was greater following intermittent and 

only 5 and 180s continuous footshock compared to those which did not receive footshock 

(Figure 3.1b, p < 0.01, 0.0001 and 0.05 for 5, 180s continuous and 10x 1 second intermittent 

footshock versus no-footshock, Dunnett’s posthoc test). At 20 - 30 minutes post-footshock, hot 

plate latency was not significantly different in any of the footshock treatment groups 

compared to those which did not receive footshock (Figure 3.1b, p > 0.05 for 2 - 180s 
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continuous and 10x 1 second intermittent footshock versus no-footshock, Dunnett’s posthoc 

test). 

 

 

Figure 3. 1 Comparison of the stress-induced analgesia produced by a range of footshock 
protocols. (A) Timeline of the protocol foot-shock and hotplate testing with the grey arrows 
indicating the time of hotplate testing, bars indicating time of footshock using continuous (2, 5, 
15, 180s duration) and intermittent (10x 1s duration, once per min) protocols. (B) Time plot of 
raw hot plate latency, prior to and for 0 – 30 min after footshock, or no footshock (no-FS). (C) 
Bar and scatter plot of the effect of footshock on hot plate latency, measured as a percentage 
of the maximum possible effect (%MPE, post-footshock value measured at the time 0 min for 
(B)). In (B) *, **, ***, *** denote p < 0.05, 0.001, 0.0001  for each time point versus the final 
pre-footshock time point (Dunnett’s posthoc adjustment, following two-way ANOVA). In (C) 
**, ***, **** denote p < 0.01, 0.001, 0.0001 versus the no-footshock group (Dunnett’s 
posthoc adjustment, following two-way ANOVA). Data are shown as ± S.E. mean (n = 6 animals 
per group, except the 5s continuous footshock group which had n = 5 due to exclusion because 
of variable pre-footshock hot plate latency). 

 

To compare the analgesia induced by the different protocols, their effect was measured at the 

first post-footshock time point as a percentage of the maximum possible effect (Fig 3.1C, 

%MPE). The effect of the different foot-shock protocols (control no-shock, continuous 2, 5, 15, 

180 s, intermittent 10x 1s) on hot plate latency differed significantly (p < 0.0001, F (5,29) = 

14.00, one-way ANOVA). The continuous (2, 5, 15, 180 sec) and intermittent (10x 1 sec) 

footshock protocols all produced a significantly greater increase in hotplate latency than 

control no-footshock (Fig 3.1C, p < 0.01, 0.001, 0.0001 for continuous 2, 5, 15, 180 sec and 

intermittent (10x 1sec) footshock versus no-footshock, Dunnett’s posthoc test). It should be 

noted some animals from all footshock groups reached the cut-off hotplate latency level 

immediately following footshock (Fig 3.1C). Furthermore, unlike other footshock protocols, 
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most animals which underwent 15 and 180s continuous footshock reached the cut-off hotplate 

latency level (Fig 3.1C). 

 

3.3.2 Effectiveness of opioid and cannabinoid receptor antagonists 

In these experiments the role of endogenous opioids and cannabinoids was examined by using 

systemic injection of maximal doses of the broad-spectrum opioid receptor antagonist 

naltrexone (10 mg·kg-1) and the cannabinoid CB1 receptor antagonist AM281 (3 mg·kg-1) (see 

Methods, section 2.2). First, the effectiveness and lack of basal effects of these antagonists 

were assessed for the hot plate assay, the prime output for assessing stress-induced analgesia 

in this study, and whether they abolished the effects of near-maximal doses of the broad-

spectrum opioid and cannabinoid receptor agonists morphine (10 mg·kg-1) and WIN55212 (3 

mg·kg-1).  
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Figure 3. 2 Effect of opioid and cannabinoid antagonists on the hotplate analgesic induced by 
the agonists morphine and WIN55212 on continuous 180s footshock induced analgesia. (A) 
Timeline of the protocol to assess the effect of the broad -spectrum opioid and cannabinoid 
receptor agonists morphine (10 mg·kg-1) and WIN55212 (3 mg·kg-1) on hot plate latency 
(grey/blue arrows indicate time of pre/post-agonist hot plate testing). (B) Bar/scatter plots of 
hot plate latency before (Pre) and 30min after subcutaneous injection of control vehicle 
solution, morphine, or WIN55212 (n = 6 per group). (C) Timeline of the protocol to assess the 
effect of broad-spectrum opioid receptor antagonist naltrexone (10 mg·kg-1) and the 
cannabinoid CB1 receptor antagonist AM281 (3 mg·kg-1) on hot plate latency and on the 
actions of morphine and WIN55212. (D) Bar/scatter plots of hot plate latency before (Pre) and 
45min after subcutaneous injection of antagonist (+Antagonist), then after addition of agonist 
(+Agonist) for the naltrexone/morphine and AM281/WIN55212 combination (n = 5 per group). 
**** denotes p < 0.0001 for pre- versus post-agonist. 

 

For the agonist experiments, described in Figure 3.2A, there was a significant interaction 

between drug treatment and time (F(2, 10) = 26.6, p < 0.0001). Both morphine and WIN55212, 

but not control vehicle solution produced a near-maximal increase in hot plate latency (Figure 

3.2B, morphine p < 0.0001, WIN55212 p < 0.0001, vehicle p > 0.05 for pre- versus post-

injection, Sidak’s posthoc adjustment). For the antagonist-agonist experiments, described in 

Figure 3.2C, there were no significant main effects of drug treatment or time (F(1, 5) = 0.003, p 

> 0.05; F(2, 10) = 1.1, p > 0.05). Thus, neither naltrexone nor AM281 had a significant effect on 

hot plate latency (Figure 3.2D, p > 0.05 for pre- versus +Antagonist, Sidak’s posthoc 

adjustment). Furthermore, neither morphine nor WIN55212 had a significant effect on hot 

plate latency in the presence of naltrexone and AM281, respectively (Figure 3.2D, p > 0.05 for 
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+Antagonist versus +Agonist, Sidak’s posthoc adjustment). Thus, naltrexone and AM281 

effectively blocked the actions of high efficacy opioid and cannabinoid receptor agonism, 

respectively. 

 

 

Figure 3. 3 Effect of opioid and cannabinoid antagonists on continuous 180s footshock 
induced analgesia. (A) Timeline of the protocol foot-shock and hotplate testing with the grey 
arrows indicating the time of hotplate testing, bars indicating time of the 180s duration 
footshock, and the black arrow indicating the time of injection of maximally effective doses of 
the broad-spectrum opioid receptor antagonist naltrexone (Naltrex, 10 mg.kg-1) and the 
cannabinoid CB1 receptor antagonist AM281 (3 mg.kg-1) (subcutaneous, 60 min prior to 
footshock). (B) Time plot of raw hot plate latency, prior to (pre-Injection) then after drug 
injection/prior to footshock (pre-FS), then at various time points following footshock for the 
different treatment groups (post-FS). (C) Bar and scatter plot of the effect of footshock on hot 
plate latency, measured as a percentage of the maximum possible effect (%MPE, post-
footshock value measured at the time 0 min for (B)) in vehicle, AM281, naltrexone and 
AM281+naltrexone injected animals. In (B) *, **, ***, **** denote p < 0.05, 0.01, 0.001, 
0.0001  for antagonist treatment groups versus vehicle at each time point (Dunnett’s posthoc 
adjustment, following two-way ANOVA). Data are shown as ± S.E. mean (n = 6 animals per 
group). 
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3.3.3 The role of opioid and cannabinoid receptors in analgesia induced by continuous 

180s duration footshock 

Inescapable foot-shock has been characterised as opioid or non-opioid dependent based solely 

on its temporal characteristics, whereby brief continuous foot-shock stress is non-opioid 

mediated whilst an intermittent shock can be modified by opioids (Lewis et al., 1980). This 

non-opioid mediated analgesia has more recently been shown to be mediated by cannabinoid 

CB1 receptors (Hohman et al., 2005). The role of cannabinoid CB1 and opioid receptors was 

therefore examined for the three protocols which induced the most robust analgesia; these 

included the intermittent (10x 1sec) and two continuous shock protocols (15sec and 180sec). 

This was done by pre-treating the animals with the selective CB1 cannabinoid receptor 

antagonist, AM281, the opioid receptor antagonist, naltrexone, or control vehicle treated 

animals (using systemic subcutaneous injection 60 min prior to footshock to ensure maximal 

antagonism) (as shown in Figure 3.3A).  

 

In animals which underwent the 180s continuous footshock protocol (Figure 3.3A), there was a 

significant interaction between time and drug treatment for hotplate latency (p < 0.01, F 

(18,138) = 2.562, two-way ANOVA). Prior to undergoing footshock, there was no significant 

difference in hot plate latency between treatment groups, both before and after 

vehicle/antagonist injection (Fig 3.3B, p > 0.05 for vehicle v AM281, naltrexone and 

AM281+naltrexone, Dunnett’s posthoc test). In all treatment groups, 180s footshock produced 

a long-lasting increase in hot plate latency compared to baseline pre-stress levels (Figure 3.3B). 

The increase in hot plate latency was not significantly different between the vehicle and 

antagonist treated groups at the earlier 0- and 5-min post-stress time points (Fig 3.3B, vehicle 

v AM281, naltrexone, naltrexone+AM281: p > 0.05 at 0, 5 min, Dunnett’s posthoc test). The 

increase in hot plate latency was significantly less in the naltrexone and AM281, but not the 

naltrexone-AM281 treated groups compared to vehicle injected animals at the later 10 – 30 

min post-stress time points (Fig 3.3B, vehicle v AM281: p < 0.0001, 0.05, 0.001, vehicle v 
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naltrexone: p < 0.0001, 0.001, 0.01 at 10, 20, 30 min, Dunnett’s posthoc test). Naltrexone and 

AM281 have a latent effect on the analgesia produced by a 180 second continuous shock but 

the combination of Naltrexone and AM281 has no effect. 

 

To compare the antagonist treatment groups, their effect was measured at the first post-

footshock time point, as the %MPE (Fig 3.3C, as in Fig 3.1C). The measurement of interest here 

was the initial post stress timepoint (t=0min) of all the treatments and these were all 

compared to the vehicle. However, there was no significant main effect of treatment group 

(vehicle, AM281, naltrexone, AM281+naltrexone) on hot plate latency with the continuous 

180s duration footshock protocol (Figure 3.3C, p > 0.05, F (3,20) = 1.0, one-way ANOVA). This 

suggests that neither endogenous opioids nor cannabinoids have a major role in 180s 

footshock induced analgesia as they couldn’t modulate the initial spike in analgesia. 
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Figure 3. 4 The effect of opioid and cannabinoid receptors in continuous 15s duration 
footshock induced analgesia. (A) Timeline of the protocol foot-shock and hotplate testing with 
the grey arrows indicating the time of hotplate testing, bars indicating time of the 15s duration 
footshock, and the black arrow indicating the time of injection of Naltrexone/AM281/Vehicle 
(subcutaneous). (B) Time plot of raw hot plate latency, prior to drug injection (pre-Inj), prior to 
footshock/40min after drug-injection (pre-FS), then at various time points following footshock 
for the different treatment groups. (C) Bar and scatter plot of the effect of footshock on hot 
plate latency, measured as a percentage of the maximum possible effect (%MPE, post-
footshock value measured at the time 0 min for (B)) in vehicle, AM281, naltrexone and 
AM281+naltrexone injected animals. In (B) ** denotes p < 0.01  for antagonist treatment 
groups versus vehicle at each time point (Dunnett’s posthoc adjustment, following two-way 
ANOVA). Data are shown as ± S.E. mean (n = 6 animals per group, except the AM281 treated 
group which had n = 5 due to exclusion because of variable pre-footshock hot plate latency). 
 

 

3.3.4 The role of opioid and cannabinoid receptors in analgesia induced by continuous 

15s duration footshock 

In animals which underwent the 15s continuous footshock protocol (Figure 3.4A), there was a 

significant interaction between time and drug treatment for hotplate latency (p < 0.01, F (6, 

42) = 74.0, two-way ANOVA). Prior to undergoing footshock, there was no significant 

difference in hot plate latency between treatment groups, both before and after 

vehicle/antagonist injection (Fig 3.4B, p > 0.05 for vehicle v AM281, naltrexone and 

AM281+naltrexone, Dunnett’s posthoc test). In all treatment groups, 15s footshock produced 
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a transient increase in hot plate latency over baseline pre-stress levels (Figure 3.4B). The 

increase in hot plate latency was not significantly different for AM281 and the combination of 

AM281 and naltrexone compared to vehicle injected animals at any post-stress time point (Fig 

3.4B, vehicle v AM281, naltrexone: p > 0.05 at 0 - 30 min, Dunnett’s posthoc test). 

Interestingly, Naltrexone had a significant decrease in hotplate latency compared to vehicle 

treatment at the t = 5min mark (Figure 3.4B, vehicle v naltrexone, p < 0.01 at 5min, Dunnett’s 

posthoc test). This suggests that opioids have a latent effect in modulating the analgesia 

induced by brief continuous foot-shock.  

 

To compare the antagonist treatment groups, their effect was measured at the first post-

footshock time point, as the %MPE (Fig 3.4C). The measurement of interest here was the initial 

post stress timepoint (t=0min) of all the treatments and these were all compared to the 

vehicle. There was no significant main effect of treatment group (vehicle, AM281, naltrexone, 

AM281+naltrexone) on hot plate latency with the continuous 15s duration footshock protocol 

(Figure 3.4C, p > 0.05, F (3,19) = 0.37, one-way ANOVA). This suggests that neither endogenous 

opioids nor cannabinoids have a major role in 15s footshock induced analgesia as they couldn’t 

modulate the initial spike in analgesia.  
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Figure 3. 5 The effect of opioid and cannabinoid receptors in intermittent duration footshock 
induced analgesia. (A) Timeline of the protocol foot-shock and hotplate testing with the grey 
arrows indicating the time of hotplate testing, bars indicating time of the intermittent 
footshock, and the black arrow indicating the time of injection of Naltrexone/AM281/Vehicle 
(subcutaneous). (B) Time plot of raw hot plate latency, prior to drug injection (pre-Inj), prior to 
footshock/40min after drug-injection (pre-FS), then at various time points following footshock 
for the different treatment groups. (C) Bar and scatter plot of the effect of footshock on hot 
plate latency, measured as a percentage of the maximum possible effect (%MPE, post-
footshock value measured at the time 0 min for (B)) in vehicle, AM281, naltrexone and 
AM281+naltrexone injected animals. In (B) ** denotes p < 0.01  for antagonist treatment 
groups versus vehicle at each time point (Dunnett’s posthoc adjustment, following two-way 
ANOVA). In (C) ** denotes p < 0.01 versus the vehicle injected group (Dunnett’s posthoc 
adjustment, following one-way ANOVA). Data are shown as ± S.E. mean (n = 6 animals per 
group, except the AM281 treated group which had n = 7). 

 

3.3.5 The role of opioid and cannabinoid receptors in analgesia induced by 

intermittent footshock  

In animals which underwent the intermittent footshock protocol (Figure 3.5A), there was a 

significant interaction between time and drug treatment for hotplate latency (p < 0.01, F 

(18,87) = 2.7, two-way ANOVA). Prior to undergoing footshock, there was no significant 

difference in hot plate latency between treatment groups, both before and after 

vehicle/antagonist injection (Fig 3.5B, p > 0.05 for vehicle v AM281, naltrexone and 

AM281+naltrexone, Dunnett’s posthoc test). The increase in hot plate latency was not 
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significantly different between the vehicle, naltrexone and AM281 treated groups at any post-

stress time point (Fig 3.5B, vehicle v naltrexone, AM281: p > 0.05 at 0 - 30 min, Dunnett’s 

posthoc test). By contrast, the increase in hot plate latency was significantly less in the 

naltrexone plus AM281 treated group compared to vehicle injected animals at the 0 min post-

stress time point (Fig 3.5B, vehicle v naltrexone+AM281: p < 0.01 at 0 min, Dunnett’s posthoc 

test). 

 

To compare the antagonist treatment groups, their effect was measured at the first post-

footshock time point, as the %MPE (Fig 3.5C). A significant main effect of treatment group 

(vehicle, AM281, naltrexone, AM281+naltrexone) on hot plate latency was observed with an 

intermittent footshock protocol (Figure 3.5C, < 0.05, F (3,21) = 4.4, one-way ANOVA). The 

AM281+naltrexone treated produced a significant decrease in hotplate latency %MPE at the 

0min post footshock timepoint when compared to vehicle (Figure 3.5C, p < 0.01 at the 0min 

post injection timepoint when compared to vehicle treated groups). 

 

3.3.6 Stress induced analgesia: a comparison to the Hargreaves thermal nociceptive 

assay 

The hotplate test is the most common thermal nociceptive assay used to study stress-induced 

analgesia mechanisms. This assay examines a specific thermal nociceptive assay which involves 

a reflex which is mediated by supraspinal pathways (Barik et al., 2018; Deuis et al., 2017). 

However, there are other thermal nociceptive assays such as the plantar test (Hargreaves 

devices) which examine spinally mediated reflex pathways (Barik et al., 2018; Deuis et al., 

2017). It was therefore decided to examine one of the above footshock paradigms with the 

Hargreaves test, as our group has previously shown that analgesia induced by restraint stress 

differs when analgesia is measured using the hotplate and Hargreaves tests (Atwal et al., 

2020). The intermittent protocol was the only profile that produced a robust, non-saturating 

and consistent stress-induced analgesia that was clearly mediated by both opioids and 



69 
 

cannabinoids. As a result, this was chosen for further testing using the Hargreaves thermal 

nociceptive assay, and testing was carried out a fewer time points because of the difficulty in 

performing this test in mice (Figure 3.6A).  

 

 

Figure 3. 6 Effect of an intermittent shock protocol on the production of stress-induced 
analgesia under a Hargreaves test. A bar and Scatter plot of baseline and post stress values of 
the Hargreaves test (sec) under an intermittent shock protocol (A). A bar and Scatter plot of 
baseline and post stress values of the Hargreaves test %MPE under an intermittent shock 
protocol (B). In (B) ** denotes p < 0.01 for each time point versus the final pre-footshock time 
point (following one-way ANOVA). In (C) ** denotes p < 0.01 versus baseline timepoint 
(following one-way ANOVA). Data are shown as ± S.E. mean (n = 6 animals per group) 
 

There was a significant effect of time on paw withdrawal latency in the Hargreaves test for 

mice while under intermittent footshock (p < 0.01, F (3, 15) = 10.2, one-way ANOVA). In these 

mice, the paw withdrawal latency did not significantly change over the two pre-footshock time 

points (Figure 3.6B, p > 0.05, Dunnett’s posthoc test, -20min versus -10min). The paw 

withdrawal latency was greater immediately following footshock compared to the pre-

footshock baseline level (Figure 3.6B, p < 0.001, 0 min versus -10 min, Dunnett’s posthoc test). 

The paw withdrawal latency was at 20 min following footshock was not significantly different 

to the pre-footshock baseline level (Figure 3.6B, p < 0.001, 0 min versus -10 min, Dunnett’s 

posthoc test). Paw withdrawal latency was then assessed as a percentage of the maximum 

possible effect immediately following footshock. Intermittent footshock produced a significant 

increase in paw withdrawal latency (Figure 3.6C, p < 0.001, paired t-test, t(5) = 3.5). As a 

comparison, it might be noted that the increase in paw withdrawal latency in the Hargreaves 
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test was less than that observed in the hot-plate latency in the hotplate test (Hargreaves = 24 ± 

7 %MPE versus hotplate = 77 ± 11 %MPE, p < 0.01, unpaired t-test, t(10) = 4.0). The Hargreaves 

was only utilised to confirm the development of SIA using a different thermal assay and not for 

further conditioning experiments. The decision was made to utilise only the hotplate and use 

that extra time for setting up and optimising the fear conditioning experiments. 
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3.4 Discussion 

The series of experiments in this chapter demonstrated that robust stress-induced analgesia 

could be produced by a variety of footshock paradigms when assessed with two different 

assays of thermal nociception. The level of involvement of endogenous opioids and 

cannabinoids was heavily influenced by footshock paradigm. Specifically, three robust stress-

induced analgesia profiles were observed: continuous brief footshock stress, continuous long 

stress, and intermittent stress. Stress induced analgesia induced by brief continuous footshock 

was largely mediated by endogenous opioids. By contrast, both opioids and cannabinoids 

mediated the analgesia induced by intermittent footshock. Finally, extended continuous 

footshock produced supramaximal analgesia which prevented the assessment of the role of 

endogenous opioids and cannabinoids. 

 

3.4.1 Footshock stress produced stress-induced analgesia  

Stress induced analgesia produced by footshock stress was observed as a transient increase in 

the latency at which mice displayed a pain-like response after being placed in a hot plate (52 

°C). This analgesia was qualitatively similar to previous studies (Hohmann et al., 2005; Lewis et 

al., 1980; Terman et al., 1986;). Electric footshock is a physical stressor which is known to 

produce transient analgesia; however, prior studies have used differing continuous, or 

intermittent footshock paradigms. In the present study, a comparison was made between 

different continuous and intermittent footshock paradigms. It was observed that the level of 

analgesia produced by footshock was dependent upon the footshock stimulation parameters, 

including both intensity and timing. 

 

The analgesic effect of continuous footshock, covering most of the stimulus durations used in 

prior studies (from 2 – 180sec versus 2 – 300sec in prior studies), was first examined 

(Hohmann et al., 2005; Lewis et al., 1980; Terman et al., 1986). As expected, longer duration 
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footshock produced a greater and longer lasting increase in hot plate latency. The increase in 

hot plate latency produced by shorter 2 and 5 second duration footshock was relatively small 

and quickly returned to baseline pre-footshock levels. By contrast, the longer 15 and 180 

second duration footshock paradigms produced increases in hot plate latency which initially 

reached the maximal cut-off level, then returned baseline levels by 10 and 20min, respectively. 

The relatively high level of stress-induced analgesic produced by the longer 180 sec footshock 

was, however, somewhat surprising as prior studies have shown that it only produces near-

maximal analgesia. The difference to prior studies might have been due to the use of different 

species (rats versus mice), or the use of a different nociceptive assay (tail-flick versus hot plate) 

(Hohmann et al., 2005).  

 

The phenomenon that a longer stressor produces a stronger analgesic response is generally 

consistent across studies, however, there is not always a linear relationship between footshock 

intensity/duration and the consequent analgesia (Ross and Randich, 1984; Urca et al., 1985). 

The seminal study by Terman et al., (1986) found that 1- and 4-minute continuous foot-shock 

produced a similar level of analgesia, whilst higher intensity 3-minute continuous shock 

produced a higher analgesic response. This might be because a 1-minute continuous stress is 

enough to produce an analgesic response which is maximal with respect to stress duration, but 

not intensity. Nonetheless, increasing temporal parameters which would lead to a more 

intense or long stressor, trends towards producing a stronger analgesic response. The maximal 

ceiling effect of 180sec footshock on hot plate latency was of much greater duration in the 

current study. 

 

The effect of intermittent footshock (10x 1sec footshocks) was next examined, using a protocol 

adapted from Olango et al., (2012). This protocol produced a robust increase in hot plate 

latency which did not reach the maximal cut-off level and returned to baseline levels by 

approximately 10 minutes. The profile of this analgesic response was like that produced by the 
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5 and 15 second continuous shock protocols. To examine the role of endogenous opioids and 

cannabinoids in these different forms of stress-induced analgesia, a comparison was made 

between those protocols which produced more robust and sustained increases in hot plate 

latency. This was done to facilitate examination of the effect of receptor antagonists on stress-

induced analgesia using a pharmacological approach.  

 

3.4.2 Lack of involvement of opioids and cannabinoids in the analgesic produced by 

extended continuous footshock 

Stress-induced analgesia is mediated by parallel endogenous opioid and cannabinoid systems, 

and their relative involvement is dependent upon the duration of continuous footshock. There 

is some evidence that opioids and cannabinoids are both engaged by long duration footshock, 

but only opioids are engaged by brief duration footshock (Lewis et al., 1980; Mogil et al., 1996; 

Terman et al., 1986). However, the relative role of endogenous opioids and cannabinoids on 

the stress-induced analgesia associated with different footshock paradigms is not entirely clear 

because few studies have performed a systematic analysis. In the present study, the role of 

endogenous opioids and cannabinoids was examined pharmacologically. This was achieved by 

using maximal doses of the opioid and cannabinoid CB1 receptor antagonists, naltrexone and 

AM281, which were first shown to abolish the analgesia (measure using the hot plate test) 

induced by near maximal doses of the efficacious agonists, morphine and WIN55212.  

 

It was observed that both naltrexone and AM281 had a minimal effect on the increase in hot 

plate latency induced by 180 second continuous footshock. The lack of involvement of the 

endocannabinoid system was surprising, as it has previously been shown that analgesia 

induced by prolonged footshock is largely abolished by cannabinoid CB1 receptor antagonists 

(Hohmann et al., 2005). However, this may have been an experimental artefact of the cut-off 

latency for the hotplate test. Prolonged 180 second continuous footshock increased hot plate 

latency to the ceiling cut-off level, particularly at the time point immediately following 
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footshock which was used to compare analgesia between the different footshock paradigms. 

Setting the hot plate cut-off latency  to 45 sec (for 50C hot plate) was required to avoid 

potential tissue damage, as this can lead to peripheral and central sensitisation which could 

subsequently alter pain thresholds. However, hitting the cut-off level confounded assessment 

of antagonists which would be expected to reduce the stress-induced increases in hot plate 

latency. It was noted, however, that stress-induced increased in hot plate latency was less in 

AM281 and naltrexone treated mice compared to vehicle mice at later time points when 

stress-induced analgesia was diminishing (e.g. at 5-10min post-footshock). Thus, while it is 

likely that the antagonists were having some effect, this could not be quantified using the 

current experimental paradigms due to relatively high level of analgesia produced by 180 sec 

continuous footshock which exceeded the cut-off for the hot plate test (see also section 3.4.1).  

 

The problem of obtaining maximal analgesic effects was also seen with the 15 second 

continuous footshock. Thus, both naltrexone and AM281 had a minimal effect on the increase 

in hot plate latency induced by 15 second continuous footshock. Immediately following 

footshock, no differences were detected between the control vehicle and antagonist treated 

groups. It is important to note that vehicle was the only group that always hit cut off at 100% 

hotplate latency. Although non-significant, all other treatment had combined latencies under 

maximal threshold. This indicates that the antagonists are likely influencing the production of 

stress-induced analgesia. At 5minutes post stress, all treatment groups produce significant 

stress-induced analgesia besides naltrexone. Past that timepoint, none of the groups produce 

any significant analgesic response. This indicates that endogenous opioids are engaged under a 

brief continuous shock protocol but only to help hasten the drop of the analgesic response. It 

has no effect on the initial analgesic response.  

 

The consensus across literature is that a weak and brief stress is opioid mediated whilst a more 

intense and longer stress is non-opioid or cannabinoid mediated (Lewis et al., 1980; Hohmann 
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et al., 2005; Terman et al., 1986). Although opioids and cannabinoids seem to be engaged to 

varying degrees on both continuous protocols, clear conclusions could not be made due to the 

limitations of the experimental paradigm. Considerations for future experiments would be to 

modify the temporal parameters of the foot-shock control such that high but sub maximal 

responses are seen throughout the stress response timeline. Alternatively, different pain 

assays can be used. It is worth noting that when the 15 second protocol was chosen using 

naïve non-injected mice, it was chosen because it had a high but not maximal response. This 

didn’t translate when vehicle mice were used for the pharmacology experiments, as their 

response was always maximal. Vehicle injection itself can be regarded as “treatment stress” 

and can alter the stress response (Freiman et al., 2016). This may have contributed to the 

differences between naïve non-injected and vehicle mice. Improvement to this paradigm can 

also be made by assessing protocols using both naïve non-injected and vehicle groups to 

confirm if any changes to the stress response is present. 

 

3.4.3 Endogenous opioids and cannabinoids in conjunction mediate the analgesia 

produced by intermittent stress 

Opioids and cannabinoids together are both essential to the production of stress-induced 

analgesia by intermittent footshock stress. The initial stress response, when the analgesia is 

maximal, is only able to be significantly suppressed by the combination of naltrexone and 

AM281. In fact, the stress response is almost abolished and stays that way for the entire test 

duration. AM281 and naltrexone alone are not sufficient to significantly attenuate the initial 

analgesic response. Interestingly, naltrexone and the naltrexone/AM281 combo attenuates 

stress-induced analgesia at the 5-minute mark whilst AM281 alone does not. This indicates 

that the main strong analgesic stress response requires both endogenous systems to modulate 

it but once the analgesia begins to drop, endogenous opioids alone take over and are sufficient 

to mediate the stress response. 

 



76 
 

Most early studies indicate that intermittent stress is mediated by opioids (Lewis et al., 1980; 

Terman et al., 1986) but these early studies never specifically test cannabinoids. Other studies 

that distinguish non-opioid and opioid mediated pathways do so using other forms of stressors 

and pain assays (Mogil et al,. 1996) and later experiments reveal the non-opioid mediated 

pathway as being cannabinoid mediated (Hohmann et al., 2005). However, Valverde et al., 

(2008) revealed that there is a reduction in the opioid mediated stress analgesic response in 

mice with CB1 receptor invalidation. This highlights that the opioid mediated analgesic 

pathway must interact with the cannabinoid system at some degree for the development of an 

opioid mediated response to stress. The results in this thesis solidify this; both cannabinoids 

and opioids were engaged to suppress the initial analgesic response and that the rest of the 

response is maintained by opioids. This is the first study to specifically test the effect of 

cannabinoids and opioids in conjunction using an intermittent foot-shock protocol and hot-

plate for stress testing. 

 

3.4.4 Stress induced analgesia was replicated using a different thermal assay 

Intermittent footshock stress was able to produce robust stress-induced analgesia using 

different thermal assay, namely the Hargreaves test. This confirmed the validity of the protocol 

against a different pain assay as it also produced a strong stress response. The hotplate test is 

thought to initiate supraspinal inputs whilst the Hargreaves test activates reflexive spinal 

pathways (Barik et al. 2018; Deuis et al. 2017). This indicates that the analgesia produced by 

intermittent foot-shock stress is mediated by both supraspinal and reflexive spinal inputs.  
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4. CHAPTER 4: FEAR CONDITIONED ANALGESIA 

4.1 Introduction 

In the first results chapter it was shown that an aversive stimulus (footshock) produces an 

analgesic response, known as stress-induced analgesia. This analgesic response was mediated 

by both endogenous opioids and cannabinoids, and their relative level of involvement varied 

with the intensity/duration of the footshock. This stress-induced analgesia is a response to an 

immediate physical stressor. However, animals adapt to such stressors through processes such 

as learning. Indeed, the fear of pain is an evolutionarily adaptive response contributing 

towards self-preservation (Elsenbruch and Wolf, 2015). The interaction between pain and fear 

can be observed by the behavioural paradigm of Pavlovian conditioning, specifically fear 

conditioning. Conditioned fear responses are ubiquitous across mammals and include 

adaptations in responses ranging from behavioural (avoidance, freezing), autonomic (heart 

rate) and pain sensitivity (e.g. pain suppression, analgesia) modifications (Schechner et al., 

2014). Whilst pain and the associated neuronal adaptations can act to prevent or protect 

against physical harm, it can become maladaptive with conditions like chronic pain and anxiety 

related disorders. In these cases, the pain exacerbates fear and anxiety which enhances the 

pain response, creating a vicious feedforward cycle (Elman and Borsook, 2018). Furthermore, 

pain and responsiveness to pain treatment (pain relief) is quite often influenced by anxiety, 

stress or fear related disorders (Ji et al., 2018). Studying the components of fear and pain in a 

physiological state is an essential first step in understanding their interplay.  

 

Fear conditioned analgesia (FCA) can be modelled in the laboratory to study this reciprocal 

relationship between acute pain and fear. In this paradigm, a negative association is made 

between an aversive stimulus, known as the unconditioned stimulus (US - such as an electric 

foot shock) and a previously neutral stimulus, known as the conditioned stimulus (CS – such as 

an auditory cue, or the context of the surrounding environment). The initial association 
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intrinsically evokes fear, the unconditioned response (UR). With single, or repeated pairing of 

the US with the CS, the subject learns an association between these stimuli. Consequently, 

subsequent presentation of the CS alone will start to evoke a fearful response; this the 

expression of fear learning (Meulders, 2020). The fear response is a behavioural suite of 

adaptations which also involves a brain-mediated analgesic response; fear-conditioned 

analgesia. This conditioned response (CR) and paradigm can be experimentally manipulated to 

produce analgesia in animals which can be measured through a variety of pain-assays. For 

example, reintroduction to a context where rats were previously associated with electric foot 

shock produces fear-conditioned analgesia, measurable using pain assays such as the formalin 

test (Olango et al., 2012).  

 

Design considerations such as modality, intensity, number of repetitions, duration of CS/US 

and it’s pairing all play a major role in determining the type and strength of the UR and CR 

(Meulders, 2020). This model allows for the distinguishing of specific fear conditioning phases 

including fear learning, fear formation and fear recall which can be crucial in understanding the 

parameters essential to producing a powerful response (Meulders, 2020). Numerous studies 

have detailed fear conditioned responses and separated the components of the conditioning 

phases. Less is known about analgesic responses to fear, but some studies document a role for 

endocannabinoids in conditioned aversion (Finn et al., 2004) and mediating fear-conditioned 

analgesia and fear expression (Olango et al., 2012). However, specific phases of fear 

conditioning, including fear learning and fear retrieval, has not been segregated and studied in 

conjunction with a conditioned analgesic response.  

 

4.2 Aims 

The aims of this series of experiments were to 

• determine the conditioning parameters required to produce a robust and reproducible 

analgesic response to learned fear, fear-conditioned analgesia, as opposed to the prior 
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chapter where the analgesic response to the initial aversive stimulus, stress-induced 

analgesia, was examined.  

• examine the role of endogenous opioids and cannabinoids in fear-conditioned 

analgesia. 

 

4.3 Results 

4.3.1 Fear conditioned analgesia: A comparison of foot-shock intensities  

A fear-conditioning protocol was used to assess an associative learning task. In these 

experiments, analgesia measured with the hot plate test was the conditional response (CR). 

The intermittent shock protocol examined in chapter 3 produced a robust consistent stress 

induced analgesic response and was the starting point for the examination of fear-conditioned 

analgesia in this chapter. This protocol consisted of a 2-day protocol with a conditioning on day 

1 and a testing on day 2 (adapted from Butler et al., 2008).  

 

On the conditioning day, mice were placed individually in the footshock chambers. They were 

then subjected to 10 footshock-tone (US-CS) pairings, once every 60 seconds, for a total of 10 

minutes; i.e. an inter-trial interval (ITI) of 60 seconds. Immediately following the last pairing, 

the animals were removed from the footshock chamber and underwent testing for analgesia 

(CR). The US-CS pairing consisted of a 15 second tone (CS) which co-terminated with a 1 

second shock (US). On the testing day (day 2), mice were placed in the footshock chamber (i.e. 

same context as day 1) for 45 seconds and then subjected only to the 15 second tone (CS) 

(Figure 4.1A). The animals were immediately removed from the footshock chamber and 

underwent testing for analgesia (CR).  Finally, it should be noted that previous studies have 

used footshock intensities ranging from 0.30mA to 1.2mA (Baldi et al., 2004; Butler et al., 

2008; Ji et al., 2018). In the present series of experiments, the effect of three different 

footshock intensities were tested, 0.35, 0.6 and 0.9mA, to determine the optimal parameters 

for fear-conditioning induced analgesia (Figure 4.1A). It should be noted that several of the 
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experiments below were pilot experiments to optimise the protocol and therefore had fewer 

animals (n < 6) than that required to demonstrated statistical significance based on initial 

power analysis.  

 

 

Figure 4. 1 Comparison of the stress and fear induced analgesia produced by a range of 
footshock intensities. (A) Timeline of the protocol foot-shock and hotplate testing with bars 
and red arrows indicating time of audio tone and footshock using an intermittent (10x 1s 
duration, once per min) conditioning protocol, and with the grey arrows indicating the time of 
hotplate testing on (B) day 1 and (C) day 2. Bar and scatter plots of the effect of footshock 
intensities on hot plate latency for (D) day 1 and (E) day 2; measured as a percentage of the 
maximum possible effect on Day 1 (%MPE, post-footshock value measured at the time 0 min 
for (B). In (B - C) *, *** denote p < 0.05, 0.001 for each time point versus the final pre-
footshock time point (Dunnett’s posthoc adjustment, following two-way ANOVA). In (D - E) *, 
** and *** denote p < 0.05, 0.01 and 0.001; paired t-test for individual footshock intensities, 
or for Tukey’s posthoc test after one-way ANOVA. In (B – D), data are shown as ± S.E. mean (n 
= 6 animals per group, except the 0.6mA current group which had n = 5 due to exclusion 
because of variable pre-footshock hot plate latency). 
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There was a significant interaction between time and footshock intensity for raw hot plate 

latency (CR) on day 1 (Figure 4.1B, p < 0.05, F (2.8, 12.4) = 5.28, two-way ANOVA interactions; 

n = 6, 5, 6 for the 0.9, 0.6, 0.35mA intensities). At all footshock intensity levels, hot-plate 

latency at the 0 min post-shock time point was significantly greater than that at the pre-stress 

time point on day 1 (Figure 4.1B, p < 0.05, 0.05 and 0.001 at 0min at 0.35, 0.6 and 0.9mA 

respectively, Dunnett’s posthoc test). There was no significant difference in hotplate latency at 

the later 5 – 30 minute time points compared to the pre-stress time point at any of the 

footshock intensity levels (Fig 4.1B, p > 0.05, Dunnett’s posthoc test).  

 

There was also a significant interaction between time and footshock intensity for raw hot plate 

latency on day 2 (Figure 4.1C, p < 0.001, F (2.559, 12.80) = 11.42, two-way ANOVA interactions; 

n = 6, 5, 6 for the 0.9, 0.6, 0.35mA intensities). At an intensity of 0.9mA, the hot-plate latency 

was significantly different at the 0 min post shock point when compared to the pre-stress time 

point (Figure 4.1C, p < 0.05 at 0min at 0.9mA, Dunnett’s posthoc test). At the 0 min post-shock 

point, the 0.6mA and 0.35mA intensities were not significantly different to their pre-stress 

testing values. (Fig 4.1C, p > 0.05 at 0min at 0.35, 0.6 respectively, Dunnett’s posthoc test). 

There was no significant difference in hotplate latency at the later 5 – 30 minute time points 

compared to the pre-stress time point at any of the footshock intensity levels (Fig 4.1C, p > 

0.05, Dunnett’s posthoc test).  

 

To compare the fear-conditioning at the different intensities, analgesia was measured as a 

relative increase (percentage of the maximum possible effect, %MPE) in hot plate latency at 

the first post-footshock time point compared to the pre-footshock time point (Fig 4.1D, E). On 

day 1, fear-conditioning produced an increase in hot plate latency at all footshock intensities 

(Figure 4.1D, p < 0.001, 0.05 and 0.05 at 0.9, 0.6 and 0.35 mA). However, the increase in hot 

plate latency differed significantly across the three footshock intensities (p < 0.01, F (2, 14) = 

8.539, one-way ANOVA). The increase in hotplate latency was significantly greater at the 



82 
 

0.9mA intensity compared to the 0.35mA intensity (Figure 4.1D, p < 0.01, Tukey’s posthoc 

test). By contrast, the increase in hotplate latency at the 0.6mA intensity was not significantly 

different to that at either the 0.9, or 0.35mA intensities (Figure 4.1D, p > 0.05 for 0.9 vs. 0.6mA 

and 0.6 vs. 0.35mA, Tukey’s posthoc test).  

 

On day 2, fear-conditioning only produced an increase in hot plate latency only at the 0.9mA 

footshock intensity (Figure 4.1E, p < 0.01, p > 0.05 and p = 0.05 at 0.9, 0.6 and 0.35 mA). The 

increase in hot plate latency varied significantly with footshock intensity (p < 0.05, F (2, 14) = 

4.384, one-way ANOVA). The increase in hotplate latency was significantly greater at the 

0.9mA intensity compared to the 0.6mA intensity (Figure 4.1E, p < 0.05, Tukey’s posthoc test). 

The increase in hotplate latency at the 0.35mA intensity was not significantly different to that 

at either the 0.9, or 0.6mA intensities (Figure 4.1E, p > 0.05 for 0.35 vs. 0.9mA and 0.35 vs. 

0.6mA, Tukey’s posthoc test).  

 

4.3.2 Influence of injection stress on fear conditioning 

As in chapter 3, pharmacological antagonist experiments to explore the role of endogenous 

opioid and cannabinoids required the administration of drugs. The injection procedure and the 

vehicle used to dissolve these drugs are physical and psychological stressors in mice and can 

affect physiological parameters, particularly fear conditioned behaviours (Drude et al., 2011; 

Marsicano et al., 2002). This may affect the assessment of analgesia (CR) in studies which 

involves the use of drug injections on day 1 and 2 of the fear conditioning protocol. To 

examine this, naïve vehicle  animal groups were first compared to naïve non-injected animals, 

to examine the impact of the injection procedure before performing a full-scale drug study. 

This was tested using only the 0.9mA footshock intensity as this produced the most robust 

fear-conditioning induced analgesia in the above naïve non-injected animal experiments. In all 

these experiments the vehicle was injected 60 minutes before placing the animal in the 
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footshock chamber, a time point chosen to ensure maximal drug effects in later experiments, 

and this was performed for injections on days 1 and 2 (Figure 4.2, 4.3).   

 

 

Figure 4. 2 Effect of a day 2 vehicle injection procedure on fear conditioning induced 
analgesia. (A) Timeline of the protocol foot-shock and hotplate testing with bars and red 
arrows indicating time of audio tone and footshock using an intermittent (10x 1s duration, 
once per min) conditioning protocol, and with the green/grey arrows indicating the time of 
vehicle injection and hotplate testing on days 1 and 2. (B) Bar and scatter plots of the effect of 
day 2 injection on hot plate latency for days 1 and 2 in vehicle injected versus naïve non-
injected animals; measured as a percentage of the maximum possible effect on Day 1 (%MPE, 
post-footshock value measured at the time 0 min. In (B) * denotes p < 0.05 on each 
day/treatment group Wilcoxon’s signed-rank test); #, ### denote p < 0.05, 0.001 for day 1 
versus day 2 (Dunnett’s posthoc adjustment, following two-way ANOVA). Data are shown as ± 
S.E. mean (n = 6 animals per group).  
  

 

In the first set of experiments, the impact of injecting the vehicle on day 2 of the fear-

conditioning protocol was examined, using only the 0.9mA footshock intensity (Figure 4.2A). In 

these experiments only the increase in the hot plate latency at the first post-stress time point 

was evaluated, rather than the full time-course data. As expected, there was a significant 

effect of time but not treatment on the increase in hot plate latency (p < 0.001 and p > 0.05, F 

(1, 10) = 36.0, 0.1, two-way ANOVA main effects for time and treatment). However, the 

matching of repeated measures for the two-way ANOVA was not effective (p > 0.05, χ2(1) = 

2.0), therefore, non-parametric analysis was performed. The US-CS and CS-only protocols on 

days 1 and 2, respectively, produced a significant increase in hot plate latency in both naïve 

non-injected and vehicle-non-injected animals (Figure 4.2B, p < 0.05 for both days 1 and 2, in 
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naïve non-injected and vehicle-non-injected, n = 6 in each group, Wilcoxon’s signed-rank test). 

While this suggested that the vehicle injection procedure has no impact on fear-conditioning 

induced analgesia, it might be noted that there was substantial variability in the increase in hot 

plate latency on day 2 of vehicle naive animals (Figure 4.2B).  

 

 

Figure 4. 3 Effect of a day 1 vehicle injection procedure on fear conditioning induced 
analgesia. (A) Timeline of the protocol foot-shock and hotplate testing with bars and red 
arrows indicating time of audio tone and footshock using an intermittent (10x 1s duration, 
once per min) conditioning protocol, and with the green/grey arrows indicating the time of 
vehicle injection and hotplate testing on days 1 and 2. (B) Bar and scatter plots of the effect of 
day 1 injection on hot plate latency for days 1 and 2 in vehicle injected versus naïve non-
injected animals; measured as a percentage of the maximum possible effect on Day 1 (%MPE, 
post-footshock value measured at the time 0 min. In (B) * denotes p < 0.05 on each 
day/treatment group Wilcoxon’s signed-rank test); ##, ### denote p < 0.01, 0.001 for day 1 
versus day 2 (Dunnett’s posthoc adjustment, following two-way ANOVA). Data are shown as ± 
S.E. mean (n = 6 animals per group).  
 

 

In the second set of experiments, the impact of injecting the vehicle on day 1 of the fear-

conditioning protocol was examined, again using only the 0.9mA footshock intensity (Figure 

4.3A, n = 6 for naïve non-injected and naive vehicle injected animal groups). The US-CS 

protocol produced a significant increase in hot plate latency on day 1 in both naïve non-

injected and vehicle-non-injected animals (Figure 4.3B, p < 0.05 for both naïve non-injected 

and vehicle-non-injected, n = 6 in each group, Wilcoxon’s signed-rank test). However, the CS-

only protocol produced a significant increase in hot plate latency on day 2 in naïve non-
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injected, but not vehicle-non-injected animals (Figure 4.3B, p < 0.05, p > 0.05 for both naïve 

non-injected and vehicle-non-injected, Wilcoxon’s signed-rank test). 

 

There was a significant effect of time, but not treatment on the increase in hot plate latency (p 

< 0.001 and p > 0.05, F (1, 10) = 52, 0.7, two-way ANOVA main effects for time and treatment). 

However, the matching of repeated measures for the two-way ANOVA was not effective (p > 

0.05, χ2(1) = 0.02), therefore, non-parametric analysis was again performed. The US-CS 

protocol on day 1 produced a significant increase in hot plate latency in both naïve non-

injected and vehicle-non-injected animals (Figure 4.3B, p < 0.05 for both days 1 and 2, in naïve 

non-injected and vehicle-non-injected, n = 6 in each group, Wilcoxon’s signed-rank test). By 

contrast, the CS-only protocol on day 2 produced a significant increase in hot plate latency in 

naïve non-injected, but not vehicle-non-injected animals (Figure 4.3B, p < 0.05, p > 0.05 for 

naïve non-injected and vehicle-non-injected, n = 6 in each group, Wilcoxon’s signed-rank test). 

This suggested that vehicle injection on day 1 has an impact on fear-conditioning induced 

analgesia on day 2 (Figure 4.2B). 

 

The above experiments indicated that while the vehicle injection procedure did not affect the 

day 1 stress-induced analgesia, it had a substantial impact on the day 2 fear-conditioned 

analgesia. In particular, vehicle injection on day 1 abolished fear-conditioned analgesia on day 

2. The disruption of day 2 fear-conditioned analgesia was particularly problematic because the 

level of fear induced analgesia was too low to examine the impact of opioid and cannabinoid 

receptor antagonism.   

 

4.3.3 Optimising the parameters for fear conditioned analgesia (FCA) 

Given the impact of the injection procedures, the next series of experiments re-evaluated the 

protocol parameters to obtain more robust and less variable fear-conditioned analgesia on day 

2. Incremental modifications were made to the above fear conditioning protocol to increase 
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the analgesic response on day 2. These modifications included changes to acclimatisation to 

the footshock chamber prior to US/CS presentation, inter-trial/trial intervals, CS/US timing and 

number of presentations, and finally home cage housing between  day1 and 2 conditioning 

(Rosen et al., 1998, Shoji et al., 2014). Again, reduced animal numbers per group were used for 

some of these groups (Figure 4.4, n = 4 – 8 per group). Consequently, only one sample paired t-

tests were performed to determine whether there were significant increases in hot plate 

latency for any of the protocol modifications on days 1 and 2, rather than one-way ANOVA 

comparisons between protocols.  

 

 

Figure 4. 4 Comparison of the stress and fear induced analgesia produced when comparing 
different protocols on naïve non-injected mice. (Ai) Timelines of the protocol foot-shock and 
hotplate testing with bars and red arrows indicating time of audio tone (CS, variable duration) 
and footshock (US, 1s duration) on day 1 (US+CS) and day 2 (CS alone). (Aii) The variations in 
the parameters for fear-conditioned analgesia, including duration of acclimatisation in the 
footshock chamber prior to US and/or CS exposure on days 1/2 (Acclim, min), number of 
US+CS presentations on day 1 (Num, n), duration of the audio tone on days 1/2 (CS, s), the 
inter-trial interval between successive US+CS presentations on day 1 (ITI, s). Bar and scatter 
plots of the hot plate latency (%MPE) induced by the (B) US+CS on day 1, and the (C) CS on day 
2, expressed as a percentage of the maximum possible effect (%MPE). various fear 
conditioning protocols on hot plate latency, measured as a percentage of the maximum 
possible effect on Day 1. In (B, C) Data are shown as mean ± range (n ranges between 4 - 8 
animals per group); *, **, ***, **** denote p < 0.05, 0.01, 0.001, 0.0001 (paired t-tests). 
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Naïve non-injected groups of mice underwent a series of modifications to the 2-day 

conditioning regime and their effects were compared to that of the original protocol (Figure 

4.3). The days 1 and 2 parameters for this protocol were: 

• Day 1: 10 x CS+US pairings with a 15 second duration tone (CS) which co-terminated 

with a 1 second duration 0.9 mA foot shock, at an inter-trial interval of 1 minute 

(Figure 4.4A, protocol #1).  

• Day 2: 1x 15 second duration tone.  

• On days 1 and 2 the mice were not acclimatised to the footshock chamber prior to 

presentation of the US+CS, or CS (Figure 4.4Ai-ii). 

• During day1/2 testing mice not being tested in the footshock chamber and hot plate 

were placed inside a sound isolated chamber (same type of chamber as that 

surrounding the footshock chambers). These chambers were in the same room that 

testing was performed.  

 

For all the protocol variations, the US+CS presentations on day 1 produced a significant 

increase in hot plate latency (Figure 4.4Aii, B, protocol: #1 t(5) = 9.7, p < 0.001; #2 t(5) = 6.6, p 

< 0.01; #3 t(3) = 4.1, p < 0.05; #4 t(3) = 10.2, p < 0.01; #5 t(7) = 9.5, p < 0.0001; #6 t(5) = 16.0, p 

< 0.0001; #7 t(4) = 16.8, p < 0.0001). 

 

As noted in Figure 4.3, the standard protocol (#1), the CS presentations on day 2 produced a 

significant increase in hot plate latency (Figure 4.4B, p < 0.01, mean/range = 24/30 %MPE). The 

protocol modifications had the following effects on the tone (CS) induced increase in hot plate 

latency on day 2 (Figure 4.4Aii, C): 

• Protocol #2: increasing CS duration from 15 to 30s on day 2: The CS produced an 

increase in hot plate latency but with a greater variability than #1; p < 0.01, 

mean/range = 28/33 %MPE. 
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• Protocol #3: increasing the acclimatisation period on both days 1 and 2: The CS did not 

produce a significant increase in hot plate latency; p > 0.05, mean/range = 5/52 

%MPE. 

• Protocol #4: removing the acclimatisation period on both days 1/2 and increasing the 

CS duration on day 1 from 15 to 30s: The CS did not produce a significant increase in 

hot plate latency; p > 0.05, mean/range = 17/38 %MPE. 

• Protocol #5: reducing the number of CS+US presentations on day 1 from 10 to 5 and 

increasing their inter-trial interval from 60 to 120s. Acclimatization was introduced but 

only on day 1: The CS produced an increase in hot plate latency; p < 0.05, mean/range 

= 28/64 %MPE. 

• Protocol #6: same as protocol #5, but mice not being tested were place inside sound 

isolated chambers in a nearby room. The CS produced an increase in hot plate latency; 

p < 0.001, mean/range = 32/30 %MPE. 

 

Of the above, protocol #6 with the altered animal holding during testing (and altered US/CS 

parameters) had the qualitatively greatest CS induced increase in hot plate latency on day 2, 

plus the equal lowest range in effectiveness (Figure 4.4C). While this could have been due to 

the altered CS/US parameters, it might have been at least partly due to separating mice to a 

different room during testing of a mouse. It was therefore decided to re-test the original 

protocol #1 parameters with this change in animal holding: 

• Protocol #7: same as protocol #1, but the mouse holding separation of protocol #6. 

mice not being tested were place inside sound isolated chambers in a nearby room; p 

< 0.001, mean/range = 29/44 %MPE. 

 

Although not validated statistically, these findings suggest that the combination of altered 

animal holding and CS/US parameters with protocol #6 led the most robust and least variable 
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CS induced increase in hot plate latency on day 2. It was therefore decided to use this protocol 

for the examination of opioid and cannabinoid receptor antagonists. 

 

4.4.4 The role of opioid and cannabinoid receptors in fear conditioned analgesia (FCA): day 

1 antagonist administration 

The final two series of experiments examined the role of endogenous cannabinoids and 

opioids in fear-conditioned analgesia. To do this, cannabinoid and opioid receptor antagonists 

were systemically administered prior to undergoing the day 1 and 2 fear learning and 

expression paradigms, respectively. 

 

 

Figure 4. 5 Effect of day 1 drug injection on the immediate expression of stress induced 
analgesia on fear conditioning induced analgesia. (Ai) Timelines of the protocol foot-shock 
and hotplate testing with bars and red arrows indicating time of footshock (US, 1s duration) 
and audio tone (CS, 30 seconds), respectively, on day 1 (US+CS). The green arrow indicates the 
time of drug injection. (Aii) Timelines of the protocol foot-shock and hotplate testing with bars 
indicating time of audio tone (CS, 15 seconds) on day 2 (CS alone). (B) Bar and scatter plots of 
the effect of day 1 injection on hot plate latency for day 1; measured as a percentage of the 
maximum possible effect on Day 1 (%MPE), post-footshock value measured at the time 0 min. 
(C) Bar and scatter plots of the effect of day 1 injection on hot plate latency for day 2; 
measured as a percentage of the maximum possible effect on Day 2 (%MPE), post-footshock 
value measured at the time 0 min. Data are shown as ± S.E. mean (n ranges between 7 - 8 
animals per group); *, *** denote p < 0.05, 0.001 (Dunnett’s posthoc adjustment, following 
one-way ANOVA). 
 

 

Firstly, the effect of the antagonists on the immediate expression of stress-induced analgesia 

was examined in day 1 (Figure 4.5Ai). While this appeared superficially similar to the stress-

induced analgesia pharmacology experiment in Figure 3.4, this protocol differed in that it also 
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had a CS (audio tone) which co-terminated with the footshock. This may alter the immediate 

expression of stress-induced analgesia due to the learned association between the CS and US 

(footshock). There was a significant interaction between treatment groups when comparing 

the hot plate latencies (%MPE) on Day 1 (Figure 4.5B, p < 0.001, F (3, 26) = 7.89, one-way 

ANOVA interactions; n = 7, 8, 7, 8 for vehicle, naltrexone, AM281 and AM281 + Naltrexone). 

Naltrexone administration significantly reduced the hot plate latency (%MPE) on day 1 

compared to vehicle, when injected prior to day 1 conditioning (Figure 4.5B, p < 0.05 for 

naltrexone treated mice when compared to vehicle treated mice, Dunnett’s posthoc test). 

AM281 + Naltrexone injection significantly attenuated the hot plate latency (%MPE) on day 1 

compared to vehicle, when injected prior to day 1 conditioning (Figure 4.5B, p < 0.001 for 

AM218 + naltrexone treated mice when compared to vehicle treated mice, Dunnett’s posthoc 

test). 

 

Next the effect of day 1 antagonist administration on the expression of learned CS-induced 

fear-conditioned analgesia on day 2 was examined (figure 4.5Aii). There was no significant 

interaction between treatment groups when comparing the hot plate latencies (%MPE) on Day 

2 (Figure 4.5C, p < 0.001, F (3, 26) = 2.834, one-way ANOVA interactions; n = 7, 8, 7, 8 for 

vehicle, naltrexone, AM281 and AM281 + Naltrexone). The combination of AM281 + 

Naltrexone, administered on day 1, was able to significantly reduce the hot plate latency 

(%MPE) on day 2 when compared to vehicle (Figure 4.5C, p < 0.05 for AM281 + naltrexone 

treated mice when compared to vehicle treated mice, Dunnett’s posthoc test). 

 

4.4.5 The role of opioid and cannabinoid receptors in fear conditioned analgesia (FCA): day 

2 antagonist administration 

The final experiments examined the role of endogenous cannabinoids and opioids in the 

expression of learned CS-induced fear-conditioned analgesia. To do this, cannabinoid and 
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opioid receptor antagonists were systemically administered prior to undergoing the day 2 fear 

expression. 

 

 

Figure 4. 6 Effect of day 2 drug injection on the expression of learned CS-induced fear 
conditioning analgesia. (Ai) Timelines of the protocol foot-shock and hotplate testing with bars 
and red arrows indicating time of footshock (US, 1s duration) and audio tone (CS, 30 seconds), 
respectively, on day 1 (US+CS). (Aii) Timelines of the protocol foot-shock and hotplate testing 
with bars indicating time of audio tone (CS, 15 seconds) on day 2 (CS alone). The green arrow 
indicates the time of drug injection. (B) Bar and scatter plots of the effect of day 2 injection on 
hot plate latency for day 1; measured as a percentage of the maximum possible effect on Day 
1 (%MPE), post-footshock value measured at the time 0 min. (C) Bar and scatter plots of the 
effect of day 2 injection on hot plate latency for day 2; measured as a percentage of the 
maximum possible effect on Day 2 (%MPE), post-footshock value measured at the time 0 min. 
Data are shown as ± S.E. mean (n ranges between 6 - 9 animals per group); * denote p < 0.05 
(Dunnett’s posthoc adjustment, following one-way ANOVA). 
 

As expected, on day 1, there was no significant interactions or differences between the groups 

as drugs were not administered until the following day (Figure 4.6B). On day 2, there was a 

significant interaction between treatment groups when comparing the (%MPE) hot plate 

latencies (Figure 4.6C, p < 0.01, F (3, 20) = 6.44, one-way ANOVA interactions; n = 6 for vehicle, 

naltrexone, AM281 and AM281 + Naltrexone). Naltrexone treatment significantly reduced the 

hotplate latency (%MPE) compared to vehicle, on day 2 (Figure 4.6C, p < 0.05 for the 

Naltrexone group when compared to vehicle treated mice, Dunnett’s posthoc test). Finally, 

AM281 + Naltrexone injection, administered on day 2, was able to significantly reduce the hot 

plate latency (%MPE) on day 2 when compared to vehicle (Figure 4.6C, p < 0.05 for AM281 + 

naltrexone treated mice when compared to vehicle treated mice, Dunnett’s posthoc test). 
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4.5 Discussion 

This series of experiments began with determining the  most robust and reliable analgesic 

response to learned fear in naïve unoperated mice, with an emphasis on the experimental 

stress of an injection procedure. This involved a two-day fear-conditioning protocol, in which 

fear learning was induced on day 1 (by presentation of the noxious footshock, US, with an 

innocuous audio tone, CS) and its expression was examined on day 2 (by presentation with just 

the CS). It was observed that injection stress reduced the fear-conditioned analgesic response 

on day 2, such that it would be too low to examine the effects of opioid and cannabinoid 

antagonists. This was particularly problematic when the injection was made on the fear 

learning day (day 1). As such, protocol modifications were incrementally made to increase the 

analgesic response. Greater sound isolating of the mice not currently being testing and altering 

the fear-conditioning parameters had the greatest effect on raising the fear-conditioned 

analgesia. This new protocol was utilised for subsequent pharmacological experiments to 

examine the role of endogenous opioids and cannabinoids in fear-conditioned analgesia.  

 

The initial expression of stress-induced analgesia on day 1 was mediated largely by 

endogenous opioids. Importantly, this differed to the stress-induced analgesia observed in 

chapter 3 which required both endogenous opioids and cannabinoids. Thus, factors involved in 

the associative learning process, i.e. co-presentation of the footshock with an audio tone, 

reduced the influence of endogenous cannabinoids on the expression of stress-induced 

analgesia on day 1. Interestingly, the role of endogenous opioids and cannabinoids in fear-

conditioned analgesia on day 2, depended upon the day of antagonist administration. 

Endogenous opioids mediate the immediate expression of analgesia whilst both opioids and 

cannabinoids are involved in the analgesia induced by fear.  

 



93 
 

4.5.1 Fear conditioned analgesia: A robust analgesic response to immediate stress and 

learned fear was produced in naïve mice 

A fear conditioning paradigm was setup to measure the analgesic response from an associative 

learning task. The intermittent protocol which produced robust stress-induced analgesia in 

chapter 3 was the basis for a 2-day conditioning setup that was adapted from Butler et al., 

(2008). First, three different current intensities were tested; 0.35, 0.6 and 0.9mA. On day 1, all 

intensities produced a significantly greater analgesic response, measured by hotplate latency, 

compared to their pre-footshock values. Importantly, day 1 experiments were designed to pair 

the unconditioned stimulus (US – shock) with the conditioned stimulus (CS - tone) with 

repetitive exposures. As the immediately stressful stimulus was present (US), any increase in 

analgesic response would be stress-induced analgesia related. As such, all 3 intensities 

produced sufficient stress-induced analgesia, although the 0.9mA protocol produced the 

strongest response.  

Day 1 was setup to make reinforced negative associations between the US (shock) and the CS 

(tone). Subsequent presentations of only the CS (tone) can evoke a fearful response and this 

conditioned response (CR) indicates the expression of fear learning (Meulders, 2020). The focal 

point of this experiment was to examine which current intensities were sufficient to express 

learned CS-induced fear-conditioned analgesia on Day 2. The 0.9mA intensity produced a 

significant initial increase in hot plate latency whilst 0.6 and 0.35mA intensities showed no 

significant increases at any time points. Furthermore, the 0.9mA produced a significantly 

greater initial analgesic response compared to the 0.6mA parameter. This highlights that only 

the 0.9mA current was enough to produce fear-conditioned analgesia on day 2. Whilst stress-

induced analgesia was produced on all 3 currents on day 1, it was only the 0.9mA that 

produced observable fear-conditioned analgesia on day 2. This current produced the highest 

initial day 1 stress-induced analgesia. The way CS, US and CS-US pairings are modified have a 

major impact on the strength of the conditioned response. Factors like the salience of the 

stimuli, number of CS-US repetitions and CS strength all contribute to the conditioned 
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response (Hadamitzki et al., 2015; Meulders, 2020; Senkowski and Vogel, 1976). In this case, 

the strength of the CS (shock) was increased by increasing the current, which formed a 

stronger negative associative CS-US pairing. This caused a conditioned response to occur which 

was strong enough to be measurable as an analgesic response when tested on day 2. 

Consequently, the protocol with the 0.9mA intensity was chosen to for further fear-

conditioned analgesia testing.  

 

4.5.2 Injection stress influenced the presentation of fear conditioned analgesia  

Injection and vehicle procedures can act as a physical and psychological stressor that can 

impact behaviour (Drude et al., 2011; Marsicano et al., 2002). The impact of injection stress on 

a fear-conditioned analgesia protocol was assessed before continuing with a full-scale drug 

investigation. This was done by comparing naïve mice which received no injection to the 

vehicle injected mice (on either day 1 or day 2). When vehicle was injected on day 2, there 

were no significant differences in analgesic responses between naïve and vehicle groups on 

either day 1 or day 2. However, there was noticeably greater variability with the vehicle 

injected mice compared to naïves. When vehicle injection occurred on day 1, both groups had 

significantly high day 1 stress-induced analgesia. However, only naïve mice had a significant 

analgesic response whilst vehicle mice did not. This highlights that vehicle injection impacts 

the presentation of fear-conditioned analgesia (Day 2) but mainly when the injection occurs on 

day 1. Vehicle injection has no effect on stress-induced analgesia (Day 1), regardless of when it 

was injected. 

 

Vehicle injection on day 1 had no effect on stress-induced analgesia, yet had an impact the 

following day, diminishing the expression of the learned response. Stress can either inhibit or 

enhance learning and this depends on a range of factors such as the type and intensity of 

stressor, even having variations based on sex (Wood and Shors, 1998; Shors; 2004). The vehicle 
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procedure is likely acting as an unintended stressor, but it is not enough to alter the analgesic 

response to repetitive multiple and strong CS-US pairings on Day 1. It is likely that the injection 

stress caused an interference in between day 1 and day 2; impacting either fear acquisition, 

fear learning or fear consolidation. Ultimately, injection stress influenced the presentation of 

fear-conditioned analgesia and thus changes needed to be made to the protocol before 

continuing with further experiments.  

 

4.5.3 Fear conditioned analgesia was altered by conditioning parameters and sound 

isolation  

Injection procedures influenced the presentation of fear-conditioned analgesia on day 2 and 

thus incremental changes were made to the protocol to obtain a more robust and less variable 

analgesic response. The biggest increase in day 2 fear-conditioned analgesia was observed 

when the presentation and duration of the CS was modified whilst also sound isolating the 

mice in a separate room. These results did not reach significance yet showed an increased 

analgesic response with less variability.  

 

The CS-US modifications that led to the optimal protocol included doubling the duration of the 

CS, doubling the inter-trial interval (ITI), and halving the number of CS-US pairings. Wagner 

(1981) performed extensive work on modifying CS and ITI durations and these have a profound 

effect on the strength of conditioning. Studies have generally concluded that a longer ITI 

produces better acquisition than a shorter ITI (Ewing et al., 1985; Thrailkill et al., 2020; 

Wagner, 1981). Wagner (1981) used his Sometimes Opponent Process model to explain that 

the strongest associations are formed when the CS-US are in a focal state of activation, such as 

directly within when the CS-US pairings are made. Both parameters must decay into a 

peripheral passive state before going into an inactive state. An inactive state is necessary for 

the CS-US to be reactivated into the focal activation state. With a short ITI, either of the CS-US 
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parameters may still be in the passive state whilst in a longer ITI, they have the extra time to 

go from a passive state to inactive. In a long ITI, this means that reactivation to the focal state 

upon presentation of the CS-US is more likely, leading to a stronger associative effect. Based 

on this, it is likely that doubling the ITI had the greatest effect on conditioning, resulting in a 

stronger fear-conditioned analgesia on day 2. 

 

Sound isolation was done to eliminate the chance that mice could hear the conditioning 

parameters from other mice and that of their vocalisation of stress. The pairing of the CS-US is 

performed in a deliberate way to enforce learning of a conditioned response. Interference in 

CS-US pairing can have a blocking or negative transfer effect depending on when it is 

presented (Swartzentruber and Bouton, 1986). Unintentional day 1 CS interference can reduce 

strong CS-US associations being formed. A day 2 CS interference could act as a stressor, 

behaving as an unintended extinction event before getting to the proper day 2 test. Both these 

possibilities will reduce the analgesic response seen on day 2. Stress contagion exists in 

mammals; rodents can sense stress between other rodents, whether it be by sound, sight or 

olfaction, and this can affect their physiology and behaviour (Waal and Preston, 2007). Thus, 

adding this extra sound isolation likely prevented the mice from hearing the vocalisation of 

stress from other mice and eliminated any CS-US disturbances, resulting in a more robust fear-

conditioned analgesia response.  

 

4.5.4 Opioids and cannabinoids mediate stress induced analgesia whilst opioids mediate 

fear conditioned analgesia 

The optimised conditioning protocol from the previous experiment was utilised for testing 

using opioid and cannabinoid receptor antagonism. When the injection occurred on day 1, 

opioid antagonists and the combination of opioid and cannabinoid antagonists significantly 

reduced the analgesic response on day 1. This is where the immediate expression of stress-
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induced analgesia occurs but also when the CS-US associations are made. Although not 

significant, the combination of AM281 and naltrexone shows a lower analgesic response when 

compared to naltrexone. Ultimately, opioids alone are necessary and enough to engage the 

stress response whilst cannabinoids may assist in modifying the response once they are 

engaged. However, solid conclusions about the involvement of endogenous cannabinoids on 

the expression of stress-induced analgesia cannot be made given that cannabinoids alone did 

not have an effect.  

 

On the second day of testing, only the combination of AM281 and naltrexone significantly 

reduced the analgesic response. This is where the expression of fear-conditioned analgesia 

occurs. Thus, opioids and cannabinoids in conjunction are necessary for fear-conditioned 

analgesia. This highlights that cannabinoids indeed modify the analgesic response, but their 

involvement is only significant on day 2. Opioids and cannabinoids interfered with fear 

acquisition on day 1, likely by inhibiting CS-US associations to be made. The low analgesic 

response on day 2 signifies this since the fear conditioned response was either not formed or 

not strong enough to elicit an analgesic response.   

 

To test the expression of learned CS-induced fear-conditioned analgesia, antagonist injections 

were made on day 2. As expected, no differences in immediate stress-induced analgesia were 

seen on day as no modifications were made between the groups. Naltrexone and the 

combination of AM281 and naltrexone inhibited the expression of fear-conditioned analgesia 

on day 2. Since naltrexone alone inhibited fear-conditioned analgesia to the same degree as 

the combination off the two drugs, opioids alone mediate the expression of fear-conditioned 

analgesia. By day 2, CS-US associations have already been made and fear retrieval is then 

assessed by testing the effect of the conditioned response. The lack of an analgesic response 

indicates the drugs interfere with fear retrieval. Therefore, endogenous opioids and 
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cannabinoids mediate the expression of fear-conditioned analgesia and interfere with 

processes involved with fear retrieval. Both opioids (Helmstetter and Fanselow, 1987) and 

cannabinoids (Olango et al., 2012) alone have been shown to mediate fear-conditioned 

analgesia. This experiment was the first to utilise cannabinoids and opioids in conjunction to 

test the analgesic response to conditioned fear induced by footshock.  
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5. CHAPTER 5: BRAIN REGION ACTIVITY IN A NEUROPATHIC 

PAIN STATE 

5.1 Introduction 

Conditioned responses are adaptive and act to protect against harm (Elsenbruch and Wolf, 

2015). They become maladaptive in conditions like chronic pain, exaggerating the pain and 

stress response (Elman and Borsook, 2018). Thus, chronic pain is often co-morbid with stress 

and fear related illnesses (Blyth et al., 2001). Chronic neuropathic pain can be modelled in the 

lab in a variety of ways and involves inducing nerve injury. The chronic constriction injury (CCI) 

model involves constriction of the sciatic nerve which leads to the development of chronic pain 

in rodents (Bennet and Xie, 1988). Chronic neuropathic pain causes neuroplastic changes to 

occur within pain circuitry, enhancing ascending pain transmission and inhibiting descending 

analgesia (Costigan et al., 2009). However, it is unknown how chronic neuropathic pain affects 

stress-induced analgesia and fear-conditioned analgesia. Thus, the stress and fear conditioned 

analgesia protocols optimised in chapter 4 were utilised to test the functionality of the brain’s 

endogenous analgesic system in a neuropathic pain state. 

 

Alterations in neuronal activity within brain regions can be observed using 

immunohistochemistry techniques. C-fos is expressed when neurons are activated and thus 

can be used as a marker for neuronal activity when visualised by such techniques (Bullit, 1990). 

Neuropathic pain impacts pain circuitry along the neuronal axis, one such critical region being 

the periaqueductal grey (PAG)(Huang et al., 2019). This region is part of the descending 

pathway and coordinates analgesic responses to stress (Bandler and Shipley, 1994). C-fos 

expression in the PAG is increased when fear conditioned analgesia is suppressed (Rea et al., 

2011) and this region has also been shown to modulate aversive memory formation (Yeh et al., 

2021). Whilst the PAG has been implicated in fear memory, stress, and analgesia; it’s stress 

and fear conditioned analgesic response to a neuropathic pain state has never been studied.  
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5.2 Aims 

The aim of this series of experiments was to 

• Compare the analgesic responses to immediate stress and learned fear, fear-

conditioned analgesia, of CCI mice against sham mice 

• Analyse the neuronal activity of the PAG in stressed and CCI induced mice using 

c-fos immunohistochemistry  

 

5.3 Results 

5.3.1 Effects of neuropathic pain on fear conditioned analgesia  

The protocol that was developed in chapter 4 was utilised for this series of experiments as it 

produced robust and consistent stress-induced analgesia on day 1 and, more importantly, fear-

conditioned analgesia on day 2. The conditioned response, analgesia, was measured using the 

hot plate test. To assess the impact of neuropathic pain, mice which underwent chronic 

constriction injury of the sciatic nerve (CCI) (Adamson Barnes et al., 2016; Bennet and Xie, 

1988) were compared to control sham-operated mice. Both mouse groups were allowed 14 

days to recover, which allows the full development of stable signs of neuropathic pain (Jaggi et 

al., 2011). Handling, sound isolation and conditioning parameters were kept identical to the 

chosen conditioning protocol from chapter 4.    

 

On day 1, CCI and sham-operated mice underwent the associative learning task and were 

tested for their analgesic response to immediate stress. There was a significant interaction 

between time and surgery condition for raw hotplate latency on day 1 (Figure 5.1A, p < 0.05, F 

(3, 30) = 3.46, two-way ANOVA interactions; n = 6 for CCI and sham surgery groups). Prior to 

placement in the footshock chamber, there was no significant difference in hot plate latency 

between CCI and sham-operated mice (Figure 5.1A, p > 0.05 for CCI v sham, Sidak’s posthoc 
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adjustment). However, CCI-operated mice displayed a significantly lower hotplate latency 

when compared to control sham-operated mice immediately following discontinuous 

footshock plus audio tone presentation (Figure 5.1A, p < 0.05 at 0min post-stress for CCI when 

compared to sham mice, Sidak’s posthoc adjustment). This indicated that the analgesic 

response to an acute physical and psychological stress is impaired in a neuropathic pain state. 

 

Figure 5. 1 Effect of neuropathic pain and sham control on the expression of immediate and 
learned conditioned response on fear conditioned analgesia. (A) Timeline of protocol 
hotplate testing with the black arrow indicating fear conditioning training (CS-US tone-shock 
trials) on Day 1. (B) Timeline of protocol hotplate testing with the black arrow highlighting the 
time of fear-conditioned response testing (testing the presence of the CR only – tone). In (A) * 
denote p < 0.05 for each time point versus the final pre-footshock time point (Sidak’s posthoc 
adjustment, following two-way ANOVA). Data are shown as ± S.E. mean with n = 6 animals per 
group.(C) Bar and scatter plots of the effect of day 1 and day 2 injection on hot plate latency; 
measured as a percentage of the maximum possible effect on Day 1 and 2 respectively 
(%MPE), post-footshock value measured at the time 0 min. 
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The effect of CCI surgery on fear conditioned analgesia was examined on day 2. There was no 

significant interaction between time and surgery condition (Figure 5.1B, p > 0.05, F (3, 30) = 

1.453, two-way ANOVA interactions). CCI and sham treated mice showed no significant 

differences in their hotplate latency either before, or immediately following presentation of 

the audio tone (Figure 5.1B, p > 0.05 when comparing CCI and sham at the 0min post-stress 

timepoint, Sidak’s posthoc adjustment). However, both CCI and sham displayed a very small 

analgesic response on day 2 (Figure 5.1B). This would make it difficult to detect any differences 

in fear-conditioned analgesia between the two surgical groups.  

 

5.3.2 Analysing c-fos immunoreactivity in the PAG on day 1 with neuropathic pain and 

sham control mice undergoing a fear-conditioned analgesia protocol.  

The previous results indicated that the analgesic stress response was impaired for neuropathic 

pain mice when tested on day 1 of a fear-conditioned analgesia protocol. While the 

periaqueductal grey (PAG) is a critical site for modulating and producing analgesia (Bandler 

and Shipley, 1994), it is also involved in regulating other fear-related behaviours and 

autonomic responses, plus aversive memories (Yeh et al., 2021). This made the region a prime 

target for assessing the modulation of neuronal activity in stress/learning paradigms. 

 

C-fos was used a marker to indicate neuronal activity within the PAG of mice undergoing CCI 

surgery or sham CCI surgery. Both groups underwent the same fear conditioning training and 

were perfused 2 hours after completion of the day 1 protocol, that is, following presentation 

with the discontinuous footshock and audio tone (an associative fear-learning task). This 

inescapable stress activates active and passive coping mechanisms in mice which is mediated 

by sub-regions of the PAG (Keay & Bandler, 2001). To do this, the PAG was divided into sub 

regions; the dorsolateral PAG (dl-PAG), dorsomedial PAG (dm-PAG), ventrolateral PAG (vl-

PAG), dorsal raphe (DR – which includes the ventromedial PAG) and lateral PAG (lPAG) 

columns. Images were taken across a wide anterior posterior (AP) extent approximately 
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between -3.7mm – 5mm from bregma (Figure 5.2: representative images of day 1 fear-

conditioned analgesia of CCI and sham groups).  

 

 
Figure 5. 2 Representative photomicrographs of c-Fos immunolabelling within the midbrain 
PAG on day 1 of the two-day fear conditioning protocol. C-fos expression on day 1 in (A) CCI 
and (B) sham operated animals. Fear conditioned analgesia in neuropathic pain and sham 
treated animals on c-fos expression within the periaqueductal grey. Animals were euthanised 
and perfused 2 hours after removal from the conditioning chamber represented. They did not 
undergo any analgesia testing. Coronal brain slices (40µm) were visualised under a 10x 
objective, and the scale bar represents 200µm. 
 

 

Following day 1, footshock plus audio presentation, c-fos expression was observed throughout 

the PAG of both CCI and sham-operated animals (Figure 5.2A, B). Initially, the dl-PAG, l-PAG 

and vl-PAG were separated into their respective left- and right-hand side columns to 

determine whether CCI and/or sham mice displayed differential activation ipsilateral and 

contralateral to the nerve (or sham) injury. However, there was no difference between the 

left- and right-hand columns at any AP level (one-way ANOVAs, factor = side of PAG, for the 

individual surgery groups and PAG columns). Thus, the c-fos counts for ipsilateral and 

contralateral sides of the vl-PAG, lPAG and vl-PAG were combined for subsequent analysis.  

 

C-fos immunoreactivity was examined within the PAG at AP -3.97 from bregma across CCI and 

sham mice that underwent day 1 fear-conditioned analgesia. There was no significant 
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interaction between surgery group and PAG column (Figure 5.3A, p > 0.05, F (2, 27) = 0.14, 

two-way ANOVA interactions, n = 5 for CCI and n = 6 for sham). There was a significant main 

effect on PAG column (Figure 5.3A, p < 0.0001, F (2, 27) = 105.7, two-way ANOVA) and surgery 

group (Figure 5.3A, p < 0.01, F (1, 27) = 12.24, two-way ANOVA). C-fos count was significantly 

higher with CCI surgery mice when analysing the dm-PAG (Figure 5.3A, p < 0.05, at the dm-PAG 

when compared to sham control mice at AP -3.97 from bregma, Uncorrected Fisher’s LSD). CCI 

mice also displayed a significant increase in c-fos expression in the l-PAG (Figure 5.3A, p < 0.01, 

at the I-PAG when compared to sham control mice at AP -3.97 from bregma, Uncorrected 

Fisher’s LSD). There was no significant difference in c-fos count between the surgery groups 

within the dl-PAG (Figure 5.3A, p > 0.05, at the dl-PAG at AP -3.97 from bregma, Uncorrected 

Fisher’s LSD). The results of the entire day 1 fear-conditioned analgesia c-fos study shows that 

any significant increase in c-fos expression within the PAG subdivisions is from CCI induced 

mice. This is interesting considering that CCI surgery mice experienced a reduction in their 

analgesic response to day 1 fear-conditioned analgesia when undergoing the behavioural 

analysis (Figure 5.3). 

 

 
Figure 5. 3 C-fos expression within the periaqueductal grey on neuropathic pain and sham 
control mice after undergoing day 1 of the fear conditioned analgesia protocol. The effect of 
a day 1 fear-conditioned analgesia protocol on CCI surgery and sham control treatment on the 
c-fos immunoreactivity of PAG subdivisions across the AP axis. The PAG was divided into the 
dorsomedial (DM), dorsolateral (DL), lateral (L), ventrolateral (VL) and dorsal raphe (DR). A) 
Examination of the DM, DL and L at AP axis -3.97 from Bregma. (B) Examination of the DM, DL, 
L, VL and DR at AP -4.45 from bregma and (C) -4.97 from bregma. All animals were assessed 14 
days after CCI or sham control surgery. n = 5 and 6 for CCI and sham, respectively, for (A). n = 4 
and 6 for CCI and sham respectively for (B). n = 3 and 5 for CCI and sham respectively, for (C). 
*, **, and **** denote p < 0.05, 0.01, and 0.0001 for CCI compared to sham control groups. 
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At an AP coordinate approximately -4.45 from bregma, there was a significant interaction 

between PAG column and surgery group (Figure 5.3B, p < 0.001, F (4, 40) = 5.753, two-way 

ANOVA interactions, n = 4 for CCI and n = 6 for sham). C-fos immunoreactivity was significantly 

higher in CCI mice at the dl-PAG (Figure 5.3B, p < 0.0001, at the dl-PAG when compared to 

sham control mice at AP -4.45 from bregma, Uncorrected Fisher’s LSD). CCI surgery mice also 

had a significantly increased c-fos count at the level of the vl-PAG (Figure 5.3B, p < 0.0001, at 

the vl-PAG when compared to sham control mice at AP -4.45 from bregma, Uncorrected 

Fisher’s LSD) and DR (Figure 5.3B, p < 0.0001, at the dl-PAG when compared to sham control 

mice at AP -4.45 from bregma, Uncorrected Fisher’s LSD). There was no significant difference 

in c-fos immunoreactivity between either surgery groups in the dm-PAG and dl-PAG (Figure 

5.3B, p > 0.05 for dm- and dl-PAG at the level of AP -4.45, Uncorrected Fisher’s LSD). 

 

The effect of CCI and sham control mice undergoing a day 1 fear-conditioned analgesia 

protocol was analysed using c-fos immunoreactivity within the PAG. At an AP coordinate of -

4.97 from bregma, there was no significant interaction between the surgery group and PAG 

column (Figure 5.3C, p > 0.05, F (4, 30) = 1.89, two-way ANOVA interactions, n = 3 for CCI and n 

= 5 for sham). However, there was a significant main effect of PAG column (Figure 5.3C, p < 

0.0001, F (4, 30) = 20.23, two-way ANOVA) and surgery group (Figure 5.3C, p <0.01, F (1, 30) = 

10.65, two-way ANOVA). At the l-PAG, CCI mice showed a significantly higher c-fos count 

(Figure 5.3C, p < 0.01, at the l-PAG when compared to sham control mice at AP -4.97 from 

bregma, Uncorrected Fisher’s LSD). At the vl-PAG level, CCI mice displayed a significantly 

increased c-fos immunoreactivity (Figure 5.3C, p < 0.05, at the vl-PAG when compared to sham 

control mice at AP –4.97 from bregma, Uncorrected Fisher’s LSD). There were no significant 

differences in c-fos expression between CCI and sham control mice in the dm-PAG, dl-PAG and 

DR (Figure 5.3C, p > 0.05 for dm-, dl- and DR, at the level of AP -4.97, Uncorrected Fisher’s LSD)  
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5.3.3 Analysing c-fos immunoreactivity in the PAG on day 2 with neuropathic pain and 

sham control mice undergoing a fear-conditioned analgesia protocol. 

For these series of experiments, the same c-fos techniques and surgery groups (CCI and sham) 

were utilised to analyse c-fos immunoreactivity within the PAG except the expression was 

analysed on day 2 of the fear-conditioned analgesia protocol. Day 2 is when the analgesic 

response to the conditioned response is tested but also tests for fear memory recall. 

Subdivisions of the PAG are involved in coordinating fear behaviour (Watson et al., 2016). 

Thus, all the subdivisions of the PAG along the AP level of approximately -3.7mm - -5mm 

bregma were observed for their c-fos immunoreactivity. The effect of CCI and sham control 

surgery on neuronal activation was analysed by examining c-fos immunoreactivity within the 

PAG. Following presentation of only the audio tone on day 2, there was c-fos immunolabelling 

through the PAG of both CCI and sham-operated animals (Figure 5.4A, B). 

 

Figure 5. 4 Representative photomicrographs of c-Fos immunolabelling within the midbrain 
PAG on day 2 of the two-day fear conditioning protocol. C-fos expression on day 2 in (A) CCI 
and (B) sham operated animals. Fear conditioned analgesia in neuropathic pain and sham 
treated animals on c-fos expression within the periaqueductal grey. Animals were euthanised 
and perfused 2 hours after removal from the conditioning chamber. They did not undergo any 
analgesia testing. Coronal brain slices (40µm) were visualised under a 10x objective, and the 
scale bar represents 200µm. 
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C-fos immunoreactivity was assessed within subdivisions of the PAG at AP level – 3.97 from 

bregma for the CCI and sham control groups. There was no significant interaction between 

PAG column and surgery condition (Figure 5.5A, p > 0.05, F (2, 24) = 2.84, two-way ANOVA 

interactions, n = 6 for CCI and n = 4 for sham). C-fos immunoreactivity did not significantly 

differ in each subdivision of the PAG when comparing between CCI and sham mice (Figure 

5.5A, p > 0.05 for dm-, dl- and l-PAG, at AP -3.97 from bregma, Uncorrected Fisher’s LSD). 

Whenever there were significant differences between PAG subdivisions, the CCI mice always 

had the increased c-fos immunoreactivity except in the DR at AP -4.97 from bregma. This result 

interesting given that CCI and sham mice displayed no differences in their analgesic response 

when testing their day 2 fear-conditioned analgesia (Figure 5.1)  

 

 
Figure 5. 5 C-fos expression within the periaqueductal grey on neuropathic pain and sham 
control mice after undergoing day 2 of the fear conditioned analgesia protocol. The effect of 
a day 2 fear-conditioned analgesia protocol on CCI surgery and sham control treatment on the 
c-fos immunoreactivity of PAG subdivisions across the AP axis. The PAG was divided into the 
dorsomedial (DM), dorsolateral (DL), lateral (L), ventrolateral (VL) and dorsal raphe (DR). A) 
Examination of the DM, DL and L at AP axis -3.97 from Bregma. (B) Examination of the DM, DL, 
L, VL and DR at AP -4.45 from bregma and (C) -4.97 from bregma. All animals were assessed 14 
days after CCI or sham control surgery. n = 6 and 4 for CCI and sham, respectively, for (A). n = 6 
and 5 for CCI and sham respectively for (B). n = 6 and 6 for CCI and sham respectively, for (C). 
*, **, and **** denote p < 0.05, 0.01, and 0.0001 for CCI compared to sham control groups. 

 

C-fos expression within the PAG subdivisions was examined between surgery groups at AP 

level -4.45 from bregma. There was a significant interaction between PAG column and surgery 

condition (Figure 5.5B, p < 0.05, F (4, 45) = 2.84, two-way ANOVA interactions, n = 6 for CCI 

and n = 5 for sham). Neuropathic pain mice displayed significantly increased c-fos 
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immunoreactivity in the I-PAG (Figure 5.5B, p < 0.01, at the I-PAG when compared to sham 

control mice at AP -4.45 from bregma, Uncorrected Fisher’s LSD), vl-PAG (Figure 5.5B, p < 

0.0001, at the vI-PAG when compared to sham control mice at AP -4.45 from bregma, 

Uncorrected Fisher’s LSD) and DR (Figure 5.5B, p < 0.0001, at the DR when compared to sham 

control mice at AP -4.45 from bregma, Uncorrected Fisher’s LSD). The c-fos count between the 

surgery groups were largely similar in the dm-PAG and dl-PAG (Figure 5.5B, p > 0.05 for dm-, 

dl-PAG, at AP -4.45 from bregma, Uncorrected Fisher’s LSD). 

 

Lastly, c-fos immunoreactivity was assessed at an AP level of -4.97 within the PAG subdivisions. 

There was a significant interaction between PAG column and surgery group at an AP 

coordinate of -4.97 (Figure 5.5C, p < 0.05, F (4, 50) = 3.53, two-way ANOVA interactions, n = 6 

for CCI and sham). CCI induced mice experienced a significant increase in c-fos count in the l-

PAG (Figure 5.5C, p < 0.01, at the I-PAG when compared to sham control mice at AP -4.97 from 

bregma, Uncorrected Fisher’s LSD). Sham control mice displayed a significant increase in c-fos 

expression within the DR (Figure 5.5C, p < 0.05, at the DR when compared to CCI mice at AP -

4.97 from bregma, Uncorrected Fisher’s LSD). There we no significant differences in c-fos 

expression in the dm-, dl-, and vl-PAG between CCI and sham control mice (Figure 5.5C, p > 

0.05 for dm-, dl- and vl-PAG, at AP -4.97 from bregma, Uncorrected Fisher’s LSD). 
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5.4 Discussion 

This series of experiments began by examining the effect of neuropathic pain and sham 

treated mice on two phases of a fear-conditioned analgesia protocol. Neuropathic pain impairs 

the development of a stress-induced analgesia response on day 1. There was no difference in 

fear-conditioned analgesia responses when testing the conditioned response on day 2. C-fos 

immunoreactivity, within the PAG subdivisions, was examined for both days of the fear-

conditioned analgesia protocol. Neuropathic pain mice generally displayed a significant 

increase in c-fos expression across various PAG subdivisions along the AP coordinates when 

compared to sham control mice. This general pattern was consistent in both days.  

 

5.4.1 Neuropathic pain impairs stress induced analgesia but not fear conditioned analgesia  

A two-day fear conditioning protocol, optimised from the previous set of experiments in chapter 

4, was assessed on CCI and sham control mice to test if neuropathic pain interferes with the 

analgesic response. The first day of the protocol is when the immediate stressor is present, but 

it is also when the tone and shock are paired for an associative learning task (CS-US pairing). On 

day 1, CCI surgery mice had a significantly reduced stress-induced analgesia response when 

compared to sham control mice. This highlights that neuropathic pain impairs the stress 

response. The reduction of a stress-induced analgesia response during an associative learning 

task could also indicate that fear learning was impaired, i.e., the mice could not associate the 

link between the US (shock) and the CS (tone) or that its associative strength was decreased. To 

confirm this, their analgesic response to the conditioned response (day 2) would need to be 

tested. 

 

Day 2 tests fear-conditioned analgesia expression on a conditioned fear response and in doing 

so, it assesses their ability to recall fear. CCI surgery mice and sham control mice did not differ 

in their day 2 fear-conditioned analgesia score. This indicates that neuropathic pain does not 

inhibit fear-conditioned analgesia. As such, conclusions can’t be made about its ability to alter 
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fear recall or fear learning despite its ability to inhibit the stress-induced analgesia response on 

day 1. However, the sham analgesic score for day 2 was very low and similar to baseline levels 

when non-stressed. This is problematic as any reductions in the analgesic response from CCI 

mice would be difficult to become significant. The fear-conditioned analgesia protocol chosen 

in chapter 4 produced a robust stress-induced analgesia and fear-conditioned analgesia profile 

for naïve mice on day 1 and 2, respectively. For the sham control mice, the fear-conditioned 

analgesia profile is almost non-existent. The sham procedure performed here is still a 

postsurgical procedure which causes deep tissue damage and subsequent pain. Sham surgery 

have been shown to cause behavioural and physiological alterations in rodents (Odem et al., 

2020). Future considerations to raise the day 2 fear-conditioned analgesia response could 

involve making step by step changes to the fear-conditioned analgesia protocol, similar to the 

changes made in chapter 4, but including both sham and naïve animals in the testing process.  

 

5.4.2 C-fos immunoreactivity within the PAG is increased for neuropathic pain mice 

experiencing immediate stress from a fear-conditioned analgesia protocol 

C-fos immunohistochemistry was utilised to measure neuronal activity within the PAG for the 

mice that underwent the day 1 and day 2 fear-conditioned analgesia protocol testing in both 

sham and CCI treatments. Initially, there was a plan to include 4 more groups for c-fos staining; 

control day 1 CCI and sham as well as control day 2 CCI and sham. These mice would be split into 

their respective surgery and day group, only that no unconditioned stimulus (US – footshock) 

would be played during day 1, thus they would be non-stressed control groups. The perfusion, 

brain sectioning and c-fos staining was complete. Unfortunately, due to covid, there were major 

lab shutdowns which meant that my c-fos analysis had to be cut short to focus on completing 

the thesis.  

 

The PAG plays a major role in the descending analgesia system and is critical in mediating stress-

induced analgesia and fear-conditioned analgesia (Butler & Finn, 2009; Mcnally et al., 2011). 
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Initially, the effect of CCI and sham control surgery on the expression of c-fos within PAG 

subdivisions was assessed on the immediate presence of stress-induced analgesia during an 

associative learning task (Day 1). As a general pattern across the subdivisions, CCI displayed an 

increase in c-fos immunoreactivity compared to sham mice whenever there was a significant 

difference between them. An increase in PAG neuronal activity would generally suggest that it 

is promoting the descending pathways leading to an increase in analgesia. However, the 

behavioural data indicated that neuropathic pain impairs stress-induced analgesia. Given that c-

fos is a non-specific marker of neuronal activity, it could be that the activity corresponds to the 

activation of GABA interneurons. GABAergic neurons and interneurons are heavily involved 

within and projects from the PAG to regulate the descending modulation of pain (Lau and 

Vaughan, 2014). Thus, the increased c-fos expression from neuropathic pain mice could be 

explained by the activation of inhibitory GABA neurons which suppress the descending 

antinociceptive signal. This ultimately leads to a reduction in the stress-induced analgesia 

response. To confirm this, future experiments could include using double staining 

immunohistochemical techniques to mark for important neurons within the PAG such as GABA.  

 

When examining the PAG subdivisions across the AP axis, CCI mice expressed a significant 

increase in c-fos expression within the dorsal raphe (DR, or vm-PAG) at AP -4.45. The DR has 

fibres which project into the spinal cord and regulates antinociception (Waselus et al., 2011). 

Given that CCI mice displayed a reduced analgesic response, it is likely that the increased c-fos 

activity corresponded to a stimulation in the fibres within the PAG which promotes downstream 

antinociception. Most of the significant increases in activity for CCI mice is seen in the lateral (I-

PAG) and ventrolateral areas (vl-PAG). The ventral areas of the PAG corresponds to passive 

coping mechanisms, non-opioid mediated analgesia, and hypo-reactivity. The dorsal regions of 

the PAG mediate active coping mechanisms, opioid mediated analgesia, hyperactivity, and 

defence/escape responses (Bandler and Key, 2001). CCI mice experienced significant increases 

in activity in a mix of ventral and lateral areas, but not in all of them. This makes the 
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interpretation of specific behaviours and physiological responses difficult to make. However, it 

does indicate that there are differences between CCI and sham mice in their physiological and 

behavioural state (e.g. analgesia, alertness, coping behaviours) that contribute to an impairment 

in the descending analgesic pathway in neuropathic pain mice. 

 

Future consideration should incorporate control mice that have not been stressed that have 

undergone CCI and sham testing. As mentioned,  the c-fos analysis was cut short by covid. This 

will help with discerning the differences between each PAG column amongst the groups. 

Furthermore, n groups ranged between 3 – 6 depending on the treatment group and the AP axis 

within the PAG. This was simply due to some of the brain sections become degraded throughout 

the immunological cutting and staining process. Increasing the number of repetitions of each 

condition to 6 sections will increase reliability and consistency of the results.  

 

5.4.3 C-fos immunoreactivity within the PAG is increased for neuropathic pain mice 

experiencing conditioned fear from a fear-conditioned analgesia protocol 

Finally, c-fos expression was examined for the CCI and sham control mice on the 2nd day of a 

fear-conditioned analgesia protocol. As a reminder, day 2 is when the conditioned response is 

assessed by measuring the fear-conditioned analgesia response. When there were significant 

differences in c-fos expression within PAG subdivisions, it was usually the CCI induced mice that 

had an increase compared to sham controls. The behavioural data shows no difference in the 

fear-conditioned analgesia response between CCI and sham mice. The fact that differences are 

seen in PAG columns involved in a variety of functions (e.g. coping mechanisms, fear behaviours, 

reactivity and analgesia) indicates that there indeed is a difference in CCI and sham mice when 

assessing a conditioned fear response of a fear-conditioned analgesia protocol. Protocol 

variations need to be made in order to raise the analgesic profile of the control mice on day 2, 

similar to the steps taken in chapter 4.  
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The dl-PAG has been shown to be involved in regulating aversive memory formation (Yeh et al., 

2011). Both sham and CCI animals produced little to no fear-conditioned analgesia on day 2. 

Combining the behavioural data and the fact that there was no difference between CCI and sham 

controls within the dl-PAG, indicates that aversive memories were not formed. It explains why 

neither condition produced a fearful analgesic response. Whilst c-fos immunoreactivity seems 

low on both CCI and sham mice, It is important to note that a control subject is needed to 

confirm whether the naïve activity of the dl-PAG is altered in CCI and sham mice. To confirm this, 

future experimental considerations should incorporate control conditions for both day 1 and 

day 2. As with the day 1 c-fos analysis, n values ranged between 4 – 6 and increasing the 

repetitions to a consistent number of 6-7 will help in providing more reliable results.  
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6. CHAPTER 6: GENERAL DISCUSSION 

6.1 Overview  

This body of research investigated stress and fear induced analgesic responses in mice and the 

role that endogenous opioids and cannabinoids play in mediating them. Whilst developing a 

robust stress-induced analgesic profile, it was gathered that the strength of analgesia depends 

on various foot shock parameters, including intensity and timing. The relative engagement of 

opioids and cannabinoids also depends on the protocol, with brief electric shock stress 

engaging endogenous opioids and intermittent shock stress engaging opioids and cannabinoid 

systems. Extended continuous shock produced supramaximal analgesic responses that could 

not be altered by either neurotransmitter systems. The stress induced analgesic response 

produced by an intermittent shock protocol produced a consistent, near maximal response 

and was replicated using a different thermal assay. This was chosen as the basis for 

manipulating for subsequent fear conditioned analgesia protocols.  

A two-day fear conditioned protocol was developed which induced fear learning (day 1) and 

conditioned fear expression (day 2) with analgesic responses being tested on both days. 

Injection stress interfered with the fear conditioned analgesic response when the injection was 

made during the fear learning phase, and this carried over into suppressing fear conditioned 

analgesia expression on day 2. As such, Incremental modifications of the conditioning 

parameters and greater sound isolation massively increased the analgesic response on day 2. 

The initial expression of stress induced analgesia (day 1) was largely controlled by endogenous 

opioids whereas on the conditioned response (day 2), the relative involvement of opioids and 

cannabinoids depended upon the day of antagonist administration. 

Neuropathic pain impaired fear learning and the analgesic response to immediate stress. It had 

no effect on the expression of fear however high variability and general low analgesia was 

observed. C-fos immunoreactivity studies within the PAG revealed changes within the 
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subdivisions that showed a general increase in expression for neuropathic pain mice, indicating 

a dysregulation in brain activity which corresponds to the impairment of the stress response. 

Unfortunately, covid caused major lab shutdowns and delays which impacted the 

immunohistochemistry studies. Control non-stressed mice were not able to be analysed and 

this affected the ability to make conclusions about certain aspects of the PAG c-fos activity 

trends. 

 

6.2 Involvement of endogenous opioids and cannabinoids depend on the 

parameters of the stressor 

Brief continuous shock as well as intermittent stress has been shown to be opioid mediated 

whilst a long intense foot shock engages the cannabinoid system (Akil et al., 1976; Lewis et al., 

1980; Mogil et al., 1996; Terman et al., 1986; Lee et al., 2016; Suplita et al., 2005). This 

suggests that cannabinoids and opioids engage in distinct pathways to mediate the different 

forms of stress induced analgesia. However, this study has demonstrated that stress induced 

analgesia engages parallel endogenous opioid and cannabinoid circuits, but their relative 

involvement is dependent on the parameters of the stressor. 

Analgesia from brief continuous shock was only able to be modified by opioids and this is 

consistent with the general literature (Akil et al., 1976; Lewis et al., 1980; Mogil et al., 1996). 

However, analgesia produced from an intermittent shock protocol requires the engagement of 

both endogenous opioids and cannabinoids, highlighting that these systems work in parallel to 

maintain the stress response. A stress induced analgesia profile from intermittent shock was 

also produced using the plantar test, a different thermal assay. Our lab previously showed that 

the analgesia produced using a different stressor, measurable by the plantar test, was 

mediated by both opioids and cannabinoids. Furthermore, suppressing the breakdown of 

endocannabinoids (using JZL195), rescued restraint stress induced analgesia that was 

previously abolished by opioid antagonist treatment (Atwal et al., 2020). Taken together, this 
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highlights the interplay and importance of both endogenous systems in mediating stress 

induced analgesia and that their effect can be reproduced utilising different assays and stress 

tests. It also suggests that engagement of either system is highly dependent on type of stressor 

and assay used. In some cases, there is a redundancy between the endogenous systems in 

their ability to mediate stress induced analgesia.  

Stress induced analgesia is modelled in the lab to study the bodies’ stress response. 

Dysfunction in our stress system is often linked to anxiety and stress related disorders (Butler 

and Finn, 2009) and is often co morbid with chronic pain (Ji et al., 2018). This study highlights 

the complex and stress dependent nature of the stress response. It emphasizes a case for 

cannabinoids being utilised as a treatment option for stress and anxiety disorders. Given its 

parallel involvement with endogenous opioids, cannabinoid drugs can be utilised as an 

adjuvant or replacement to the common analgesics (e.g., opioids). Given the sensitivity of the 

stress response, indicated from these experiments, the medication/s suitable to treat stress 

and anxiety related disorders should be tailored specifically to the individual. 

There are future directions and considerations to add to the stress induced analgesia study 

performed in this thesis. The vehicle treated mice produced an initial supramaximal analgesic 

response to brief continuous shock. This was interesting given that naïve mice of the same 

protocol produced sub-maximal responses. Vehicle injection procedures act as a physical and 

psychological stressor (Drude et al., 2011; Marsicano et al., 2002) which may explain the 

changes in analgesic response going from naïve to vehicle treated mice. It may well have been 

possible that endogenous cannabinoids or opioids played a larger role in this type of stress but 

this maximal response from the vehicle mice limits the interpretation of the drug effect. A 

similar thing could be said for the extended continuous shock protocol, although this effect 

was unable to be modulated by either endogenous system at any timepoint. This points to a 

major limitation; mostly one pain assay was used, and only thermal assays were tested. To 

improve this, different thermal assays could be utilised such as the Hargreaves or tail-flick test. 
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It is important to use pain assays that test other sensory modalities including mechanical force 

and cold thermoception (Scherrer et al., 2009). These may engage unique neurotransmitter 

circuits or regulate endogenous opioids and cannabinoids in a distinct way. The actions of 

cannabinoids and opioids were only tested by receptor antagonism. Future experiments could 

utilise opioid and cannabinoid action enhancing drugs, such as JZL195, to further study the 

actions of the neurotransmitter systems on the stress response.  

 

6.3 Endogenous opioids and cannabinoids are involved in fear learning and 

expression  

Descending analgesic pathways can also be engaged from a learned association between a 

physical stressor and a neutral stimulus. This can be studied using a fear conditioned analgesia 

protocol. In this study, a robust fear conditioned analgesia profile was produced on naïve mice. 

After accounting for injection stress, an optimal protocol was established to assess the 

involvement of endogenous opioids and cannabinoids in this fear conditioning environment. 

Endogenous opioids and the combination of opioids and cannabinoids mediate stress induced 

analgesia. Endogenous cannabinoids alone are not sufficient to modulate the immediate stress 

response. However, both neurotransmitter systems are required to modulate fear learning, 

given their ability to modulate fear conditioned analgesia on day 2. When administrating the 

drugs on day 2, only endogenous opioids are recruited when testing fear expression and fear 

conditioned analgesia. Overall, this implies that cannabinoids and opioids are involved in 

regulating fear responses such as fear learning but only opioids mediate fear expression and 

fear conditioned analgesia. A recent study, which modulated cannabinoids and opioids 

receptor action within the PAG, highlighted a functional interaction between opioids and 

cannabinoids in the regulation of the fear response but that endogenous opioids alone 

produce analgesic effects following fear like behaviours (Godoi et al., 2020). This backs up the 
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idea that opioids provide a larger antinociceptive effect under models of fear whilst 

cannabinoids assist in modulating fear responses.  

This study provides a powerful framework for assessing the action of neurotransmitters in an 

associative learning task under a fear conditioning protocol. This is the first study that has 

paired fear conditioned analgesia with an associative learning task. Most behavioural fear 

conditioned analgesia studies have paired the negative stimulus with an environment/context, 

rather than a neutral stimulus (Butler et al., 2008; Olango et al., 2012; Berzal et al., 2022). The 

interplay between cannabinoids and opioids could be utilised for the treatment of fear related 

disorders, whether it is or isn’t related to pain states. Clinically, it is useful in cases where 

opioid therapy proves ineffective or an addiction liability. 

There are considerations and directions to take which could assist in further investigating the 

neurotransmitter systems in regulating fear responses. Behaviour during conditioning (day 1) 

and conditioned response testing (day 2) could be analysed via video recording technology to 

analyse for any fear defensive behaviours. Freezing behaviour is a standard fear response 

observed in rodents (Fanselow, 1980) and could be assessed while in the foot-shock chamber. 

This could give us further insight into the engagement of opioid and cannabinoid systems in 

different phases of the fear conditioning process. A wider variety of fear responses can be 

assessed, such as fear extinction, by modifying the fear conditioning protocol to make it 

extend out to 7 days. Fear extinction recall ability has been implicated to predict the level of 

affective-neuropathic pain related behaviours (Ji et al., 2018). High variability in the day 2 fear 

analgesic expression was evident when drug injection occurred on day 1. While non-significant, 

there was a reduction in analgesic response with naltrexone administration alone which may 

suggest a stronger role for opioids in regulating fear responses or fear learning. Using an 

increased animal count on these experiments will help confirm the roles of these endogenous 

systems.  
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6.4 Neuropathic pain alters endogenous analgesic systems 

Endogenous pain control, stress and fear interact via common neural networks throughout the 

descending analgesic circuitry (Terman et al., 1984). The perception of pain is modified in 

people that experience stress and anxiety related disorders, so much so that the efficacy of 

pain relief medication is altered (Ji et al., 2018). Human studies have revealed that patients 

with chronic musculoskeletal pain conditions have been shown to have a dysfunctional stress 

response (Loffler et al., 2022). Conditioned fear responses become maladaptive in chronic 

pain, exaggerating pain signals (Elman and Borsook, 2018).  

The present study examined the effect of chronic neuropathic pain on stress and fear related 

responses by measuring the analgesic response to the event. It was observed that neuropathic 

pain impairs endogenous analgesic systems by suppressing the stress induced analgesic 

response. Stress activates the PAG-RVM descending pain pathway which inhibits ascending 

pain transmissions (Butler and Finn, 2009). It receives projections from the amygdala, an area 

known to modulate fear responses (Rea et al., 2011). The current results imply that 

neuropathic pain interacts with the analgesic circuitry to modify signals, leading to the 

suppression of descending pain inhibition. Unpublished results from our lab confirm that 

neuropathic pain alters the stress response even when using a different stressor, restraint 

stress. This highlights an importance for managing stress related disorders in a clinical setting. 

Medically or psychologically targeting the dysfunctional stress responses of patients may 

alleviate the symptoms of neuropathic pain.  

The current study showed that neuropathic pain couldn’t suppress fear conditioned analgesia, 

suggesting that neuropathic pain does not influence fear expression. This implies that 

neuropathic pain has less control over the amygdala and PAG-RVM circuitry responsible for 

mediating fear responses. This result is surprising given that stress has been countlessly shown 

to modulate emotional learning, memory processes (Elsenbruch and Wolf, 2015) and pain 

responses (Butler and Finn, 2009). The study done on day 1 (when stress induced analgesia 
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was measured) also confirmed that neuropathic pain alters the stress response to analgesia. It 

was predicted that if the stress response had been altered by neuropathic pain, it would have 

a downstream effect of impairing fear analgesic and fear responses. The lack of a 

distinguishable response between neuropathic and sham mice is likely due to the experimental 

design, which produced an extremely low baseline analgesic effect for sham mice. 

There was an expectation that sham mice would behave as naïve or vehicle mice, but it 

produced such a low analgesic profile that CCI was not able to manipulate the response. This 

points to possible limitations within the experimental design. Future considerations could 

include to alter the fear conditioning parameters, while utilising sham mice, to try and raise 

the day 2 analgesia. Alternatively, experiments could attempt to rescue the stress induced 

analgesia by utilising cannabinoid (Atwal et al., 2020) and opioid enhancing drugs whilst also 

comparing sham and neuropathic pain mice. This may give a larger analgesic window for 

neuropathic pain to modulate. Pharmacological experiments can be added by looking at 

antagonists via oral or intrathecal delivery in a neuropathic pain model (Casey et al., 2022) to 

assess the involvement of endogenous neurotransmitter systems to stress and fear induced 

analgesia. This study was the first to test a fear conditioned analgesic, via associative learning, 

under a neuropathic pain condition. It incorporates a physical and psychological stressor. 

Almost all studies either look at fear conditioned responses or conditioned analgesic responses 

via contextual cues (Butler and Finn, 2009; Chance et al., 1978; Finn et al., 2004; Hayes et al., 

1978; Harris & Westbrook 1995). 

 

6.5 Neuropathic pain alters neuronal activity within the PAG under stressful 

conditions 

Neuropathic pain produced significant changes in the c-fos activity of neurons within the PAG. 

Swim-stress induced analgesia has been shown to increase c-fos expression within the PAG 

(Bellchambers et al., 1998). Since neuropathic pain reduced analgesic response to stress, it was 
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predicted that it would correlate to a reduction in c-fos activity. Interestingly, the net effect of 

neuropathy across the PAG subdivisions was an increase in activity. Tissue levels of GABA 

neurotransmitters were significantly increased in the PAG in fear conditioned male rats 

compared to non-fear conditioned male rats (Berzal et al., 2022). Therefore, it could be that 

the increased c-fos activity in neuropathic pain, corresponds to GABA activity. GABAergic 

neurons and interneurons are involved throughout the PAG-RVM descending pathway to 

modulate pain (Lau and Vaughan, 2014). The increased PAG activity from stress induced 

analgesia could be explained by neuropathic pain targeting GABAergic neurons. GABA neurons 

project their signals downstream to ultimately inhibit ascending pain transmission but if it’s 

modulation by neuropathic pain can impair the response, leading to an enhancement of pain. 

This presents an explanation for a different mechanism of action for which neuropathic pain 

may interact with the descending analgesic system. This c-fos study adds onto the behavioural 

data; the impairment of a stress induced analgesic response aligns with a change in brain 

activity in neuropathic pain. 

Neuropathic pain generally increased PAG neuronal activity when assessing conditioned fear 

responses and the resultant analgesia. The PAG regulates fear responses, defensive fear 

behaviours and aversive memory formation (Bandler and Keay, 2001; Yeh et al., 2021). 

Injecting GABA modulating chemicals within the PAG also alters the expression of fear 

conditioned analgesia (Rea et al., 2011). However, the behavioural data shows no difference in 

fear expression between sham and CCI mice. This enriches the notion that neuropathic pain 

may indeed alter fear expression but due to the limitations of the behavioural data, this was 

masked.  

There are several limitations and considerations that could help expand upon the 

immunohistochemistry data. C-fos expression was mixed between the PAG subdivisions, such 

that clear patterns could not be established. Having control mice would provide an activity of 

the subdivisions when not stressed, giving a baseline for distinguishing the roles of the 
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columns when stressed. Unfortunately, the covid delays meant experiments had to be cut 

short. To confirm the theory that GABA is becoming active in stress induced neuropathic 

animals, double labelling techniques could be utilised. This can be incorporated with 

retrograde tracers to provide a clearer picture of the neurotransmitters involved in 

neuropathic pain and how it effects descending pain circuitry.  

 

6.6 Summary 

A robust stress induced analgesia model was produced, and the relative involvement of 

endogenous opioids and cannabinoids depended on the parameters of the protocol. The 

cannabinoid and opioid circuitry were mostly shown to work in parallel to mediate a stress 

response, rather than being apart of distinct stress systems. Fear conditioned analgesia was 

experimentally modelled and after incremental modifications, it was able to produce a 

powerful response which accounted for vehicle stress. Endogenous opioids alone were enough 

to mediate the immediate stress response from an associative learning task. However, both 

opioids and cannabinoid systems were necessary to mediate fear expression. Neuropathic pain 

impairs the endogenous analgesic system by inhibiting the immediate stress response, but it 

does not affect fear expression. Interestingly, neuronal activity within the PAG was increased 

for neuropathic pain mice during immediate stress and fear expression. This suggests that 

neuropathic pain may impair fear responses but the behavioural design needs modification to 

work to highlight the effect. This body of research highlights the potential of targeting opioid 

and cannabinoid drugs for individuals suffering from stress and anxiety related disorders. It 

also emphasizes the importance and benefit of managing stress related disorders in individuals 

suffering from chronic pain. 
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