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Abstract 

 

Early life adversity has profound health implications in later life. Individuals that 

experience early life adversity as neonates in the form of preterm birth, or those that 

require surgical intervention later, exhibit altered pain sensitivity. Fragmented 

maternal care (FC) is potentially the most common form of early life adversity, but 

less is known about its effects on pain. Individuals are more likely to experience FC in 

regions of greater deprivation where poverty, divorce rates and drug abuse levels are 

highest. Populations that experience deprivation also exhibit vulnerability to chronic 

pain and high rates of opioid prescribing and misuse. It is possible that exposure to 

FC alters pain resilience and/or behavioural responses to opioids, perhaps 

contributing to the increased prescribing and misuse of opioids.  

 

Mu opioid receptors (MOP), delta opioid receptors (DOP), β-arrestin 2 (Barr2) and c-

Src kinase are all components of the opioid signalling system, which to differing 

degrees have been implicated in pain sensitivity and the behavioural effects of 

opioids including analgesia, tolerance, hyperalgesia, locomotor function and 

reinforcement. 

 

We generated FC in post-natal day (PD) 2-9 mice and investigated their nociception 

and morphine analgesia, tolerance, hyperalgesia, hyperlocomotion and 

reinforcement at adulthood. To do this we utilised a variety of different behavioural 

techniques such as the tail withdrawal assay, conditioned place preference (CPP), 

and locomotor analysis. We also investigated the influence of FC on the expression 

and methylation of key genes including those encoding opioid peptide precursors, 

MOP, DOP, Barr2 and c-Src in several brain regions, the spinal cord and dorsal root 

ganglia (DRG). 
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Wild type (WT) FC mice exhibited basal hypoalgesia that was not observed in the 

control cohort. By contrast, FC did not affect basal nociception in MOP+/- or Barr2-/- 

mice. Furthermore, WT and MOP+/- FC mice exhibited reduced morphine analgesic 

potencies when compared to their respective controls. Repeated daily subcutaneous 

morphine administration resulted in more rapid development of morphine analgesic 

tolerance in WT, but not MOP+/- FC mice when compared to the respective control 

mice. Neither the Barr2-/- control nor FC mice developed tolerance to morphine. The 

c-Src inhibitor, dasatinib, did not affect the development of tolerance in WT FC mice, 

nor did it completely reverse tolerance once developed in MOP+/- control mice. 

Increased morphine-associated hyperalgesia occurred in WT FC mice compared to 

controls. There was no effect of FC on morphine-associated hyperalgesia in either 

MOP+/- or Barr2-/- mice. Interestingly, despite neither the control nor FC Barr2-/- 

mice displaying morphine tolerance, both cohorts developed morphine-associated 

hyperalgesia.  

 

FC did not affect morphine reinforcement in WT mice. However, WT FC mice 

exhibited increased morphine sensitisation, as measured by increased morphine 

induced hyperlocomotion, thought to be a drug-seeking-related behaviour. Gene 

expression and DNA methylation analysis in WT FC animals suggest that the 

behavioural effects observed may be due to altered opioid receptor expression 

and/or signalling. Despite altered gene expression in DRG neurones from mice 

exposed to FC, there were no differences in the ability of morphine to maximally 

inhibit voltage dependent calcium channel activity recorded from FC and control 

neurones.  

 

The findings of this study emphasize the need to investigate both male and female 

mice as there are differences in the effects of FC on body weight and gene expression 

between the sexes. Importantly, FC results in altered pain perception, morphine 

analgesia, tolerance, hyperalgesia and sensitisation in mice. These potentially life-

long effects of FC on pain perception and opioid behaviours are likely caused by 
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epigenetic influences on the expression of key genes. This study establishes the 

possibility that exposure to early life adversity in human populations programmes 

altered vulnerability to pain and adverse responses to opioid analgesics.
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Chapter 1 : Introduction
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1.1 Opium, a brief history 

The poppy plant, from which opium is derived, has been cultivated since ancient 

times. Records show that ancient civilisations in Persia, Egypt, Greece and 

Mesopotamia utilised opioid drugs for not only their analgesic but also hedonic 

effects. Opium cannot be extracted from all species of poppies. Papavera 

Somniferum, is the species of poppy from which opium can be harvested. It has been 

suggested that prior to harvesting poppies for opium they may have been used for 

seed cultivation. Fossilised poppy seeds dating back 30,000 years ago were 

discovered suggesting that poppies were utilised even in Neanderthal times 

(Luqman, 2014) 

 

It has been acknowledged that the Sumerians, a population of people who inhabited 

land we now know as Iraq, were the first to reference the opium poppy at the end of 

the third millennium B.C. They called the flower “hul gil” which translates to “plant 

of joy” suggesting they utilised it for its hedonic effects (Brownstein, 1993b). It was 

then described for its medicinal uses in 1500 B.C whereby it was co-administered 

with hemlock to put people quickly and painlessly to death. It wasn’t until the second 

century that a Greek physician, Galen, reported the entirety of the believed medical 

uses of opium. In summary he believed that opium cures chronic headache, epilepsy, 

asthma, cough, jaundice, fever and urinary complaints, to name but a few. Despite 

believing that opium cured all ailments he also reported the first recorded instances 

of its abuse by his patient Emperor Antonius (Duarte, 2005).  

 

It was discovered later in the 16th century that the potency of opium could be 

increased if it as extracted in alcohol. This discovery, by a Swiss physician, Paracelsus, 

later led to the development and use of laudanum. He believed this remedy was 

superior to opium. A 17th century English medical practitioner, Thomas Sydenham, 

simplified and standardised the formula of laudanum, but kept its name. He was 

reported to believe that out of all remedies there were none as universal and 

efficacious as laudanum (Crumpe, 1793). By the 19th century laudanum and opium 
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containing products were available without restriction from corner shops, barbers 

and tobacconists in Britain and the rest of Europe (Hall, 1999). At this stage the abuse 

potential of opium and laudanum was not widely recognised. The hedonic effects of 

opium were reported first hand by Thomas De Quincey in the 1820s. He described 

opium euphoria in Confessions of an English Opium Eater. However, despite 

reporting the appealing aspects of opium he also stated that, whilst reducing his 

recreational use, he suffered from severe nightmares. After World War 1 opium and 

opium derivatives were no longer available for purchase by the general public, 

instead requiring a prescription by a medical professional. 

 

Papavera Somniferum is largely cultivated in “the golden crescent” (Afghanistan, 

Pakistan, Iran), the “Golden Triangle” (Thailand, Laos, Burma), Mexico and Tasmania 

(Nepote, 1976, Paoli et al., 2009). Great Britain also cultivates opium poppies, 

although not to the same extent as the above mentioned (Berridge, 1977). Opium is 

obtained from the remaining seed capsules once the plant has flowered. A number 

of incisions are made vertically into each capsule. This results in a milky substance 

termed latex oozing out. The latex contains the active opiate alkaloid compounds 

(Schiff, 2002). When exposed to air the latex turns brown and hardens, this allows 

for it to be collected and is then termed opium resin. The resin contains a complex 

mix of inactive and active alkaloids. The principal opiates in the resin are morphine 

(8 – 17%), codeine (0.7 – 5%), noscapine (1 – 10 %), papaverine (0.5 – 1.5%) and 

thebaine (0.1 – 2.5%) (Schiff, 2002). Thebaine is the only constituent of opioid resin 

that has not previously been used as a medicinal analgesic, however it is now being 

used as a precursor in the synthesis of oxycodone, buprenorphine, naloxone and 

naltrexone (Pasternak, 2014). Morphine, named after the Greek god of dreams, 

Morpheus, was the first of the alkaloids to be extracted from opium resin in 1806 by 

a German scientist, Fredrich Sertürner (Brownstein, 1993a).  

 

The 19th century highlighted the bad aspects of opium use. It was reported that 

consuming excessive opium results in poisoning and death (Ashford, 1825, Clarke, 
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1985). Due to the increased use of opium and increased awareness of the side 

effects, the search began for an alternative drug for achieving non-addictive and safe 

analgesia. Charles Wright, a British chemist developed heroin (diamorphine) through 

the addition of two acetyl groups onto morphine, however, his findings were not 

recognised, and diamorphine was not administered to patients until 1898, by the 

pharmaceutical company Bayer, as a morphine replacement. It was believed that it 

did not cause any disagreeable symptoms, constipation or addiction as with 

morphine and was as efficacious as codeine but less toxic (Hospital, 1898). It has since 

been demonstrated that diamorphine is a prodrug that requires deacetylation to 

morphine (a metabolic process that occurs in the brain) in order to mediate its 

analgesic effects (Way et al., 1960).  

 

Morphine remains one of the most effective analgesics for treating acute pain, 

however there is a significant problem with side effects. The development of 

analgesic tolerance is one of the major factors that restrict the use of morphine. 

Tolerance can be defined as the requirement for increasing dose of drug to obtain 

the same analgesia over time (Way et al., 1969). Other unwanted side effects of 

opioid use include, respiratory depression, constipation, sedation, nausea, urinary 

retention and hypotension and opioid-induced hyperalgesia (Benyamin et al., 2008, 

Lee et al., 2011). 

 

Opioid analgesics also cause physical dependence and addiction. The American 

Society of Addiction Medicines definition of dependence is “a state of adaptation 

that is manifested by a drug class specific withdrawal syndrome that can be produced 

by abrupt cessation, rapid dose reduction, decreasing blood level of the drug, and/or 

administration of an antagonist” (Galinkin et al., 2014). Whereas addiction is defined 

by the National Institute on Drug Abuse (NIDA) as “a chronic, relapsing brain disease 

that is characterized by compulsive drug seeking and use, despite harmful 

consequences” (Vahia, 2013b). The World Health Organisation (WHO) elaborate on 

this further and describes addiction as an overwhelming compulsion to take the drug 
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in question and an inability to control its administration despite the effects it has to 

the individuals’ life and relationships.  

 

It did not take long for it to be recognised that heroin exhibits similar side effects to 

morphine, with more severe withdrawal. The first instance of diamorphine 

dependence reported in the clinic was in 1910 in New York City hospital. Since the 

early 20th century in the UK diamorphine and morphine have been regulated drugs 

prescribed only by medical practitioners. Despite legal restrictions on opioid 

containing drugs their illicit use and related deaths continue to be a major burden in 

the UK. It was reported that there were 934 drug related deaths in Scotland alone in 

2017, 470 (50%) of these were attributed to opioid misuse. When we compare these 

numbers to two decades previously in 1997, there were 224 drug related deaths, 

with opioid use being responsible for 74. From this we can see that drug related 

deaths have increased 4-fold and opioid related deaths have increased more than 6-

fold. Over the 20-year period the percentage of opioid contributing deaths rose from 

33% to 50% (National Records of Scotland, July 2018). Similar trends have been 

observed in America as the National Institute on Drug Abuse states that from 2007 – 

2017 opioid related drug deaths increased by 250%. Abuse of prescription opioids 

contributed to 35% of opioid drug related deaths in America in 2017. These data 

highlight the increasing burden caused by opioid misuse. 

 

In the 1960’s it became evident that opioids mediate their action via binding to opioid 

receptors. Opioid receptors will be discussed in greater detail in Section 1.2. There 

are 3 different categories of opioid receptor agonists, each differ in their selectivity 

for the receptors. The first of these is the opiates, consisting of the primary opium 

alkaloids extracted directly from the latex (morphine, codeine and thebaine). The 

second group encompasses the semi-synthetic opioids (such as diamorphine, 

etorphine and oxycodone) and the synthetic opioids (including methadone and 

fentanyl). The third group of opioid agonists include the endogenous and synthetic 
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opioid peptides. Endogenous opioids are naturally occurring opioids that exist within 

the central nervous system (Waldhoer et al., 2004).  

 

Since the discovery of opioid receptors and their role in pain, further investigation 

has demonstrated that they affect numerous physiological mechanisms (Pert and 

Snyder, 1973). Some of these include reward, bowel transit, nociception, food intake, 

locomotor activity, immune function, learning and memory and respiration (Blake A. 

Gosnell, 2013). It is clear that opioid receptor activation results in many different 

signalling processes with a multitude of outcomes. Moving forward I will focus on 

nociception, analgesia, reinforcement and locomotion, when considering opioid 

receptor signalling. 

 

 

1.2 Opioid receptors  

Opioid receptors are members of the class A (rhodopsin) G (Gi/Go) protein coupled 

receptor family. They characteristically consist of 7 helical transmembrane spanning 

domains with an extracellular N terminal domain. This particular family of receptors 

is of physiological importance as they have roles mediating many of the actions of 

hormones and neurotransmitters (Waldhoer et al., 2004). Opioid receptors are 

activated both by endogenous opioid peptides and by exogenously administered 

opiate compounds. There are 3 different subtypes of opioid receptor, each is named 

after either the compounds that were used to discover them or from their distinct 

physiological location. These are the mu opioid receptor (MOP), named after 

morphine, the delta opioid receptor (DOP), named after the vas deferens and lastly 

the kappa opioid receptor (KOP), named after ketocyclazocine (as reviewed by 

(McDonald, 2005). More recently a fourth related receptor was discovered. When 

found it was termed “opioid receptor-like” (ORL) and its agonist was unknown 

(Mollereau et al., 1994). Further investigation identified its endogenous agonist to be 

a neuropeptide, named, nociceptin (Meunier et al., 1995) and the receptor has since 

been renamed nociceptin opioid receptor (NOP). Despite being structurally related 
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to opioid receptors NOP does not demonstrate significant binding activity for any of 

the MOP, DOP or KOP receptors for their endogenous or exogenous ligands 

(Waldhoer et al., 2004). For this reason, I will not address the NOP receptor any 

further.  

 

 

1.2.1 Opioid receptor signalling  

Once opioid receptors have been activated and a conformational change has been 

induced the G protein complex is recruited. Guanosine diphosphate (GDP) that is 

associated with the α subunit is replaced by guanosine triphosphate (GTP) resulting 

in the dissociation of the α and βγ subunits. This leads to their interaction with 

numerous cellular effector systems, such as the inhibition of adenylyl cyclase by the 

α subunit and voltage gated Ca2+ channels (VACCs) via βγ subunit binding. Agonist 

binding also results in the stimulation of G protein- activated inwardly rectifying K+ 

channels (GIRKS) by the βγ subunit and phospholipase Cβ (PLCβ) as reviewed by (Al-

Hasani and Bruchas, 2011). There is a large degree of G protein heterogeneity, with 

16 gene products for Gα, 5 for Gβ and 11 for Gγ (Raehal and Bohn, 2011). This allows 

for a vast array of different subunits and different signalling outcomes. Following 

opioid receptor activation there is a decrease in neuron excitability. For example, 

activation of opioid receptors inhibits the release of gamma-aminobutyric acid 

(GABA) from GABAergic neurons located in brain regions such as the hippocampus 

and ventral tegmental area (VTA). This results in a reduction in inhibition evoked by 

GABA (Cohen et al., 1992).  

 

Activation of opioid receptors results in the recruitment of the scaffolding protein β-

arrestin 2 (Barr2). The arrestin family consists of 4 members. Whilst arrestins 2 and 

3 (also known as β-arrestin 1 and 2, respectively) are expressed ubiquitously, 

arrestins 1 and 4 are localised only in retinal rods. In vitro biochemical experiments 

demonstrate that β-arrestins physically prevent GPCR interactions with 

heterotrimeric G-proteins (DeWire et al., 2007, Pierce and Lefkowitz, 2001). Upon 
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opioid receptor activation and dissociation of the G-proteins the C terminal region of 

the receptor is exposed. This allows for G protein receptor kinases (GRKs) to 

phosphorylate the intracellular tail. When phosphorylated the opioid receptor can 

then recruit Barr2. This recruitment is involved in signalling, receptor desensitisation 

and lysosomal trafficking (Reiter and Lefkowitz, 2006). Receptor desensitization 

refers to the decreased responsiveness that occurs with repeated or chronic 

exposure to agonist and is a general feature of most membrane receptors. Following 

this the receptor is either recycled or targeted for lysosomal degradation. Other 

kinases, such as protein kinase C (PKC), also interact with the opioid receptors and 

contribute to desensitisation. Inhibition of PKC reduces desensitisation and tolerance 

associated with morphine (Bailey et al., 2009a), however the relationship between 

desensitisation and tolerance is complex and will be discussed in greater detail in 

Section 1.7. The signalling pathway is shown in Figure 1.1. Barr2 also interacts with 

signal transducers Akt, c-Src and MAP kinases (Pierce and Lefkowitz, 2001, Yano et 

al., 2008). 

  

https://www.sciencedirect.com/topics/medicine-and-dentistry/desensitization
https://www.sciencedirect.com/topics/medicine-and-dentistry/membrane-receptor
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The red hexagon represents an opioid agonist. When agonist is bound to the MOP the G-proteins 
dissociate. The βγ subunits can then go and activate inwardly rectifying K+ channels (GIRKs,) Ca2+ 
channels and adenylyl cyclase, resulting in inhibition of VACC’s.  Phosphorylation of the c terminal 
region then occurs by GRK. This allows Barr2 to bind and mediate endocytosis of MOP, where Barr2 
and the agonist is cleaved and the MOP is dephosphorylated by a phosphatase (PO4-ase). MOP then 
undergoes trafficking back to the cell membrane or undergoes lysosomal degradation (figure modified 
from (Hales, 2011)). 
 
 
Agonist binding to opioid receptors results in GPCR kinase (GRK) mediated 

phosphorylation leading to inhibition of G protein coupling (Shenoy and Lefkowitz, 

2003). GRKs are soluble proteins, therefore they need specific mechanisms to bring 

them to the vicinity of the membrane-embedded GPCRs (Gurevich and Gurevich, 

2019). There are 7 GRK genes encoding the GRK family, like the arrestins their 

expression is localised to specific sites. GRK1 and GRK7 form the rhodopsin kinase or 

visual GRK subfamily and are located in retinal rods and cones respectively. GRK4 also 

exhibits a restricted distribution pattern and has been found in the cerebellum, testis 

and kidney, it compromises the GRK2 subfamily. The remaining GRKs (2, 3, 5 and 6) 

are all ubiquitously expressed and comprise the GRK4 subfamily (Shenoy et al., 2006, 

Watari et al., 2014). Studying GRKs in vivo is not without its problems. Due to the 

ubiquitous nature of these proteins a genetic knockout of GRK2 is embryonically 

lethal, therefore investigation of GRKs in vitro has taken preference. Through the use 

of siRNA knockdown it has been reported that GRKs 2 and 3 are involved in opioid 

Figure 1.1:β-Arrestin 2 and G-proteins in opioid receptor recycling, signalling and degradation 
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receptor phosphorylation, functional uncoupling, receptor endocytosis and 

desensitisation (Bohn et al., 2004, Kelly et al., 2008, Kim et al., 2008, Whistler and 

von Zastrow, 1998). GRK3 knockout mice display a reduction in tolerance 

development to fentanyl, but not morphine, when compared to WT mice (Kuhar et 

al., 2015, Terman et al., 2004). Whilst GRK6 has been demonstrated to regulate MOPs 

via enhancing Barr2 recruitment and receptor internalisation in vitro, it does not alter 

morphine-induced tolerance in knockout mice (Raehal et al., 2009). These mice did, 

however, display increased hyperlocomotion and reduced constipation after 

morphine administration. GRK5 knockout mice display reduced analgesia after 

morphine, but not fentanyl administration; they do not show any alterations in 

morphine analgesic tolerance. When placed into the conditioned placed preference 

(CPP) apparatus (an experimental set up designed to examine the reinforcing 

properties of a substance) it was demonstrated that GRK5-/- mice exhibit a reduced 

preference to morphine (Gluck et al., 2014). The barcode hypothesis was developed 

in 2011 (Butcher et al., 2011) suggesting that activation of opioid receptors can result 

in different phosphorylation patterns of the C-terminal region resulting in different 

downstream effects. Genetic manipulation of the GRKs have revealed that different 

GRK binding results in multiple alternative downstream signalling and effects (Reiter 

et al., 2012). Once recruited by GRK phosphorylation, arrestins not only mediate 

receptor trafficking but also recruit various kinases such as proto-oncogene Src (c-

Src), mitogen activated protein kinase (MAPK), MEK and Akt and also c-Jun amino 

terminal kinase (JNK) (Gurevich and Gurevich, 2019, Reiter et al., 2012).  

 

 

1.2.2 Constitutive activity of opioid receptors 

In addition to receptor activation by agonists, GPCRs exhibit spontaneous 

constitutive activity (Lefkowitz et al., 1993). This phenomenon was first described in 

1989 (Costa and Herz, 1989) during a study of DOPs in the NG108-15 cell line. This 

broadened the view on opioid receptors and led to the hypothesis that if receptors 

are spontaneously active then agonist binding may stabilise the active state by 

conformational selection as opposed to activation resulting due to agonist binding. 
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When over expressed or genetically manipulated constitutive MOP activity can be 

observed, but only at low levels for naturally expressed wild type MOPs (Brillet et al., 

2003, Burford et al., 2000). Due to these findings some ligands that were considered 

as antagonists were redefined as inverse agonists. Inverse agonists bind to receptors 

and stabilise the inactive receptor conformation. If there is basal constitutive activity, 

administration of an inverse agonist can result in a decrease in basal activity, this 

action can be inhibited by neutral competitive antagonists (Costa and Cotecchia, 

2005, Strange, 2002). Examples of MOP inverse agonists are naloxone and naltrexone  

(Liu and Prather, 2001). Hydroxyl derivatives of naloxone and naltrexone (6α-naloxol, 

6β-naloxol and 6β-naltrexol) are neutral competitive antagonists (Raehal et al., 2005, 

Sadee et al., 2005, Wang et al., 2001).  

 

Constitutive activity is increased in response to long term morphine exposure, not 

only has this been demonstrated at a cellular level but also in vivo (Wang et al., 2001, 

Wang et al., 2004). It has been shown that constitutive activity of MOPs is enhanced 

in dorsal root ganglion neurones (DRGs) of Barr2-/- mice (Walwyn et al., 2007). 

Constitutively active MOPs in the pain pathway of this genetically modified mouse 

results in increased basal analgesia; this was confirmed through the use of inverse 

agonist naltrexone but not neutral antagonist CTAP (Lam et al., 2011). These findings 

suggest that Barr2 regulates constitutive activity of MOPs. Constitutive activity of 

MOPs has also been shown to be upregulated in persistent hyperalgesia. This was 

demonstrated by inducing inflammatory pain via complete Freund’s adjuvant (CFA) 

administration to the paw of the mouse. Hyperalgesia, which declined after a 7 day 

period, could be reinstated by the administration of the MOP inverse agonist, 

naltrexone, but not the neutral receptor antagonist, naltrexone methobromide 

(Corder et al., 2013). Hyperalgesia will be discussed in greater depth in Section 1.8. 

 

1.2.3 Opioid receptor oligomerisation 

The first evidence for receptor oligomerisation was discovered in 1997 in DOPs. They 

demonstrated that DOPs exist as dimers via utilising a tagged DOP, cross linking and 
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immunoprecipitation in a neuroblastoma cell line (NG108-15) (Cvejic and Devi, 1997). 

From these findings it was also discovered that the level of oligomerisation is agonist 

dependent and that when a short section of the C- terminal of these receptors are 

deleted homo-oligomeriation can no longer occur (Cvejic and Devi, 1997). Evidence 

for hetero-oligomerisation quickly followed these findings when it was demonstrated 

that DOP and KOP receptors dimerize (Jordan and Devi, 1999). Heterodimers exhibit 

ligand binding and functional properties that are distinct of either receptor expressed 

alone. Despite the inability to visualize MOP and DOP heterodimers, hetro-oligomers 

of these receptors were first reported in 2000 (George et al., 2000). The only 

evidence that these hetero-oligomers possess unique functional properties is that 

when MOP and DOPs are co-expressed in a rat pituitary tumour (GH3) cell line 

intracellular Ca2+ levels rose in response to DAMGO application (Charles and Hales, 

2004, Charles et al., 2003). There was little evidence for MOP/DOP receptor 

heterodimerization in vivo until 2010 when they were visualised, by antibody 

staining, in rat dorsal root ganglion neurones (DRG) and the brainstem after chronic 

morphine exposure (Gupta et al., 2010). These data suggest that MOP/DOP hetero-

oligomers are important in nociceptive signalling both at a spinal and brainstem 

levels involved in regulating descending inhibitory pathways. When DOP-/- mice 

were investigated it was found that morphine and DAMGO induced inhibition of 

VDCCs are reduced. As mentioned previously morphine and DAMGO activate the 

MOP, therefore the differences observed in their inhibition ability when DOPs are 

lacking suggests that MOP/DOP hetero-oligomers exist in the pain pathway. 

Introduction of an oligomerisation deterring C-terminal truncated delta receptor 

failed to fully restore MOP function, consistent with the requirement for 

oligomerisation (Walwyn et al., 2009). More recently it was shown that MOP/DOP 

co-expression and potential oligomerisation is limited to small populations of 

excitatory interneurones and projection neurons in the spinal cord dorsal horn 

(Wang et al., 2018). In the MOP/DOP co-expressing nociceptive neurones the two 

receptors were shown to internalise and function independently (Wang et al., 2018).  
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Structural models of MOP, DOP and KOP were reported in 2012 (Granier et al., 2012, 

Manglik et al., 2012, Wu et al., 2012). From these findings it was possible to dock 

agonists into the binding sites of the opioid receptors and investigate how they 

interact with agonists. This was demonstrated for DOPs (Fenalti et al., 2014) followed 

by MOPs (Huang et al., 2015) and finally the KOP (O'Connor et al., 2015). Using these 

structures it was suggested that MOP and KOPs can form oligomers (as reviewed by 

(Shang and Filizola, 2015)).  

 

Recruitment of Barr2 is also influenced by opioid receptor oligomerisation. For Barr2 

to be co-localised in the absence of agonist with MOP receptors both MOP and DOP 

receptors must be present (Rozenfeld and Devi, 2007). Furthermore, use of a protein 

complementation assay also demonstrated greater constitutive Barr2 recruitment to 

MOP receptors when DOP receptors were also co-expressed (Bull et al., 2017b). This 

reinforces the hypothesis that hetero-oligomerisation of these receptors are of 

functional importance.  

 

 

1.3 Endogenous opioid system 

Two years after the discovery of opioid receptors reported in 1973 by Pert and Snyder 

(Pert and Snyder, 1973) Hans Kosterlitz identified the first endogenous opioids 

(Hughes et al., 1975), which when extracted from pig brains inhibited contractions of 

guinea pig ileum. The extract contained the endogenous opioid peptides met- and 

leu-enkephalin. The reduction in ileum contractions was blocked by naloxone. Since 

then more endogenous opioids have been discovered. These opioid peptides are 

cleaved from precursor polypeptides. Met-enkephalin and leu-enkephalin are 

cleaved from pro-enkephalin (PENK). These endogenous peptides show the highest 

affinity for the DOP, with lower affinity for the MOP and negligible affinity for KOP 

(Hughes et al., 1975). By contrast, dynorphin A and B are cleaved from the pro-

hormone pro-dynorphin (Pdyn) and have highest affinity for KOPs, followed by an 
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intermediate affinity for MOPs and low affinity for DOPs. Pro-opiomelanocortin 

(POMC) is the precursor for β-endorphin. This endogenous opioid does not appear 

to be selective and shows high affinity for all three opioid receptors. Endomorphin 1 

and 2 are two further endogenous opioids, that have been identified as being 

selective for the MOP, however their precursors and encoding gene have not yet 

been identified, despite ongoing research (Matus-Ortega et al., 2017, Zadina et al., 

1997). The endogenous opioids contribute to pain sensitivity, hedonic homeostasis, 

gastrointestinal motility, cognition and endocrine and autonomic functions 

(McDonald, 2005).Moreover, upregulation of PENK due to deletion of a sodium 

channel, Nav1.7, results in congenital insensitivity to pain in humans and mice (Minett 

et al., 2015). Pain in these animals could be restored by naloxone administration, 

highlighting the importance of endogenous opioids.  

 

To investigate the role endogenous opioids play in natural reward, termed hedonic 

homeostasis, genetic manipulation studies have been performed. Manipulation of 

exon 3 of the POMC gene results in mice lacking β-endorphin (Bend-/-) (Rubinstein 

et al., 1996). Homologous recombination of PENK in embryonic stem cells resulted in 

enkephalin deficient mice (PENK-/-) (Konig et al., 1996), generation of Pdyn-/- mice 

also occurred using this method (Sharifi et al., 2001). These genetically altered 

animals have been used to investigate hedonic homeostasis and the effects of 

pharmacological agents that produce reward. Analgesia occurs naturally after a 

forced swim test in mice. It was discovered that this response is dependent on β-

endorphin as Bend-/- mice do not show this, however mice lacking PENK are 

unaltered in this response (Konig et al., 1996, Rubinstein et al., 1996). The opioid 

system plays a role in food consumption as demonstrated through the administration 

of naloxone, once administered it resulted in a decreased consumption of a 

reinforcing food reward. Both Bend-/- and PENK -/- mice display reduced incentive-

motivation to acquire food reinforcers (Hayward et al., 2004, Hayward et al., 2002). 

When observing the reinforcing properties of morphine utilising the CPP apparatus 

in Bend -/- and double knockout Bend-/- / PENK-/- mice, morphine reinforcement is 

unaltered compared to WT, thus suggesting that endogenous opioid peptides do not 
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play a role in the reinforcing properties of morphine (Nieto et al., 2005). 

Contrastingly, Bend-/- mice have attenuated cocaine-induced CPP (Marquez et al., 

2008). When observing the reinforcing properties of ethanol there were no 

alterations in ethanol acquisition in either Bend-/- or PENK-/- mice. However, double 

knockout mice Bend-/- / PENK-/- mice display reduced reinforcement to ethanol 

(Tseng et al., 2013).  

 

 

1.4 Genetic manipulation of opioid receptors in mice 

Genes encoding the opioid receptors were cloned in the 1990’s.  The genes identified 

as being responsible for MOP, DOP and KOP expression are Oprm1, Oprd1 and Oprk1, 

respectively. The DOP was the first of the three receptors to be cloned in 1992 (Evans 

et al., 1992, Kieffer et al., 1992). A year later, the genes encoding the MOP and KOP 

were also cloned (Chen et al., 1993, Meng et al., 1993, Minami et al., 1993, Thompson 

et al., 1993). 

 

The TM domains of MOP, DOP and KOP show the highest conserved sequence 

homology between the three at approximately 70% (Mollereau et al., 1994). The 

intracellular loops between the three receptors also show high structural similarity 

at 60 – 70%. These are the sites that are responsible for interacting with G proteins 

and Barr2 (Pasternak and Pan, 2013), however transient engagement of the GPCR 

core has also been implicated in Barr2 activation (Eichel et al., 2018). The least similar 

region between MOP, DOP and KOPs is the N terminus. This has been demonstrated 

through the investigation of glycosylation. Glycosylation of the N terminal of the DOP 

is important for its maturation and export to the plasma membrane (Petaja-Repo et 

al., 2000), however glycosylation of the MOP is not necessary for its maturation 

(Befort et al., 2001, Rostami et al., 2010). As with the aforementioned endogenous 

opioids, once the opioid receptor genes were discovered and cloned they were then 

able to be deleted from the genome of mice utilising homologous recombination.  
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Several different approaches have been used to create MOP-/- mice. Targeted 

deletion of exon 1 of the Oprm1 gene produced a MOP-/- mouse model that lacks 

morphine analgesia (Sora et al., 1997), however it was reported that diamorphine 

analgesia remains (Schuller et al., 1999). A negative aspect of targeting exon 1 to 

knock out MOPs is that these mice exhibit impaired sexual function and have 

alterations in haematopoiesis. It was suggested that this was due to the disruption 

of the MOP gene (Tian et al., 1997). Around the same time as mutations were made 

in Exon 1, mice were generated with mutations in exons 2 and 3. Mice with these 

mutations also show no morphine-induced analgesia or reinforcement (Bull et al., 

2017b, Loh et al., 1998, Matthes et al., 1996), and they appear to be healthy with no 

detrimental effects on sexual health or immunity (Matthes et al., 1996). Morphine 

has immunosuppressive effects and these are absent in MOP-/- mice indicating a 

requirement for MOPs (Gaveriaux-Ruff et al., 1998). Mice with mutations in exons 2 

and 3 do not exhibit hyperlocomotion or reinforcing effects to diamorphine or 

morphine (Contarino et al., 2002, Bull et al., 2017b). Interestingly, MOP-/- mice with 

Exon 1 mutated display increased sensitivity to noxious heat (Sora et al., 1997), 

whereas those with exons 2 and 3 mutated do not (Matthes et al., 1996). Since our 

research has utilised the exon 2/3 MOP-/- model, I will not provide additional 

discussion of the exon 1 model. 

 

While MOP-/- mice do not exhibit morphine analgesia, CPP, self-administration or 

locomotor stimulation, MOP heterozygote MOP+/- mice do, albeit with reduced 

morphine potency (Becker et al., 2000, Bull et al., 2017b). MOP+/- mice develop 

analgesic tolerance to morphine much more rapidly than do WT mice (Bull et al., 

2017b). Ethanol self-administration is also abolished in MOP-/- mice (Becker et al., 

2002, Roberts et al., 2000). As ethanol is not an MOP agonist these data suggest that 

MOPs are involved in the reinforcing and rewarding properties of other drugs. MOP-

/- mice exhibit additional behavioural differences to WT mice, such as decreased 

motivation to eat (Papaleo et al., 2007) and decreased maternal attachment (Moles 

et al., 2004). More recently it has been shown that MOP-/- mice display an autistic 

phenotype (Pellissier et al., 2018a). Humans diagnosed with autism also bear 
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mutations in the OPRM1 gene (Pellissier et al., 2018a). To diagnose an autistic 

phenotype, individuals must display deficient social reciprocity and communication 

together with restricted, repetitive patterns of behaviour (Lai et al., 2014, Vahia, 

2013a). An autistic phenotype in these mice may explain the decrease in maternal 

attachment that has previously been reported (Moles et al., 2004). Together these 

findings suggest that a reduction in MOP number may result in blunted bonding 

between dam and pup which may contribute to the social deficit behaviour observed 

in these animals. 

 

A novel conditional BAC (bacterial artificial chromosomes) rescue strategy has been 

utilised with MOP-/- to generate mice expressing MOP only in a subpopulation of 

striatal direct-pathway neurons that are present in the striosome and nucleus 

accumbens (Cui et al., 2014). These mice exhibited restoration of opiate reward (in 

the CPP paradigm), opiate-induced striatal dopamine release and partially restore 

motivation to self-administer opiates, when compared to MOP-/- mice (Cui et al., 

2014). However, these novel mice lack opiate analgesia or withdrawal. These findings 

show that a subpopulation of striatal direct-pathway neurones expressing MOPs in 

an otherwise MOP-/- mouse model is sufficient to support opiate reward-driven 

behaviours (Cui et al., 2014). Moreover, these data highlight that MOPs have specific 

roles in defined neuronal circuits. Conditional MOP-/- mice have been generated 

whereby they lack MOP expression in DRGs (Sun et al., 2019). The analgesic effect of 

intrathecally administered morphine was profoundly reduced in the conditional 

MOP-/- mice. Moreover, these conditional MOP-/- mice displayed no morphine-

induced tolerance or hyperalgesia (Sun et al., 2019). These findings demonstrated a 

critical role of MOPs expressed in primary sensory neurones in morphine analgesia 

and suggest that with effective neuronal targeting the adverse side effects of opioids 

can be avoided.  
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There are no reported compensatory changes to DOP and KOP expression in MOP-/-

when generated via mutations in exons 2 and 3 (Kitchen et al., 1997). Whilst there 

have been no reported differences in global DOP expression, there was a reduction 

in DOP response to selective agonists in the MOP-/- mouse model. It has also been 

reported that there is an upregulation of DOP protein expression and function in 

MOP-/- DRGs (Walwyn et al., 2005). There were no alterations observed for the KOP 

(Kitchen et al., 1997).  

 

The first mice generated lacking DOPs were derived in 1999. These were generated 

through the disruption of exon 2 of the Oprd1 gene (Zhu et al., 1999) (Kieffer, 1999). 

Shortly after, another mouse model lacking DOPs were derived via disruption of exon 

1 (Filliol et al., 2000). Neither of these modifications appear to affect health or 

reproduction and there is no reported compensation of MOP or KOP expression due 

to the lack of DOP expression (Zhu et al., 1999). However DOP-/- DRG neurones show 

a decrease in MOP surface expression and MOP agonist responses are diminished 

(Walwyn et al., 2009). Rewarding properties of morphine, measured by self-

administration, are unchanged in DOP-/- animals (Pradhan et al., 2011). However, 

these animals show increased self-administration of ethanol (Roberts et al., 2001). 

These data suggest that the DOP plays a role in the rewarding properties of non-

opioid drugs. There have been conflicting reports on morphine reinforcement in 

DOP-/- mice, first it was reported that morphine reinforcement was decreased 

(Chefer and Shippenberg, 2009). However, since then it has been reported that 

morphine reinforcement is unchanged (Le Merrer et al., 2012). There is a reduced 

ability of morphine to inhibit inhibitory post synaptic currents (IPSCs) in the VTA of 

DOP-/- mice (Bull et al., 2017a). This therefore suggests DOPs play a role in morphine 

inhibition of IPSCs in the VTA. Behaviourally these animals demonstrate increased 

anxiety and depressive like behaviours (Filliol et al., 2000) and show no tolerance 

development to morphine (Zhu et al., 1999). When pain was examined in this mouse 

model it was demonstrated that, whilst they show no differences when experiencing 

acute pain, they have increased neuropathic and inflammatory pain (Gaveriaux-Ruff 
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et al., 2008, Nadal et al., 2006). These findings highlight that the DOP plays an 

important role in modulating chronic pain.  

 

Unlike the MOP and DOP knockout mouse models, only one genetic knockout mouse 

model has been developed to target KOPs. In 1998 a KOP-/- mouse model was 

developed by target deletion of exon 1 of the Oprk gene (Simonin et al., 1998b). 

These mice do not display alterations in the reinforcing properties of morphine, as 

examined in the CPP apparatus. Not only this, but they also show no differences in 

anxiety like behaviour or locomotor activity when compared to WT animals. Finally, 

they do not demonstrate any differences in morphine-induced analgesia in either of 

the tail withdrawal assay or the hot plate test (Simonin et al., 1998a). These data 

suggest that the KOP has little to no role in morphine-associated effects.  

 

 

1.5 Genetic modification of β-arrestin 2 in mice 

Both Barr 1 and 2 -/- mice have been generated as individuals, however the double 

knockout is embryonic lethal (Pierce and Lefkowitz, 2001, Schmid and Bohn, 2009). 

Barr2-/- mice are less sensitive to pain (Bohn et al., 2002). They have a persistently 

active endogenous opioid pain-relieving mechanism without exogenous intervention 

(Lam et al., 2011). However, the upregulated endogenous opioid receptor tone does 

not have hedonic effects suggesting that it is pathway specific (Lam et al., 2011). The 

state of persistent analgesia is inhibited by the inverse agonists, naloxone and 

naltrexone, but not by neutral competitive antagonists (Bohn et al., 2002, Lam et al., 

2011). Recordings from primary afferent DRG neurones revealed constitutive MOP 

coupling to VACCs (Walwyn et al., 2007). This can be replicated in WT DRG neurones 

by inhibiting c-Src activity directly. This therefore suggests that c-Src activity 

diminishes resilience to pain. However, subsequent research revealed that the Src 

inhibitor dasatinib did not reduce sensitivity of mice to nociceptive pain (Bull et al., 

2017a). 
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Barr2-/- mice develop negligible tolerance to morphine analgesia (Bohn et al., 2000, 

Bohn et al., 2002, Bohn et al., 1999, Bull et al., 2017b). These mice still exhibit physical 

dependence following morphine administration (Bohn et al., 2000), however, 

morphine dependence in Barr2-/- mice is decreased compared to WT mice (Raehal 

and Bohn, 2011). The dose of morphine that the mice receive appears to be 

important for the manifestation of dependence, with Barr2 independent 

mechanisms becoming apparent only at very high doses  (Hales, 2011).  Moreover, 

Barr2-/- mice exhibit an increased preference for morphine at lower doses than WTs 

in the CPP paradigm (Bohn et al., 2003, Bull et al., 2017b). Barr2 has also been 

implicated in mediating other unwanted side effects of morphine. There is a 

reduction in the morphine-evoked hyperlocomotion in Barr2-/- mice (Bull et al., 

2017b, Raehal et al., 2005). It has also been reported that Barr2-/- mice do not display 

morphine-induced respiratory depression or constipation (Raehal et al., 2005). 

However, more recent findings in mice that have mutations in the  C-terminal region 

of MOPs, that prevent Barr2 recruitment, reveal that morphine-induced respiratory 

depression, dependence and constipation are all still present (Kliewer et al., 2019). 

By contrast, the MOP C-terminal mutated mice display a lack of morphine tolerance 

and enhanced analgesia. These findings suggest that tolerance and dependence are 

separate phenomena.  However, in contrast to previous hypotheses, targeting Barr2 

signalling may not be beneficial for reducing respiratory depression and constipation 

associated with opioids (Kliewer et al., 2019). Kliewer et al suggest that Barr2-/- mice 

may show altered opioid side effect profiles compared to Barr2-/- mice due to 

compensatory recruitment of Barr1 (Kliewer et al., 2019). 

 

 

1.6 Pain and nociception 

Nociception is the term given to the process involved in detecting damage and 

conveying this to the reflex centres and to the central nervous system for processing. 

This signal may then be modulated by descending control, altering perception. 

Nociceptors were first discovered in 1906 by Charles Sherrington, who demonstrated 

the detection of noxious stimuli. Nociceptor cell bodies are located in the DRG of the 
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spinal cord. The inhibition of presynaptic VACCs within the DRGs is thought to give 

rise to the opioid-induced reduction of excitatory neurotransmission in the pain 

pathway (Heinke et al., 2011). Unlike in the mouse, MOPs in human DRGs also couple 

to inwardly rectifying potassium (Kir K+) channels and the resulting hyperpolarisation 

is also likely to contribute to nociception (Nagi and Pineyro, 2014). Noxious stimuli 

are defined as those that can or do cause tissue damage at high mechanical pressure, 

temperature extremes and chemicals, such as acid (Sneddon, 2018).  

 

The international association for the study of pain (IASP) defines pain as “an 

unpleasant sensory and emotional experience associated with actual or potential 

tissue damage or described in terms of such damage” (IASP 2014). Chronic pain 

manifests as a physical and emotional illness. The emotional aspects of pain are 

difficult to investigate in rodents, however there are many well validated nociception 

tests available. These tests investigate several nociceptive mechanisms including 

mechanical, thermal, chemical and inflammatory pain models. Examples of 

mechanical stimuli tests include manual or electric Von Frey, and the Randall-Selitto 

test. The tail flick test, from radiant heat or tail immersion, are tests that measure 

effects of heat stimuli, as is the hot plate and Hargreaves test. Cold stimuli thresholds 

can also be determined via the use of the cold plate and acetone evaporation test. 

Examples of inflammatory pain models are via the use of complete Freuds adjuvant 

(CFA) (Deuis et al., 2017).  

 

A method used to measure mechanical pain threshold in rodents is through utilising 

Von Frey filaments (Deuis et al., 2017). The test involves placing the animals in a small 

cage with a mesh platform. A monofilament is then applied perpendicularly to the 

plantar surface of the hind paw until the paw is moved. The filaments come in 

different sizes to produce graded increase in pressure. This form of testing is of 

particular use when investigating mechanical allodynia and hypersensitivity, where 

allodynia is a condition whereby a normal non-noxious stimulus results in pain. In this 

case it results in the animal withdrawing its paw when experiencing a level of 
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pressure that previously did not result in discomfort (Jensen and Finnerup, 2014). 

The difficulty in this method in measuring this form of nociception is that mice that 

have been administered opioids exhibit hyperlocomotion and therefore it is more 

difficult to target the paw with the filament. The response to noxious chemical stimuli 

can be investigated via injection into the hind paw of formalin, carrageenan or CFA. 

These chemicals induce inflammatory pain, with carrageenan and CFA being the 

longer lasting of all the chemicals resulting in chronic inflammation (Barrot, 2012). 

There are other animal models that are used to study pain, including chronic nerve 

constriction and complete nerve transection (most often using the sciatic nerve) 

(Barrot, 2012, Mogil, 2009).  

 

The hot plate (Woolfe and Macdonald, 1944) and tail withdrawal assays (D'amour 

and Smith, 1941) are among the easiest to perform and the least stressful and 

unpleasant to the experimental animal. These are the least invasive tests as they 

have a maximum exposure time to avoid any tissue damage occurring. There are 

multiple tail withdrawal tests that can be used, some utilise radiant heat targeted to 

a specific area of the tail, others use hot water tail immersion (Deuis et al., 2017). The 

tail immersion method requires mild restraint of the animal which can result in stress 

induced analgesia (Butler and Finn, 2009).  However, the significant surface are of 

the tail exposed to the hot water allows for a rapid increase in the temperature of 

the tail and a reproducible spinal reflex response that is highly responsive to opioid 

drugs (Le Bars et al., 2001, Wilson and Mogil, 2001). The hot plate and tail withdrawal 

assays differ in the reflexes they stimulate. The hot plate is subject to a variety of 

supraspinal mechanisms and requires the integration of an array of varying system 

inputs (Pasternak and Pan, 2013). The tail flick is a spinal mediated reflex in response 

to spinal analgesia (Kieffer, 1999) however it is also influenced by some supraspinal 

mediated reflexes (Irwin et al., 1951b).  

 

Morphine has direct analgesic effects on the spinal cord as evidenced by intrathecal 

administration followed by subsequent nociceptive testing (Yaksh and Rudy, 1976). 
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It is now known that MOP, DOP and KOP receptors are densely located within the 

superficial layers of the spinal cord (lamina I and II). The MOP is the most highly 

expressed opioid receptor within the spinal cord with 70% of total opioid expression. 

DOP expression represents 24% of total opioid expression followed by KOP 

expression with only 6%. However, in DRGs the DOP is most highly expressed 

followed by the MOP and KOP (Peng et al., 2012). Despite DOP expression being the 

highest of the opioid receptors in DRG neurones they are recruited primarily in the 

presence of MOP activation suggesting that their main role in these neurones is 

forming hetero oligomers with the MOP (Walwyn et al., 2009). The opioid receptors 

have been shown to be present on both pre and post synaptic sites within the dorsal 

horn and spinal cord (Besse et al., 1990).  

 

Nociceptive testing in different strains of mice has demonstrated different basal 

analgesia levels and therefore suggests that they may have different opioid receptor 

expression and/or signalling (Leo et al., 2008). Not only strain, but also sex 

differences have been observed in C57BL/6J baseline measurements in the tail 

withdrawal assay (Kest et al., 1999a). No gender differences have been observed in 

the baseline sensitivity to morphine in mice, however, there were gender differences 

noted when observing the development of morphine tolerance with females 

developing tolerance to a greater extent (Kest et al., 1999a). Most animal studies 

published have been performed only in males therefore there are not many reports 

solidifying any sex differences that have been observed. It is therefore important that 

moving forward both sexes are investigated.  

 

 

1.7 Tolerance 

Tolerance is described as a pharmacological effect, a state of adaptation, in which 

exposure to a drug induces changes that result in a diminution of one or more of the 

drug’s effects over time (Lavand'homme and Steyaert, 2017). In the case of opioids 
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analgesic tolerance is of major concern (Nestler, 1992, Williams et al., 2013b). Opioid 

tolerance leads to dramatic elevations in dosing, particularly those suffering from 

prolonged cancer (Didwaniya et al., 2015). Opioid tolerance may also contribute to 

opioid-induced hyperalgesia, this will be discussed in greater detail in Section 1.8. 

Opioid tolerance is a multidimensional phenomenon as tolerance occurs not only to 

analgesia but also to nausea, sedation and respiratory depression. However, 

tolerance to all of the unwanted side effects of opioids do not develop at the same 

rate as analgesic tolerance and therefore administering increasing doses of opioid to 

maintain analgesia may result in fatal respiratory depression (Hill et al., 2016). 

Tolerance to one opioid can be overcome in the clinic by opioid rotation as tolerance 

appears to be agonist specific to the opioid (Pasternak and Pan, 2013). This also 

comes with its disadvantages as if the opioid that is being rotated is given at the same 

dose it may be fatal, due to lack of cross tolerance, therefore it must be prescribed 

at a lower dose (Mercadante and Bruera, 2006).  

 

 

1.7.1 Mechanisms of tolerance  

Cellular mechanisms involved in tolerance have been investigated, however it is 

unclear exactly how they contribute to tolerance in vivo. Cellular mechanisms linked 

to opioid analgesic tolerance: receptor desensitisations, receptor endocytosis, 

upregulation of adenylyl cyclase and CREB (cAMP response element binding protein) 

activation, have all been investigated (Williams et al., 2001, Williams et al., 2013a). 

 

Receptor desensitisation is thought to involve a reduction in the coupling of the MOP 

to the intracellular G protein mediated signalling pathways. Desensitisation has been 

the most widely acknowledged form of cellular tolerance. As described previously 

receptor desensitisation can occur due to GRK mediated receptor phosphorylation 

resulting in Barr recruitment. This process is also implicated in the beginning of the 

receptor internalisation pathway as MOP endocytosis is thought to occur through a 

Barr2/dynamin dependent mechanism (Connor et al., 2004). Another form of 
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desensitisation is due to phosphorylation of the opioid receptor by second 

messenger dependent protein kinases such as PKA, PKC and calcium/ calmodulin 

dependent kinase II (Bailey and Connor, 2005, Ferguson, 2001). There are in excess 

of 20 phosphorylation sites on the C terminal region of MOPs (Chavkin et al., 2001). 

Agonists with high efficacy at the MOP, such as DAMGO, have rapid desensitisation 

rates (Alvarez et al., 2002, Bailey et al., 2003). It was initially believed that MOP 

activation by morphine did not result in receptor desensitisation (Alvarez et al., 

2002). However since then it has been shown that morphine does produce 

desensitisation, although to a lesser extent than DAMGO (Bailey et al., 2003, Bailey 

et al., 2004, Bailey et al., 2009b, Dang and Williams, 2005). The differences in 

desensitisation rates observed may be due to phosphorylation of the receptor at 

different phosphorylation sites. It has been suggested that DAMGO and morphine 

evoked desensitisation utilise different mechanisms, with DAMGO initiating a GRK-

dependent mechanism (Bailey et al., 2009b, Johnson et al., 2006)  and morphine 

utilising a PKC mechanism (Bailey et al., 2004, Bailey et al., 2009b). As mentioned 

previously PKC inhibition (Gabra et al., 2008a) and Barr2 knockout (Bohn et al., 2002, 

Bohn et al., 1999) results in negligible morphine tolerance, thus suggesting that 

prevention of receptor desensitisation prevents tolerance development. However, 

morphine-induced tolerance is not inhibited when a GRK inhibitor is applied, but 

DAMGO tolerance is reduced (Hull et al., 2010, Terman et al., 2004).  

 

Receptor internalisation may also participate in tolerance. Once the receptor is 

activated and internalised it can then be targeted for lysosomal degradation or 

recycling back to the cell surface. Internalisation of receptors is not required for 

desensitisation to occur, therefore suggesting, whilst these pathways can share some 

common mechanisms, they also act independently (Williams et al., 2001). However, 

as described previously, agonists at the MOP results in less receptor internalisation 

compared to other receptors. These findings suggest that it may be desensitisation 

that plays a more pivotal role in morphine tolerance (Christie, 2008, Williams et al., 

2001, Williams et al., 2013a). 
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Another mechanism that plays a role in morphine tolerance is increased cAMP levels 

that occur after chronic morphine treatment. Activation of GPCRs that utilise Gi/o 

signalling usually results in a reduction of cAMP levels mediated via adenylyl cyclase 

inhibition (Christie, 2008, Watts and Neve, 2005). The compensatory increase in 

adenylyl cyclase, termed superactivation, has been suggested to be the underlying 

mechanism mediating tolerance and dependence (Koob et al., 1998). 

Phosphorylation of adenylyl cyclase and GRK 2/3 by protein kinases may be involved 

in the observed increase in adenylyl cyclase activity (Zhang et al., 2013a).  

 

Agonist binding to MOPs results in activation of the MAPK/ERK pathway which can 

result in the phosphorylation of CREB (a cellular transcription factor that can up or 

downregulate gene transcription) within the cellular nucleus. This can then result in 

altered gene transcription (Williams et al., 2001). However, MOP gene transcription 

does not appear to be altered by this process as MOP mRNA levels are not 

significantly different following opioid treatment (Christie, 2008). Moreover, MOP 

agonist binding can also affect the transcription of other receptor systems, signalling 

proteins and adenylyl cyclase (Carlezon et al., 2005). 

 

 

1.7.2 The RAVE hypothesis 

As mentioned above opioid receptor internalisation and desensitisation share some 

of the same signalling mechanisms upon opioid receptor activation however the two 

are not directly correlated. One theory as to why some opioid drugs produce greater 

tolerance than others is the RAVE (Relative Activity Versus Endocytosis) theory 

(Whistler et al., 1999). The ability of MOP agonists to promote endocytosis does not 

correlate with their potency or activators of the receptor an example of this is 

morphine. Morphine effectively triggers G protein signalling but is poor at initiating 

receptor endocytosis (Keith et al., 1998, Whistler and von Zastrow, 1998). 

Contrastingly, DAMGO, the selective MOP agonist, produces marked endocytosis 

with a similar ability to trigger G protein mediated signalling (Whistler et al., 1999). 
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It is therefore said that morphine has a higher RAVE value when compared to 

DAMGO. Upon activation by morphine MOPs remain in the membrane where they 

are phosphorylated and undergo desensitisation. Contrastingly, activation by 

DAMGO produces rapid endocytosis. It is thought that this process allows for the 

MOP to be resensitised and returned to the cell membrane (Mollereau et al., 1994). 

It is the prolonged receptor activation that morphine causes that is thought to 

mediate the analgesic tolerance with cAMP super-activation being a cellular marker 

(Finn and Whistler, 2001). It has been shown that when morphine is co administered 

with another agonist for the MOP such as DAMGO or methadone (He et al., 2002, He 

and Whistler, 2005) morphine tolerance is reduced. These findings suggest that when 

the MOP is exposed to an agonist that causes strong endocytosis this alleviates 

morphine tolerance, suggesting internalisation is necessary for MOP resensitisation. 

Endocytosis requires Barr2, yet Barr2-/- mice display less morphine tolerance despite 

a lack of MOP endocytosis (Walwyn et al., 2006). This therefore suggests that 

endocytosis contributes to tolerance as opposed to reducing it as previously 

suggested. As discussed in Section 1.7.1, the process of opioid receptor 

internalisation via endocytosis and desensitisation is incredibly complex, therefore 

the RAVE hypothesis appears to be a far too simplistic model of opioid receptor 

signalling and tolerance development. 

 

 

1.7.3 Biased agonism 

The demonstration of alternative signalling pathways stimulated following receptor 

activation of opioid receptors and other GPCRs has resulted in the concept of biased 

agonism (also termed functional selectivity). Biased agonism describes the ability of 

a ligand to selectively stimulate one signalling pathway in preference to another 

(Kenakin and Miller, 2010, Urban et al., 2007). The most likely explanation of biased 

agonism is that different agonists stabilise distinct active conformations of the GPCR 

(Kahsai et al., 2011), which couple differentially to downstream signalling pathways. 

The barcode hypothesis has been suggested whereby different agonists stimulate 

specific phosphorylation of the C-terminal of the GPCR, resulting in a “barcode” 
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(Butcher et al., 2011). It is hypothesised that this barcode results in downstream 

signalling specific to the bound agonist. 

 

Biased agonism may enable certain agonists to preferentially stimulate G-protein 

signalling or Barr2 recruitment. G-protein signalling can be measured at multiple 

levels, for example at the level of GTP exchange (measured using radiolabelled GTPγS 

binding), at the level of second messenger production (cAMP) or at the level of gene 

transcription resulting in different levels of signal amplification (Mores et al., 2019). 

It has been suggested that to successfully measure ligand bias, G-protein signalling 

and Barr recruitment should be measured in the same cells (Luttrell et al., 2015). 

Assays that are commonly utilised to measure G-protein signalling is by quantifying 

[35S]GTPγS binding or inhibition of cAMP, using,  for example, a cAMP biosensor. 

Agonist induced Barr2 recruitment can be measured using proprietary 

complementation assay (i.e using PathHunter cells from DiscoverX), or 

bioluminescence resonance energy transfer (BRET). The receptor and Barr are tagged 

with complementary sections of the β-galactosidase enzyme or luminescent 

proteins, respectively. These approaches utilise expression systems in which 

recombinant receptors, such as MOPs, are overexpressed, potentially overestimating 

agonist efficacy. This is particularly problematic in the case of cAMP assays, which 

involve amplification of the Gi/o signalling system. Therefore, developing an assay to 

measure Gi activation and Barr2 recruitment in more physiological systems would be 

advantageous.  

 

The concept of biased agonism implies that opioid agonists can be developed that 

target the analgesic effects without developing side effects such as tolerance, opioid-

induced hyperalgesia, respiratory depression and constipation. Recruitment of Barr2 

may result in the unwanted side effects evoked by MOP agonists such as morphine, 

as Barr2-/- mice were reported to exhibit negligible tolerance, respiratory depression 

and constipation (Raehal et al., 2005). However, more recent research suggests that 

Barr2 recruitment is not solely responsible for these detrimental effects of opioids. 
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Barr2 recruitment is still apparent when endomorphin-2 activates MOPs. 

Nevertheless, endomorphin-2 has a more favourable analgesic profile with little 

tolerance/dependence and appears to produce less respiratory depression than 

other agonists (Zadina et al., 2016). This suggests that Barr2 is not solely responsible 

for mediating the undesirable side effects of MOP activation (Rivero et al., 2012). It 

was also shown that endomorphin-2 induced efficient MOP C-terminal 

phosphorylation, similar to that of DAMGO and much higher than that of morphine 

(Rivero et al., 2012). Mutations that abolish C-terminal phosphorylation of the MOP 

result in an inability to recruit arrestin proteins. Administration of morphine to MOP-

/- mice in which MOP receptors engineered to lack C-terminal phosphorylation have 

been introduced, display enhanced analgesia with diminished tolerance, however, 

they still displayed respiratory depression, constipation and opioid withdrawal 

(Kliewer et al., 2019). Together these findings suggest that the unwanted side effects 

of opioids can be dependent or independent of Barr2 recruitment.  

 

There have been attempts to create novel MOP ligands that induce minimal Barr 

recruitment and are devoid of the classic opioid side effects. Manglik et al reported 

the development of a novel MOP agonist, PZM21 (Manglik et al., 2016). PZM21 was 

reported to be a potent Gi-protein activator with minimal Barr2 recruitment. Manglik 

et al demonstrated that administration of PZM21 provided effective analgesia devoid 

of respiratory depression and morphine-like reinforcing activity in mice at equi-

analgesic doses (Manglik et al., 2016).  However, it has since been demonstrated that 

PZM21 does depress respiration in a manner similar to morphine (Hill et al., 2018). 

PZM21 was demonstrated to be a low efficacy MOP agonist for both G-protein and 

Barr2 recruitment (Hill et al., 2018). Together these findings suggest that the 

development of biased agonists may be more complicated than initially anticipated. 
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1.7.4 The role of Barr2 and c- Src in tolerance 

As mentioned previously it has been shown that Barr2 recruitment may play a role in 

morphine tolerance. This has been demonstrated in Barr2-/- mice in which tolerance 

is negligible (Bohn et al., 2000, Bohn et al., 2002, Bohn et al., 1999, Raehal et al., 

2005). As Barr2 is an anchoring protein there is not a way of directly inhibiting it 

despite it potentially being one of the most effective targets to prevent morphine 

tolerance. 

 

As mentioned before, downstream signalling of Barr2 involves phosphorylation of 

the non-receptor tyrosine kinase c-Src. When Barr2 is bound to a GPCR, such as the 

MOP, it can provide a binding site for c-Src (Luttrell and Luttrell, 2004).  c-Src is one 

of 11 tyrosine kinases within the Src family which were initially described for their 

contributing roles in cellular proliferation and differentiation (Parsons and Parsons, 

2004). The Src family is expressed at a high level in brain tissue. Neurones express 

two splice variants of c-Src, known as N1-Src and N2-Src  where their expression is 

exclusively limited to these neurones (Keenan et al., 2015). c-Src has been suggested 

to play a role in membrane trafficking in neuronal cells. This was suggested due to 

the findings that c-Src was located in close proximity to synaptic vesicles and that it 

binds to, but does not phosphorylate,  neuronal vesicular proteins such as α-adaptin 

and synapsin (Foster-Barber and Bishop, 1998).  

 

There is increasing evidence that inhibition of c-Src can alleviate opioid analgesic 

tolerance. When c- Src was inhibited (using specific c-Src inhibitor 3-(4-chlorophenyl) 

1-(1,1-dimethylethyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (PP2)) in WT DRG 

neurones, this caused enhanced constitutive MOP inhibitory coupling to VACCs, also 

observed in Barr2-/- DRG neurones (Walwyn et al., 2007). Later work revealed that 

morphine analgesic tolerance was abolished if morphine was administered 30 

minutes after PP2 (Bull et al., 2017b). This was also achieved using another Src 

inhibitor, dasatinib. Dasatinib is clinically approved to treat leukaemia (Foa et al., 

2011). Bull et al also demonstrated that dasatinib not only prevents the development 
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of tolerance, but also reverses it once developed after several days of morphine 

administration (Bull et al., 2017b). c-Src inhibitors alone had no effect on nociception 

and dasatinib specifically did not influence the dose dependence of analgesia by 

morphine (Bull et al., 2017b). Despite the mounting evidence that c-Src plays a role 

in the development of morphine analgesic tolerance it remains to be determined 

whether c-Src activity is necessary for the expression and/or the development of 

tolerance.  

 

Prior to these findings the non-specific tyrosine kinase inhibitor, imatinib, was shown 

to abolish morphine analgesic tolerance (Wang et al., 2012). It is important to note 

that imatinib had to be modified to allow for it to cross the blood brain barrier (BBB), 

unlike dasatinib (Porkka et al., 2008a) and whilst it is a pan Src family tyrosine kinase 

inhibitor it shows a low affinity for c-Src compared to other kinase targets (Seeliger 

et al., 2007). It was suggested that inhibition of c-Src alters downstream signalling of 

platelet derived growth factor receptor beta (PDGFRβ) (Barone and Courtneidge, 

1995, Tanimoto et al., 2002) and therefore c-Src inhibition may alter tolerance via 

downstream signalling as opposed to a direct receptor effect. However, more recent 

findings (Bull et al., 2017b) suggest that this is due to inhibition of c-Src directly. The 

use of dasatinib in these paradigms is an example of drug repurposing. Drug 

repurposing is now at the forefront of investigation as drugs that are already clinically 

approved may have other uses than treating the medical conditions they were 

initially approved for (Pantziarka et al., 2018).  

 

 

1.8 Opioid-induced hyperalgesia 

Opioid-induced hyperalgesia (OIH) describes a paradoxical increase in pain sensitivity 

during ongoing exposure to opioid drugs. It is thought that hyperalgesia may 

contribute to the loss of opioid efficacy in patients on opioid treatment. The 

mechanism underlying hyperalgesia is not fully understood. It has been suggested 

that the most probable explanation for OIH is alterations in the central glutaminergic 
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system. The ionotropic N-methyl-D-aspartate receptor (NMDAr) is activated by 

glutamate, a major excitatory neurotransmitter. It has been demonstrated that in 

the presence of opioids NMDArs are activated, resulting in multiple signal 

transduction cascades. Inhibition of this process using an NMDAr antagonist results 

in the prevention of tolerance development (Mao et al., 1994, Trujillo and Akil, 1991). 

Another explanation for OIH is that the glutamate transporter system is inhibited, 

therefore resulting in increased glutamate available to NMDArs (Mao et al., 1994). It 

has previously been suggested that hyperalgesia and tolerance to opioids develop in 

parallel, however, there are data that do not support this hypothesis (Trujillo and 

Akil, 1991). Clinically, if a patient is receiving opioids for chronic pain and they are no 

longer receiving analgesia from their current dosing regimen it is possible that this is 

due to opioid tolerance or OIH. If the patients receive an increased does of the opioid 

and again receive analgesia, it is said that the patient was suffering from opioid 

tolerance. However if the patients analgesia worsens from the increased opioid dose 

it should be expected that they have OIH (Colvin et al., 2019). It has also been shown 

that upon administration of MOP agonists endogenous opioids, spinal dynorphins, 

are increased. This therefore results in increased synthesis of excitatory 

neuropeptides and their release upon nociceptive stimulation (Mao et al., 1995, 

Vanderah et al., 2000). Similarly, decreased reuptake of these neuropeptides during 

morphine administration has also been suggested to play a role in OIH (Mao et al., 

2002). More recently it has been suggested that OIH can be a result of a switch in 

MOP coupling from Gi, whereby it results in morphine analgesia, to Gs, leading to 

adenylyl cyclase activation (Wang et al., 2016). In summary, there are many proposed 

mechanisms that give rise to OIH, all of these factors may contribute to mediating 

this side effect of opioids (Colvin et al., 2019). 

 

 

1.9 Mu opioid receptors in the reward pathway 

Opioid receptors are widely expressed in the brain, in particular they are expressed 

in high levels in the cortex, limbic system and midbrain (Le Merrer et al., 2009). 

However, MOPs, DOPs and KOPs are not expressed uniformly throughout the brain 
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regions. MOPs are expressed most highly in the amygdala, thalamus and some 

midbrain nuclei. The DOP is the most abundantly expressed opioid receptor in the 

olfactory tract, the cortices and the amygdala. The KOP is expressed the highest in 

the basal anterior forebrain, striatum, olfactory tubercle, hypothalamus and pituitary 

(Le Merrer et al., 2009).  

 

The mesolimbic dopaminergic system is widely acknowledged to be the major 

neurobiological substrate mediating opioid reinforcement (Bardo, 1998, Di Chiara 

and Imperato, 1988, Shippenberg and Elmer, 1998). As a result, studies have mainly 

focused on the VTA and the nucleus accumbens (NAc). Dopaminergic cells occupy < 

1% of the total brain cell population (Arias-Carrion et al., 2010), 70- 75% of these are 

located within the retrorubal field, substantia nigra pars compacta and the VTA. It 

has been suggested that 70% of the neurones in the VTA are dopaminergic, 30% are 

GABAergic and 2-3% are glutamatergic (Chieng et al., 2011, Ungless and Grace, 2012). 

Dopaminergic neurones originating in the VTA project mainly into the NAc within the 

ventral striatum as well as the pallidum, prefrontal cortex, amygdala and 

hippocampus, therefore forming the mesocorticolimbic dopamine system 

(Korotkova et al., 2004).  

 

MOPs have a crucial role in not only pain management and the effects of exogenous 

opioids, but also in reinforcement of essential activities such as eating, drinking and 

mating behaviours. These behaviours are naturally rewarding (Agmo et al., 1995, 

Glass et al., 1999). MOP and DOP receptor antagonists have been shown to inhibit 

the reinforcing properties of natural rewards, and those of opioid and some non-

opioid drugs (Shippenberg and Elmer, 1998). Agonists at the MOP reduce the 

frequency of GABAergic inhibitory postsynaptic currents in the VTA, resulting in the 

disinhibition of dopaminergic neurones and increasing dopamine release, thus then 

stimulating reward (Matsui et al., 2014). 
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1.10 Psychomotor effects of morphine 

 

1.10.1 Reinforcement  

Conditioned place preference (or aversion) is a Pavlovian behavioural paradigm that 

is an established preclinical model used to study the reinforcing (or aversive) effects 

of drugs (Prus et al., 2009). For this to occur the animal must be able to distinguish 

between the chambers in which they receive the drug and the control substance 

(vehicle). If the animal favours the chamber in which they previously received the 

drug it is said that the drug has reinforcing properties. Self-administration is also an 

experimental method used to evaluate the reinforcing properties of a substance 

(Sanchis-Segura and Spanagel, 2006). WT mice show preference to morphine in the 

CPP apparatus; however, they show aversion to naloxone, neither of which have any 

effects in MOP-/- mice (Skoubis et al., 2001). This therefore suggests that MOPs are 

capable of mediating both the reinforcing and aversive effects of substances (Skoubis 

et al., 2001). It was demonstrated that the VTA plays a major role in mediating this 

type of morphine reinforcement as when morphine is injected directly into the VTA 

reinforcement is observed. However, when the injection site is moved only 2.5mm 

from the VTA no morphine reinforcement can be observed (Philips and LePiane, 

1980). Similarly, rodents will self-administer opioids and other reinforcing drugs into 

the VTA. Rodents self-administer both MOP and DOP receptor agonists in this brain 

region, therefore suggesting that both of these receptors in this brain region play a 

key role in the reinforcing properties of substances (Devine and Wise, 1994).  

 

 

1.10.2 Morphine hyperlocomotion 

Morphine administration to mice results in increased locomotor activity, termed 

hyperlocomotion. The extent of hyperlocomotion observed in mice is strain 

dependent, for example C57BL/6J mice exhibit dose dependent increased in 

hyperlocomotion, whereas DBA/2J mice do not (Brase et al., 1977). Straub tail, 

whereby the tail is held in the air perpendicular to the body, is another behavioural 
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response C57BL/6J mice show in response to morphine administration. Despite first 

being reported in the early 20th century, it was not until 1960 that it was discovered 

that straub tail is a result of opioid action of the sacro-coccygeus dorsalis muscle 

(Bilbey et al., 1960) and involves post synaptic dopamine receptor activation in the 

spinal cord (Hasegawa et al., 1990).  

 

It is thought that morphine hyperlocomotion is mediated by a dopamine D1 receptor 

mechanism, as mice lacking D1 receptors exhibit reduced morphine 

hyperlocomotion (Becker et al., 2001, Urs et al., 2011). Barr2 also plays a role in 

morphine hyperlocomotion as Barr2-/- mice display a reduction in this response to 

morphine when compared to WT mice (Bohn et al., 2003). These findings 

demonstrate that the reinforcing and hyperlocomotive responses to morphine are 

evoked via different mechanisms as, contrastingly, Barr2-/- mice show increased 

morphine preference in the CPP paradigm. Barr1-/- mice do not show a reduction in 

morphine hyperlocomotion, therefore suggesting that mechanisms underlying this 

behavioural effect lie with D1 receptor and Barr2 signalling (Urs et al., 2011).  

 

D1 activation results in Barr2/MAPK complex recruitment. This requires activation of 

mitogen activated protein kinase (MEK) (Sacks, 2006). The MAPK family consists of 

ERK 1, ERK 2, JNK 1, JNK 2, JNK 3, p38 isoforms, ERK 3, ERK 4 and ERK 5. Similar to 

deletion of Barr2, inhibition of MEK also reduces morphine hyperlocomotion in a 

dose dependent manner in WT animals. MEK activity is required for ERK 

phosphorylation in the striatum of the mouse (Beaulieu et al., 2005). Together these 

findings suggest that the D1-Barr2-MEK-ERK signalling pathway is required for 

morphine hyperlocomotion. As mentioned previously Barr2 also signals via c-Src, 

however when the c-Src inhibitor, dasatinib, was administered morphine 

hyperlocomotion was not altered (Bull et al., 2017b). These data suggest that specific 

downstream Barr2 signalling, independent of c-Src, contributes to the locomotor 

effects of morphine (Bull et al., 2017b, Urs et al., 2011).  
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1.11 Stress 

The medical definition of stress: a physical, mental or emotional factor that causes 

bodily or mental tension. The stressors can be external (from the environment, 

psychological, or social interactions) or internal (from illness or mental health). Acute 

stress is commonly experienced throughout life; however, stress can sometimes 

become chronic. In order to maintain essential homeostasis and the maintenance of 

health, as opposed to the development of disease, the body must adapt to stress. 

Unsuccessful adaptations to accommodate stress result in health complications, 

psychiatric diseases being the most commonly acknowledged and widely studied 

(such as depression, anxiety, post-traumatic stress disorder and addiction) (Stout and 

Nemeroff, 1994).    

 

The first medical description of stress was in 1872 by Claude Bernard where he 

declared that stress was a result of “the environment within”. He noted that the body 

is constantly working to maintain a stable, well-balanced internal environment 

(Robinson, 2018). This idea was developed in the early 20th century by another 

physician, Sir William Osler when he reported that the body’s response to 

environmental conditions may have long-term consequences on health. He noted 

that a patient’s general disposition and outlook had an influence on the trajectory of 

disease (Robinson, 2018). World War I gave rise to the term “shell shock” where 

Captain Charles Myers described the condition and the presentation of trauma 

symptoms (such as delayed onset of anaesthesia and bodily pain) when no obvious 

injury or brain lesion could be identified (Robinson, 2018).   

 

Hans Selye is best remembered for his contributions to stress research. He reported 

that there was a consistent three-stage pattern of physiological responses to stress 

that he referred to as general adaptation syndrome, which he later redefined as the 

“stress response”. After investigation he defined stress as “a nonspecific response of 

the body to any demand, characterised by the secretion of glucocorticoids” (Selye, 

1936, Selye, 1937). However, it was later shown that the response to a stressor is not 
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nonspecific, but is in fact a result of specific hormonal responses (Mason, 1971). 

More recently, in an attempt to simplify and consolidate the varying definitions of 

stress it has been split into four essential components, homeostasis, stressor, stress 

and the adaptive response. Stress was then defined as “a state of threatened 

homeostasis” that is rectified by “a complex repertoire of physiological and 

behavioural adaptive responses of the organism” (Chrousos and Harris, 1998b, 

Chrousos and Harris, 1998a). The physiological adaptations that occur in response to 

stress exposure, in order to restore homeostasis, result in short term protection. 

However, these short-term adaptations can be damaging long term. Repeated stress 

exposure can result in stress-related disease, thus giving rise to the allostatic load 

model. This model refers to the effect of chronic exposure to fluctuating and/or 

elevated stress hormone corticotrophin releasing factor (CRF) as a result of repeated 

stressors (McEwen and Seeman, 1999, McEwen and Stellar, 1993).  

 

 

1.12 The stress response 

The hypothalamic-pituitary-adrenal (HPA) axis is a regulatory neuroendocrine 

pathway, which not only supports a variety of other normal physiological functions 

but is also vital in the stress response. An internal or external challenge (stressor) 

stimulates the paraventricular nucleus (PVN) of the hypothalamus via 

communication through first- or second-order neurones. This results in the rapid 

release of CRF from medial parvocellular neurones into the portal circulation (Paull 

and Gibbs, 1983, Swanson, 1982). CRF then binds to CRF receptor 1, which results in 

POMC cleavage into adrenocorticotropic hormone (ACTH) and various other 

peptides that are released from the anterior pituitary into the systemic circulation 

(Smith and Vale, 2006). Once transported to the adrenal cortex, via the blood stream, 

where it binds to the melanocortin type 2 receptors, thus resulting in the secretion 

of glucocorticoids from the zona fasciculata (in humans this is primarily cortisol and 

corticosterone in rodents). The secreted glucocorticoids regulate physiological 

events and inhibit further HPA axis activation (in a negative feedback loop). The HPA 

axis is tightly regulated by negative feedback loops in addition to the excitatory and 
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inhibitory inputs from other brain regions such as the amygdala, hippocampus and 

midbrain (Smith and Vale, 2006). Inadequate or excessive activation of the HPA axis 

may contribute to the development of pathologies (McEwen and Stellar, 1993).  

 

It is not only the hypothalamus that can produce CRF, but other brain regions also, 

such as the amygdala (Dunn et al., 2004). These regions can be stimulated to increase 

CRF production in response to stress too (Koob and Volkow, 2010). Extra-

hypothalamic CRF can also activate the HPA axis, along with its ability to activate the 

sympathetic nervous system. This results in noradrenaline and adrenaline release 

from the adrenal medulla. These hormones are known for preparing the body to cope 

with emergencies, commonly referred to as the “fight or flight” response, raising 

heart rate, causing vasodilation, increasing blood flow and suppressing non-essential 

physiological processes (such as intestinal transit and nutrient absorption) (Brown et 

al., 1982, Koob and Volkow, 2010, Muglia et al., 2001). Extra-hypothalamic CRF has 

been shown to stimulate the mesocorticolombic dopamine system, which plays a 

role in reward processing (see Section 1.9) (Koob and Volkow, 2010).  
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The neurosecretory parvocellular neurons of the PVN secretes CRF into the portal circulation in 
response to stress. CRF binds to CRF type-1 receptors (CRFR1) on corticotropes of the anterior 
pituitary, activating the cyclic adenosine monophosphate (cAMP) pathway. This results in the release 
of ACTH into the systemic circulation. The circulating ACTH binds to the melanocortin type-2 receptors 
(MC2-R) in the adrenal cortex where it induces the synthesis and secretion of glucocorticoids into the 
systemic circulation. The glucocorticoids attempt to restore homeostasis, via a negative feedback loop 
(red dotted lines), in which they bind to the mineralocorticoid and glucocorticoid receptors located in 
the hypothalamus and pituitary. Figure adapted from (Smith and Vale, 2006). Figure Created with 
BioRender. 

 

1.13 Models of early life adversity 

Stress during early life (pre and post-natal) has been of particular interest as any 

alterations in neuronal development during this time can result in altered 

physiological, behavioural and cognitive functions that persist into adulthood (Baram 

et al., 2012, Gunn et al., 2015, Lahdepuro et al., 2019, McEwen, 2003, Targum and 

Nemeroff, 2019). There are many different rodent models that have been used to 

assess early life adversity. Some of these methods involve stressing a pregnant 

female to assess the effects of prenatal stress on offspring (Lemaire et al., 2000). 

Others investigate prenatal stress by injection of synthetic glucocorticoid 

Figure 1.2:A schematic representation of the HPA axis 



40 
 

dexamethasone (Welberg and Seckl, 2001). However, the majority of models used to 

investigate early life adversity focus on the immediate postnatal environment, 

therefore, I will not address prenatal adversity any further.  

 

The care that the pups receive from the dam represents a strong environmental 

influence during the immediate postnatal period and has been demonstrated to be 

crucial for the normal development and maturation of the HPA axis (Flak et al., 2009, 

Gunn et al., 2013, Huang, 2014). Maternal care behaviours such as licking and 

grooming (LG) and arched back nursing (ABN) usually show normal distribution 

across litters from dams providing moderate amounts of care (Francis and Meaney, 

1999, Liu et al., 1997). However, not all dams provide the same level of care to their 

offspring. A small number of dams exhibit a large increase or decrease in the level of 

maternal care they provide. The behaviour of dams that provide more care to their 

offspring has been termed “high care”. Pups raised in this environment display 

decreased levels of hypothalamic CRF mRNA and increased hippocampal 

glucocorticoid receptor (GR) mRNA expression. These factors are accompanied by 

increased sensitivity to glucocorticoid feedback and more modest HPA responses to 

acute stress (Holmes et al., 2005, Liu et al., 1997, Zhang et al., 2013b). The increase 

in hippocampal GR expression was demonstrated to occur within the first post-natal 

week, however, this has a lifelong effect as these rodents had altered levels of 

histone acetylation, DNA methylation, GR expression and HPA axis responses to 

stress later in life (Weaver et al., 2004). It has been suggested that these effects are 

both preventable and reversible as cross fostering pups to a non-stressed dam or 

inhibiting histone deacetylases (HDAC) via localised central infusion of inhibitors 

prevents effects in the offspring in later life (Weaver et al., 2004). Pups that were 

raised with dams that provided low LG/ABN care show increased CRF levels as well 

as increased fear of novelty, decreased open field exploration and a greater latency 

to eat food in a novel environment as adults. Together these findings suggest that 

reduced caregiving to juveniles results in an increased anxiety and fearfulness 

phenotype (Caldji et al., 1998, Francis and Meaney, 1999, Liu et al., 1997). 
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Paradigms that alter maternal care have since been utilised to investigate its effects 

at adulthood. Maternal separation or maternal deprivation paradigms have most 

commonly been used. There are many different variations of maternal separation 

that have been investigated. Maternal separation is achieved by separating the pups 

from dams for short (3-15 minutes) or long (up to 24 hours) periods of time, either 

once or using multiple daily repetitions of separation for a period of 3-14 days (Tan 

et al., 2017). The brief separations (< 15 minutes) in the immediate post-natal 

days/weeks result in increased LG and ABN maternal care behaviour on return of the 

pups (Pryce et al., 2001). The results of this are similar to pups that receive naturally 

occurring “high care” maternal behaviour as they display a decrease in stress 

reactivity in adulthood, reduced hypothalamic CRF expression and increased 

hippocampal GR (Francis and Meaney, 1999, Liu et al., 1997, Sanchez et al., 2001). In 

contrast, pups that were separated from the dam for extended periods of time (such 

as 3 hour intervals) displayed a significant increase in their HPA axis response to acute 

stress, reduced hippocampal GR mRNA expression and increased CRF mRNA 

expression in the PVN (Cirulli et al., 2003, Francis and Meaney, 1999, Schmidt et al., 

2004). Data from these studies have proved invaluable in increasing our 

understanding of the links between early life experiences and its outcomes in later 

life. However, there has been little standardisation of the maternal separation 

paradigm as most differ in separation time, age at separation and weaning, whether 

pups are kept warm during separation and also whether the pups can smell or hear 

the dam (Walker et al., 2017). Separation of the pups not only affects the pups (due 

to separation and handling), but also alters the dams behaviour, which is 

unpredictable and impossible to control (Huot et al., 2004). As a consequence, there 

have been divergent and some contradictory results in the literature, especially when 

observing results obtained from the C57/BL6 strain of mice (Millstein and Holmes, 

2007, Own and Patel, 2013). Given that this is the strain of mice that are utilised to 

generate most transgenic lines a more robust paradigm for investigating early life 

adversity was developed. The limited bedding and nesting paradigm (LB) is a model 

of fragmented care (FC). This is believed to be a more translational paradigm than 

maternal separation as it is reported that in human studies of childhood adversity, 
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including war, famine, neglect and abuse the mother is typically present, but her 

behaviour is abnormal (Walker et al., 2017).  

 

The FC paradigm focuses on disrupting maternal care beyond normal experience, 

with minimal human interaction, primarily induced by limiting the dams access to 

sufficient nesting material (by reducing bedding provided and the introduction of a 

raised grid flooring). The dams and pups are placed into these cages from postnatal 

days 2-9, after which they are then returned to normal unrestricted cages (Rice et al., 

2008). This impoverished cage environment results in the inability to construct a 

satisfactory nest for the pups; as a result, the dam displays increased basal 

corticosterone levels (Ivy et al., 2008). The dam provides shorter bouts of nurturing 

behaviour, which become unpredictable (Ivy et al., 2008, Molet et al., 2016, Rice et 

al., 2008). However, there is little or no change in the overall duration of the maternal 

care, LG and ABN, provided (Ivy et al., 2008, Molet et al., 2016). As a result of 

experiencing FC the pups display increased basal plasma corticosterone levels, which 

is continued into adulthood (Rice et al., 2008). It is suggested that the FC is the main 

source of the stress in the pups, however, changes in thermoregulation due to being 

placed on the raised grid flooring, and/ or feeding patterns may also significantly 

affect the pups (Ivy et al., 2008). Exposure to FC has been demonstrated to have 

lifelong implications in addiction, pain, anxiety, depression and cardiovascular 

diseases (Walker et al., 2017).  

 

 

1.13.1 Early life adversity and pain 

Chronic pain is one of the most common reasons adults seek medical care. It has 

been linked to restrictions in mobility and daily activities, opioid dependence, anxiety 

and depression and a poor perception of health or reduced quality of life (Dahlhamer 

et al., 2018, Gureje et al., 1998, Smith et al., 2001). Exposure to early life adversity or 

trauma (such as child abuse, death of a parent, experience of divorce, famine, 

poverty or natural disasters) is a significant risk factor for developing HPA 
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abnormalities and associated chronic pain syndromes (Anand, 1998). Some of the 

chronic pain syndromes are; irritable bowel syndrome (IBS) (Chitkara et al., 2008, 

Videlock et al., 2009), bladder pain (Chiu et al., 2017) and chronic pelvic pain 

syndrome (Heim et al., 1998, Hu et al., 2007). Individuals from low-income 

households (< 50% of the median monthly household income) show a reduced 

health-related quality of life. This manifests as an increase in bodily pain, general 

health and vitality (Lam et al., 2017). Romanian orphans that have been exposed to 

deprivation display increased DNA methylation in the cytochrome P450 2E1 gene on 

chromosome 10, an area also associated with deprivation-related clinical markers of 

impaired social cognition (Kumsta et al., 2016). Together these findings suggest that 

experiencing early life adversity can alter an individual’s DNA, therefore providing a 

mechanism that gives rise to early-life adversity-associated cognitive impairment, 

altered neurobiological phenotypes, pain sensitivity and future health implications.  

 

Before comparing human and rodent paradigms it is important to consider 

equivalent developmental stages. Humans at 23-32 weeks gestation in several 

respects correspond to rodents at post-natal day (PD) 1-3. At this stage the BBB and 

the immune system are established (Daneman et al., 2010, Engelhardt, 2003, 

Holsapple et al., 2003). The peak brain growth spurt (Bockhorst et al., 2008, Dobbing 

and Sands, 1973) and gliogenesis (the development of astrocytes, oligodendrocytes, 

Schwann cells and microglia) (Kriegstein and Alvarez-Buylla, 2009), as well as 

consolidation of the immune system occurs (Holsapple et al., 2003) in humans at the 

36-40 week gestation period corresponding to PD 7-10 in rodents. The brain reaches 

90-95% of its adult weight in humans at 2-3 years corresponding to PD 20-21 in 

rodents (Dekaban, 1978, Dobbing and Sands, 1973). At this stage there are also 

neurotransmitter and receptor changes in both humans and rodents (Romijn et al., 

1991). Adult maturation of neurotransmitters and synaptic densities occurs at 20 

years in humans and PD 60 in rodents (Huttenlocher, 1979, Romijn et al., 1991). 

Figure 1.3 shows a representative timeline of human and rodent development. The 

average lifespan of a mouse is 2 years with puberty at PD 42 and reproductive 

senescence at approximately 15 months of age in females. Humans have an average 
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life span of 80 years and reach puberty at approximately 11.5 years of age, with 

reproductive senescence at approximately 51 years old in females (Dutta and 

Sengupta, 2016). 

New born rodents are age equivalent to 23-32 gestation week humans. Human new borns are the 
equivalent age of postnatal day (PD) 7-10 rodents. Rodents are weaned from their dams at PD 21-22 
when human equivalents are 2-3 years old. Humans reach adulthood at 20 + years, in rodents this is 
equivalent to PD 60+. (reviewed in (Semple et al., 2013)) Figure Created with BioRender. 

 

 

Suellen Walker’s group was one of the first to bridge the gap in animal and human 

studies of the impact of early life adversity on pain with her investigations in human 

neonates. It was suggested that experiencing pain as a neonate results in a “priming” 

of spinal reflex sensitivity, resulting in hyperalgesia in later life (Beggs et al., 2012). 

Experiencing neonatal pain, due to being born extremely preterm or undergoing 

neonatal surgery was shown to alter nociceptive processing in later life. This was 

replicated in a rodent model whereby neonatal rodents were exposed to repeated 

needle insertion or hind paw incisions which caused alterations in nociceptive 

processing (Walker, 2019). It was also shown that tissue damage during a critical 

period of early life can cause widespread hypoalgesia at baseline followed by an 

Figure 1.3:Comparison of human and rodent development 
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exacerbated degree of hyperalgesia following insult to the same region where the 

tissue damage originally occurred (Walker et al., 2016). These findings are supported 

by others who suggest that experiencing cumulative bouts of childhood adversity 

may be an increased risk factor for developing chronic pain in later life as opposed to 

one adverse event (You et al., 2019). Together these data from both human and 

rodent models strongly suggest that early life experiences alter nociception and the 

susceptibility to chronic pain in adulthood. 

 

Animal models using the LB paradigm indicate that rodents exposed to FC display a 

reduced mechanical nociceptive threshold in skeletal muscle than controls (Green et 

al., 2011). Adult male rats display increased visceral and somatic hypersensitivity 

after FC, however females did not show such differences (Prusator and Greenwood-

Van Meerveld, 2015). Furthermore others report that experiencing juvenile early life 

adversity alters nociception in adult males, however it was shown to not alter female 

nociception unless they were exposed to an additional form of stress at adulthood 

(Prusator and Greenwood-Van Meerveld, 2016). These findings suggest that 

experiencing adversity as a juvenile results in altered whole body pain sensitivity and 

this phenomenon may display sex differences.  

 

The endogenous opioid system plays a role in pain perception, therefore the altered 

pain states due to experiencing early life adversity may be mediated by alterations in 

the endogenous opioid system. As discussed in Section 1.1, opioids remain the most 

effective drugs for managing pain. It has been suggested that there is a correlation 

of chronic pain and low-income population (Newman et al., 2017). Furthermore, it 

was demonstrated that opioids were prescribed at higher rates in regions 

experiencing the greatest deprivation (Torrance et al., 2018). Drug-related hospital 

statistics state that in 2015/16 opioid misuse was also associated with areas suffering 

from deprivation. It is important to consider that early life adversity may be a 

contributing factor for these outcomes.  
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1.13.2 Early life adversity and addiction  

It is widely reported in the literature that individuals who have experienced early life 

adversity have increased risk of substance misuse and relapse following drug 

abstinence (Messina et al., 2008, Teixeira et al., 2017, Van Dam et al., 2014). 

Furthermore, children exposed to multiple stressful life events have increased risk 

for developing alcohol dependence compared to children that have not experienced 

any form of adversity (Pilowsky et al., 2009). However, contrasting to reports for early 

life adversity and pain, emotional abuse has a stronger association with alcohol and 

cocaine misuse and relapse in women than it does for men (Hyman et al., 2006, 

Hyman et al., 2008). Studies investigating addiction in this manner rely on patients 

remembering their childhood adversity which introduces bias. Moreover, all 

adversity is unique to an individual therefore animal models have been utilised to 

control variability and investigate the mechanisms at play for increased susceptibility 

to drug misuse.  

 

Prior to discussing animal models of adversity and addiction it is important to 

acknowledge methods such as CPP require the ability of the animal to associate a 

substance with the context in which it is received. Similarly, self-administration of a 

substance requires the animal to associate lever pressing with the substance 

administered. Therefore, these paradigms require some form of learning. Cognitive 

performance has been shown to be impaired in animals that have experienced FC 

(Arp et al., 2016, Baram et al., 2012, Brunson et al., 2005, Naninck et al., 2015, Rice 

et al., 2008). Experimental procedures utilising cognitive performance may show 

greater variability in mice that have experienced FC than controls due to the altered 

cognitive performance of these mice.  

 

Anhedonia, defined as a lack of pleasure derived from otherwise enjoyable activities, 

is impoverished by experiencing FC (Molet et al., 2016). This was demonstrated for 

sucrose and chocolate reward (Bolton et al., 2018, Molet et al., 2016). When cocaine 

was investigated in FC animals it was found that lower doses of cocaine were self-
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administered (Bolton et al., 2018). Cocaine administration in FC animals also causes 

a greater increase in hyperlocomotion compared to controls (Mitchell et al., 2018). 

As mentioned previously hyperlocomotion is mediated via D1 receptors, FC animals 

administered cocaine have increased hyperlocomotion without exhibiting increased 

cocaine reinforcement. These findings suggest that FC mice may have altered drug 

seeking behaviour without alterations in the hedonic effects of cocaine. These factors 

may contribute to substance misuse in humans that have experienced early life 

adversity. There has yet to be any literature published investigating opioid effects in 

the FC paradigm.  

 

 

1.14 Epigenetics and early life adversity 

The term epigenetics was developed in the early 1940s, defined as “the branch of 

biology which studies the causal interactions between genes and their products 

which bring the phenotype into being” (Waddington, 1968, Waddington, 2012). It is 

now known as the study of heritable changes in gene expression that does not alter 

the underlying DNA sequence, thus resulting in a change in phenotype but not 

genotype. This is principally mediated through altered DNA methylation and 

chromatin structure (Bale, 2015). Such modifications occur both in pre- and postnatal 

periods where they regulate the neurodevelopment process and the ability to 

reprogram the epigenome in response to environmental challenges (Bale, 2015, 

Vialou et al., 2013). It has been widely demonstrated that drug abuse in adult male 

animals results in their progeny displaying altered behaviour despite being drug naïve 

due to epigenetic alterations. Epigenetic traits can be passed onto the offspring via 

epigenetic alterations in the germline. This has been demonstrated for cocaine, 

cannabinoids, opioids and nicotine (Vassoler et al., 2014).  

 

Epigenetic mechanisms have been suggested to play a role in not only mediating 

aspects of stress-associated alterations, such as cognitive impairment, but also in the 

maintenance of these effects despite the stressor no longer being present (Bagot et 
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al., 2014, Lemaire et al., 2000, Wong et al., 2011). Epigenetic modifications have been 

demonstrated to play a role in the development of addiction. Adult male rats derived 

from male sires that were trained to self-administer cocaine displayed delayed 

acquisition and reduced maintenance of cocaine self-administration in contrast to 

their female littermates and control males (Vassoler et al., 2013b). This suggests 

offspring of rats that have been exposed to cocaine give rise to cocaine resilient male 

offspring and that cocaine may have decreased hedonic effects in these animals. 

These males were shown to have increased brain-derived neurotrophic factor (BDNF) 

(a factor involved in growth and differentiation of neurones) mRNA and protein 

within the medial prefrontal cortex and greater association of acetylated histone H3 

within the BDNF promoter region. Moreover, the sperm extracted from the sires 

exhibited an increase in acetylated histone H3 within the BDNF promoter region, 

therefore suggesting that self-administration of cocaine resulted in epigenetic 

reprogramming of the germline (Vassoler et al., 2013b). Female adolescent rats (PD 

30) exposed to a cannabinoid agonist (WIN-55,212) for a period of 3 days give rise to 

male offspring that have increased morphine preference, and increased MOP gene 

expression in the nucleus accumbens. These findings are observed despite the dam 

not receiving the cannabinoid agonist when mated at adulthood, therefore juvenile 

exposure to cannabinoid agonists have life-long affects (Byrnes et al., 2012, Vassoler 

et al., 2013a). Together these data suggest that females also undergo DNA epigenetic 

changes in the germline that are passed onto the offspring. Similarly, female 

adolescent rats exposed to morphine give rise to male offspring that display 

significantly increased morphine CPP, decreased MOP gene expression in the VTA 

and increased expression in the nucleus accumbens (Vassoler et al., 2016).  

 

It has been shown that opioid receptor gene expression can be altered by epigenetic 

modification. When the promotor regions of MOPs or DOPs are hypermethylated this 

leads to gene silencing. Conversely, hypomethylation results in gene activation 

(Hsieh, 1994, Wei and Loh, 2011). Therefore, epigenetic modifications in the 

promotor regions of both MOPs and DOPs alter their expression profile (Hwang et 

al., 2007). KOP gene expression is altered via chromatin restructuring (Wei and Loh, 
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2011). It has been demonstrated that opioid use during pregnancy results in offspring 

that have alterations in pre and post-synaptic activity, altered opioid analgesia and 

reward related behaviours, also demonstrating impairment of hippocampal-based 

learning, in addition to alterations of the immune response (Gilardi et al., 2018). The 

mechanisms that underpin these effects are currently unknown. 

 

A combined mouse stress model of unpredictable maternal separation and 

unpredictable maternal stress resulted in adult offspring that displayed anxiolytic 

and depressive behaviour phenotypes in behavioural tests (such as the elevated plus 

maze, light dark box and forced swim test) in comparison to control mice. These mice 

also displayed altered glucose metabolism and microRNA (miRNA) expression in the 

sperm, serum and hippocampus. When sperm was extracted from these male 

animals and injected into a control oocyte the importance of these miRNA alterations 

were discovered. The offspring of these fertilised oocytes displayed the same 

behaviour as the previously stressed males, with a more enhanced alteration in 

glucose metabolism (Gapp et al., 2014). It has been suggested that stress-associated 

epigenetic alterations may be linked to nutrition. Stress in the dam (like that 

observed in FC) during the lactation period was demonstrated to alter macro and 

micro-nutrient intake, including dietary methyl donors. This can alter epigenetic 

processes and gene expression resulting in alterations in hippocampal structure and 

cognition (Lucassen et al., 2013). It is currently unknown whether epigenetic 

alterations occur in the pain pathway due to experiencing FC.  
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1.15 Aims and hypotheses   

The literature reviewed in this introduction suggests that early life adversity causes 

an increased risk of developing chronic pain. Our working hypotheses is that 

individuals that have been exposed to early life adversity have increased risk of 

developing chronic pain and have altered responses to opioids in the form of either 

their analgesic or reinforcing effects, Therefore the first aim of this project was to 

investigate nociception in mice that have experienced FC. Having established that 

mice exposed to FC exhibit an altered response to nociceptive pain, the second aim 

was to investigate whether FC alters the analgesic and/or reinforcing properties of 

the prototypical opioid analgesic, morphine. The third aim of the project was to 

determine whether the effects of FC on pain and morphine analgesia are influenced 

by mu receptor expression, beta-arrestin2 and/or c-Src activity. 
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Chapter 2 : Methods 
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2.1 Breeding and housing of mice 

Animal procedures were performed in accordance with Home Office guidelines. All 

procedures were also approved by the local ethics board and the Dundee University 

Named Veterinary Surgeon. All animals were maintained on a 12-hour light/dark 

cycle (8 am – 8 pm) at constant temperature (19-21oC) and provided with ad libitum 

access to food. All experiments were performed in the light phase. 

 

MOP-/- mice were first generated by Dr Brigitte Kieffer’s lab in 1996 (Matthes et al., 

1996), they disrupted the Oprm1 gene utilising a technique called homologous 

recombination. This involved the insertion of a neomycin resistant cassette into Exon 2 

of the gene and was performed on embryonic stem cells from the 129/Sv mouse line. 

Continued breeding was performed with C57BL/6J mice and the mice are now available 

fully backcrossed onto C57BL/6J background from Jackson Labs (stock number 007559). 

To generate MOP+/- mice we bred WT C57BL/6 females with MOP-/- males from 2 – 6 

months of age.  

 

The BAR2-/- mice were initially developed by Dr Robert Lefkowitz’s lab in 1999. These 

mice were created by utilising a homologous recombination technique targeting 

Exon 2 of the β-arrestin 2 gene on Chromosome 11. These mice were again created 

using embryonic stem cells from the mouse line 129/Sv and further breeding and 

backcrossing performed on the C57BL/6J background (Bohn et al., 1999). These mice 

are also available from Jackson Labs stock number 011130. To maintain this line we 

bred Barr2-/- males and females from 2-6 months of age. Mice were genotyped by 

Transnetyx (Cordova, TN, USA). 

 

2.2 Behavioural Studies 

Mice were handled and habituated to the room where the tests were to take place 

for three days prior to commencement of experiments. The room temperature was 

maintained between 19 and 21°C and all experiments took place during daytime 

hours. In every case drug doses were calculated using the individual body weights of 
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each animal. The maximum volume administered in a single injection was 200 μL. 

Groups of mice were made up of equal numbers of males and females where 

possible. Mice were used from 8 weeks of age at the time of their participation in the 

behavioural tasks and for DNA methylation studies. At the end of each experimental 

protocol mice were killed using a schedule one method. Mice at PD 10-11 were used 

for RNA analysis and dorsal root ganglion extraction (DRG). Genotypes of mice used 

were WT, Barr2-/- and MOP+/-. 

 

 

2.3 Assessing morphine analgesia and tolerance 

In order to assess morphine analgesia a hot water tail withdrawal assay was utilised. 

To do this an electronic thermostatic circulating water bath (Thermostatic circulator 

bath Optima general purpose digital +5°C to 100°C, 12 L stainless steel tank Fisher 

Scientific) that maintained the temperature within ± 0.1 °C of that set was used. For 

this assay the water temperature was set to 48oC. In all cases a baseline tail 

withdrawal measurement was obtained prior to the commencement of the 

experiment. This was done for a maximum of 15 seconds, as it is during 

experimentation, to avoid any tail damage. If the mouse did not withdraw its tail 

before the allocated time, then it was removed by the experimenter. To allow for the 

immersion of the tail (approximately 3 cm from the tip) the mouse was gently 

restrained in a red transparent plastic tube. The tube featured as a factor of 

environmental enrichment in their cages from weaning age. The mice were 

habituated to this mild form of restraint during the 3 days of handling. With the 

exception of the tail immersion itself the mice remained in their home cages 

throughout the entire experimentation. 

 

To investigate analgesic dose response mice were treated with cumulative doses of 

morphine sulphate (Sigma) of 0.1, 0.3, 1, 3, 10, 30 and 100 mg/Kg, administered in 

30-minute intervals. Morphine was diluted in 0.9% NaCl to make stock 

concentrations allowing for the correct dose/volume of the drug to be administered. 
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These solutions were prepared in an aseptic environment and filtered using a 0.2 μm 

syringe filter prior to use. Morphine solutions were administered subcutaneously 

(SC) into the scruff of the neck. Thirty minutes after each morphine dose the tail 

withdrawal assay was performed. Results were calculated as a percentage of 

maximal possible effect (MPE: % MPE = 100*((drug latency – basal latency) / (15 s – 

basal latency))). Once a mouse reached the 15 second maximum it received no 

further doses of drug. In these studies morphine naive mice underwent a first dose 

response (termed day 1) followed by 8 days of repeated morphine dosing to 

investigate tolerance development (methods for which are described below), then 

finally received a second dose response (on day 10). Figure 2.1 depicts the paradigm 

used to study the WT and Barr2-/- genotypes.  

 

 

 

MOP +/- mice are known for their rapid development of tolerance to morphine (Bull 

et al., 2017) therefore when investigating tolerance development, the time frame 

was different compared to the other genotypes. MOP+/- mice underwent a dose 

response on day 1; they then received 10 mg/kg S.C morphine for a further 3 days.  

 

For experiments involving c-Src inhibition, the drug dasatinib was used. Dasatinib was 

dissolved in DMSO to a stock concentration of 50 mg/ml for use at a final 

concentration of 1 mg/ml. It was administered via intraperitoneal injection (IP) at 5 

mg/kg in a final solution consisting of 2% DMSO and 2 % Kolliphor in 0.9 % saline. The 

matched vehicle injection consisted of the same constituents without the active 

drug. 

Figure 2.1: Timeline of analgesia and tolerance testing in WT and Barr2-/- mice 
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2.4 Psychomotor testing: Locomotor activation and CPP 

In order to investigate reinforcement a 2-chambered conditioned place preference 

set up was utilised. One chamber consisted of black and white horizontal stripes, the 

other had black and white vertical stripes. The floor material was the same in both 

chambers (1 cm square wire grid). The directionality of the grid material differs 

depending on its orientation. Therefore, the direction of the grid matched the 

directionality of the stripes in each room. Each compartment measured 28 x 28 cm 

and was 19 cm high, the 2 compartments were contained in an operant box. The 

boxes were sex assigned for all experiments therefore they were only ever used for 

one sex throughout. The boxes are sound proofed, allow for constant controlled light 

at approximately 70 lumens and are temperature regulated in a range of 21-23oC. 

Animals were habituated to handling 3 days prior to the commencement of 

experimentation. Day 1 of experimentation consisted of habituating the animals to 

the testing environment. Animals were allowed free access to both chambers within 

the operant box for 15 minutes. The time spent in each chamber and the distance 

they travelled was recorded using CCTV cameras connected to a PC and analysed 

using AnyMaze software. The software analysed the animals’ behaviour via tracking 

a point fixed on the mid-point of each mouse’s body. 

A 

B C 

Figure 2.2 CPP apparatus set up  
An operant box (A) contains 2 CPP boxes, each box has a camera positioned directly above to monitor 
the movement and location of the mouse (B). Chambers of the CPP apparatus are distinctly decorated, 
one with vertical black and white stripes the other with horizontal black and white stripes. 
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Habituation allowed for the determination of whether an animal had a natural 

preference for either of the chambers. The animals were then counterbalanced, and 

equal numbers were assigned to either the horizontal or vertical chamber in which 

they would receive a SC injection of 0.9% saline (volume equivalent to that required 

for subsequent administration of 10 mg/kg morphine) for the following 3 day 

conditioning period. Approximately 3 hours later mice received 10 mg/kg morphine 

sulphate in the opposite chamber from that of the saline. After each injection mice 

were confined to the corresponding chamber for a period of 30 minutes. The distance 

that they travelled in this time was tracked using AnyMaze software. In between 

injections mice were placed back into their home cages. The mice were then tested 

on day 5 of experimentation. This involved the mice being placed into the chambers 

with free access between both for a period of 15 minutes. During this period their 

time in each chamber was recorded, these times were compared to generate 

preference scores. Time spent in the saline paired chamber was subtracted from the 

time spent in the morphine paired chamber to determine the preference score. The 

timeline for these studies is displayed below in Figure 2.2. 

 

 

 

2.5 Fragmented care paradigm 

The paradigm of fragmented maternal care (FC), as previously described (Gunn et al. 

2013), was used in the investigation. Breeding pairs were monitored visually every 

12 hours for signs indicating pregnancy (e.g. plugs), upon which the male breeding 

partner was removed. The female was subsequently monitored every 12 hours for 

the birth of pups (on average 21-28 days after breeders were paired). The day of birth 

was designated PD 0, dams were then left undisturbed until PD 2 where they were 

then assigned to a control or FC group. Only litters with a maximum of 8 pups and 

minimum of 4 were used in this paradigm. Therefore, if the number of pups born 

Figure 2.3 Timeline of CPP and morphine induced hyperlocomotion studies  
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exceeded 8 the litters were reduced accordingly. Control dams and pups were 

housed in opaque cages with 650ml of standard sawdust bedding and a 5 cm x 5 cm 

square of nesting material (DBM Scotland, West Lothian), which is shredded by the 

dam. FC dams were housed in the same opaque cage containing a raised (2.5 cm) 

fine gauge (50 mm) steel mesh platform, with the standard amount of saw dust 

below the grid to prevent any ammonia build up. The FC dams were provided with 

only two thirds of the nesting material, which was again left for the dam to shred. 

For both control and FC groups, the dam-pup interactions were recorded three times 

daily (08:00, 15:00, 20:00) for 30 minutes, from PD 3 to PD 9, using a timer and red 

lamp (for use in the 12-hour dark period), allowing the experimenter to leave the 

room, therefore minimising disturbance to the dam and pups. Apart from the 

changing of the video SD card, the dam and pups were left undisturbed. After the 

final video recording on PD 9, all pups were weighed before being returned to control 

cages containing standard bedding material (5 x 5 cm nestlet square). Pups remained 

with dams under normal husbandry until weaning at PD 24, except for when weight 

was monitored at PD 22. Once weaned, pups were left to mature, with weight being 

recorded at 2 months.  

 

EchoMRI utilises a nuclear magnetic resonance method for measuring masses of fat, 

lean tissues and total body water in the whole body of a live animal, without the need 

for sedation or anaesthesia. EchoMRI scanning was performed on WT animals to 

determine percentages of lean and fat mass. Mice were weighed then placed in a 

glass cylinder tube, which was inserted into the MRI analyser (Echo MRITM, Echo 

Medical Systems). Three separate scans were recorded for each mouse Each of the 

three scans provided a lean and fat mass value, which were averaged and calculated 

as a percentage of total body mass. Food intake analysis was performed in WT mice 

at 2 months of age. This was achieved by measuring the weight of the food in the 

cage at the same time every day  
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The videos were recorded on a dash-cam (iN-CAR CAM, Nextbase), analysed using 

DATAKAM software at 2 x speed, with the number of dam sorties (number of times 

the dam leaves the nest) and the position of the dam with regard to the nest (i.e. 

inside nest, outside nest or a mixture of both) annotated every other minute, giving 

rise to 1 minute epochs of data. For published characterisation of this paradigm see 

Gunn et al., 2013. 

 

 

2.6 Gene expression analysis 

 

2.6.1 Tissue acquisition and homogenisation 

Mice aged PD 10 – 11 were culled via cervical dislocation followed by immediate 

decapitation. Brains were then taken from the animals and dissected into the 

following brain regions; prefrontal cortex, cerebellum, hippocampus, thalamic axis 

(hypothalamus and thalamus) and the midbrain, using the Allen brain atlas for 

reference. Spinal cord and DRGs were also extracted from the mice at this time 

following the protocol by Sleigh et al., 2016. The tissue was snap frozen in liquid 

nitrogen. Homogenisation occurred in glass homogenisers using the entire brain 

region in 500 ml of Tri-reagent. 

 

 

2.6.2 RNA extraction 

Samples were defrosted on ice and 200 μl chloroform per 1 ml of Tri-reagent was 

added. The samples were shaken vigorously for 15 seconds and left to stand at room 

temperature for 15 minutes prior to centrifuging at 12,000 rpm at 4oC for 15 minutes. 

The colourless aqueous phase (containing RNA) was transferred into a fresh 

correspondingly labelled tube where 500 μl of isopropanol was added. Once inverted 

and left to stand at room temperature for 10 minutes the samples were centrifuged 

at 12,000 rpm at 4oC for 10 minutes. The supernatant was carefully removed avoiding 

possible sites of RNA deposition. 1 ml of 75% ethanol was added and vortexed to 
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wash the RNA prior to centrifuging at 12,000 rpm at 4oC for 5 minutes. The ethanol 

was removed, and the RNA was left to air dry in a fume hood for 7.5 minutes. The 

RNA was re-suspended in 30 μl of  nuclease free water and a gentle mixing by pipette 

any remaining RNA was dissolved by incubation at 55 - 60 o C for 15 minutes. RNA 

purity and concentrations were obtained using a Nanodrop 8000® 

spectrophotometer.  

 

 

2.6.3 cDNA Synthesis  

1 ng of total RNA was used for first-strand cDNA synthesis using Superscript II 

(Invitrogen). 1 μl of 3 μg/μl random primers and 1 μl of 10 mM deoxyribonucleotide 

triphosphate (dNTP) mixture was added to the RNA and the total volume made up to 

13 μl with nuclease free water. The samples were incubated at 65oC for 5 minutes 

and briefly chilled on ice. 4 μl of 5x First-Strand Buffer and 2 μl of 0.1 M 

dichlorodiphenyltrichloroethane (DDT) were added to each sample and mixed by 

pipetting. These were left to stand at room temperature for 2 minutes prior to the 

addition of 1 μl of 200 u/μl Superscript II reverse transcriptase (RT). The sample was 

mixed again by pipetting and incubated at 42oC for 50 minutes. A final incubation at 

70oC for 15 minutes was required for the denaturation of the reaction, followed by a 

dilution with 180 μl of nuclease free water to a final cDNA concentration of 12.5 ng.  

 

 

2.6.4 Real-time PCR (TaqMan®) and Gene Expression  

Quantitative PCR involved the amplification of 2.5 μl (12.5 ng) of cDNA, using assay-

on-demand premixed TaqMan® primers and probes, listed below (Applied 

Biosystems) and TaqMan® Gene Expression Mastermix to a final volume of 20 μl 

(relative volumes of primers/probes: cDNA: water: master mix; 1 μl: 2.5 μl: 6.5 μl: 10 

μl, respectively). The PCR was performed on an applied Biosystems QuantStudio 7 

Flex machine and data were acquired using the QuantStudioTM Real-Time PCR 

Software v 1.3. Data was analysed using the ΔΔCT method. 
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2.6.5 Primer List  

Primers for gene expression analysis were purchased from Life Technologies and are 

as follows; Glyceraldehyde 3- phosphate dehydrogenase (GAPDH - 

Mm99999915_g1), Beta arrestin 2 (Barr2 - Mm00520666_g1), c–Src 

(Mm00432757_g1), Mu opioid receptor (MOP - Mm01188089_m1), Delta opioid 

receptor (DOP - Mm01180757_m1), Kappa opioid receptor (KOP - 

Mm01230885_m1), Leptin receptor (LEPr - Mm00440181_m1), Pro-

opiomelanocortin (POMC - Mm00435874_m1), Proenkephalin (PENK - 

Mm01212875_m1) 

 

 

2.7 DNA methylation analysis  

 

2.7.1 CpG island identification, PCR and bisulfite sequencing 

We used MethPrimer software to identify possible 5'—C—phosphate—G—3' (CpG) 

islands and to design specific bisulfite PCR primers. In order to select a region of the 

gene to investigate DNA methylation a region of 300 – 2000 base pairs (bp) with > 

50% CpG islands was identified in each gene of interest POMC, DOP and MOP. The 

primers used to amplify the bisulfite-treated DNA were: forward 5-

TGTGGGGAGATGGTAGTTTAG -3 and reverse 5- ACACCCTCACTAACCCTTCTTA -3 for 

POMC, forward 5- TGGTTTTTTTTGAGTTTGAAAT -3 and reverse 5-  

CTCACAAAAACTAAACCTTCAATT -3 for DOP, forward 5- 

AAATTAATTTGATTGTAGTTTTGAA -3 and reverse 5-TAAACAATCRCCATCATAA-3 for 

MOP (Fisher Scientific). 

 

Hippocampal and midbrain tissue from male animals (> 2 months of age) was 

homogenised via sonication, utilising the Quick-DNA Microprep plus kit (zymo 

research). PCR was then performed under the following conditions: initial 

denaturation at 95°C (3 min), 35 cycles of 95°C (30 s), 57°C for 30 s, and 72°C (60 s), 



61 
 

and a final extension step at 72°C for 6 min. The PCR products were purified using a 

PCR Purification Kit (zymo research (quick-DNA Microprep plus kit). 

 

DNA bisulfite conversion was performed using the epigenetics company 5-mc DNA 

ELISA kit (zymo research). This resulted in any non-methylated cytosines within the 

DNA to be converted to uracil. DNA products were separated on a 2% agarose gel for 

bisulfite converted DNA (U) and unconverted DNA (M) to ensure conversion had 

occurred representative data shown in figure 2.6.1. A reduction in the band intensity 

of the bisulfite converted DNA (U) is due to DNA methylation as the PCR primer no 

longer recognises uracil in place of cytosine, resulting in only the methylated DNA 

being detected. Therefore, the band present in the bisulfite converted DNA lane (U) 

represents the proportion of DNA that is methylated, compared to the unconverted 

lane (M). 

 

Methylation in PCR products (PP) from bisulfite converted DNA (U) and unconverted DNA (M) in 
control group A) and fragmented care group B) PCR products were separated on a 2% agarose gel. 
Representative figure of one sample per treatment group. 

 

 

 

Figure 2.4: Confirmation of bisulfite conversion 
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Once successful bisulfite conversion was confirmed DNA was sequenced using an ABI 

3100 DNA sequencer (MRC PPU DNA Sequencing and Services, Dundee, UK). The 

products were sequenced in both directions using both primers for each PCR product 

(POMC, MOP and DOP). The chromatograms for each of the PCR products were 

exported into raw data files where the peak height for each nucleotide is given for 

each position (utilising Chromas software). Complete conversion of unmethylated 

cytosine to thymidine was confirmed as all cytosines from non-CpG sites were 

converted to thymidine. We identified unmethylated, methylated, and incompletely 

methylated CpG sites. The latter sites were identified using the raw data files where, 

while the sequence for the wild-type DNA was unequivocally determined, the 

bisulfite-modified DNA PCR products presented mixed signals for C and T nucleotides, 

which indicated that in a given sample, a certain CpG site was methylated on some 

strands but not on others. For each site in a given sample, we used a modified 

qualitative scoring system as used in (Xu et al., 2001) to assess the extent of cytosine 

methylation (methylation index) described by (Hamilton et al., 2005) : 100 if 

completely methylated (T relative peak height 25% of the C peak height), 50 for sites 

with mixed signals (T relative peak height 25% of the C peak, and 0 for unmethylated 

sites (C relative peak height 25% of the T peak height). Data were generated with 

help from Dr Oualid Abboussi.  
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2.8 Dorsal root ganglion neurone culture and electrophysiological analysis 

Juvenile C57BL/6J mice (post-natal day 7-11) were used for dorsal root ganglion 

(DRG) neurone culture. Mice were culled via cervical dislocation prior to DRG 

extraction. Upon removal DRGs were placed into Ca2+ and Mg2+ free Hank’s Balanced 

Salt Solution (HBSS, Invitrogen) on ice. Cells collected were then enzymatically 

dissociated (utilising 4 mg/ml collagenase type I, 4.6 mg/ml dispase and 40 units/ml 

papain (all Sigma)) followed by tituration using a fire polished glass pipette. Neurones 

were then plated onto coverslips (13 mm diameter) previously coated in poly-D-

lysine and laminin (both Sigma) overnight housed in 35 mm cell culture dishes 

(Walwyn et al., 2007). Culture media consisted of Dulbecco’s modified Eagle medium 

(DMEM)/F-12 nutrient mixture (Invitrogen), 10% heat inactivated foetal bovine 

serum (FBS) (Invitrogen) penicillin (100 µg/ml) and streptomycin (100 units/ml, 

Invitrogen) and nerve growth factor (NGF, 50 ng/ml, Life Technologies). Cells were 

maintained at 37oC at 5 % CO2. An average of 12 dishes of DRG neurones were 

obtained per mouse, n numbers were generated from 3 separate cultures of each 

treatment group. 

 

 

2.8.1 Electrophysiological recording of VDCC activity 

VDCC activity was recorded from cultured DRG neurones using the whole-cell patch-

clamp technique. The external solution contained 130 mM tetraethylammonium 

chloride, 10 mM CaCl2, 5 mM HEPES, 25 mM D-glucose, and 0.25 mM tetrodotoxin, 

pH 7.2. Recording electrodes contained 105 mM CsCl, 40 mM HEPES, 5 mM D-

glucose, 2.5 mM MgCl2, 10 mM EGTA, 2 mM Mg2+-ATP, and 0.5 mM Na+-GTP, pH 7.2. 

No compensation was made for the cancellation of liquid junction potential. Voltage 

steps from -80 to 10 mV for 80 ms at 25-s intervals were used to activate Ca2+ 

currents. Currents were low-pass-filtered at 2 kHz and digitized at 10 kHz. Neurones 

were rapidly and continuously superfused with external solution. Once the whole cell 

configuration was achieved and no rundown was observed visually 10 mM morphine 

sulphate was bath applied with extracellular solution until maximum inhibition was 

achieved. Current amplitude was analysed pre and post morphine application for 
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control and FC animals using Clampfit, with representative traces made using 

Sigmaplot. 

 

2.9 Statistics and data handling  

Where sex differences were observed the data are split and labelled appropriately. 

Where there were no sex differences (p > 0.05) the data are grouped and analysed 

together. Data are represented as mean ± SEM in all line graphs apart from in the tail 

flick assays where the data are displayed as MPE, these graphs are displayed as 

median and interquartile ranges. Box and whisker plots are also used where “+” 

represents the mean and whiskers represent the 5th – 95th percentiles. The graph 

plots and statistical analysis were performed using GraphPad Prism 5 software. 

Statistical significance (p < 0.05) was determined either by Students t test (paired or 

unpaired as appropriate) or by analysis of variance (ANOVA) (one or two way as 

appropriate), with the relevant post hoc test. 
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Chapter 3 : Establishing the fragmented care paradigm
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3.1 Introduction 

To characterise the effects of early life adversity on pain resilience and responses to 

opioid analgesics later in life, we established a model of fragmented maternal care 

using a limited bedding paradigm (LB). The LB paradigm is a well characterised model 

of early life adversity. The paradigm consists of placing the dam and pups into a cage 

containing LB and, in the case of these studies, a raised metal grid floor. The animals 

receive 2/3 of a square nestlet to tear up and use as bedding, as opposed to control 

cages that receive a full square nestlet and a sawdust floor. The lack of sawdust and 

restricted access to bedding material results in the dam not being able to construct 

a well-structured nest. The dams and pups are exposed to these conditions from 

post-natal day (PD) 2 to PD 9. These conditions lead to significant alterations in the 

pattern of care that the pups receive. Although it has been demonstrated that there 

is no overall change in the duration of maternal care that the pups receive, including 

licking and grooming forms of nursing, the care itself is of a fragmented nature (Ivy 

et al., 2008, Molet et al., 2014, Rice et al., 2008). The form of care the pups receive is 

episodic nurturing behaviour. In the case of FC, each episode is shorter than that of 

pups that are not in a LB cage. Nurturing is also interrupted and unpredictable (Baram 

et al., 2012, Gunn et al., 2013, Rice et al., 2008). It has been suggested that the 

behaviours that the LB paradigm generate are hallmarks of neglect and abuse 

(Whipple and Webster-Stratton, 1991). It is important to consider that FC may result 

in altered feeding patterns and disrupted thermoregulation.  

 

Utilising the LB paradigm to generate FC not only results in immediate behavioural 

change in the dam and pups but also a developmental effect. Upon removal from the 

FC cage pups weigh 35% less than those that have been in control cages (Rice et al., 

2008). Others have also shown that mice that have experienced FC have reduced 

body weights at PD 9, PD 18-24 and PD 60 (Gunn et al., 2013). Rats that have 

experienced FC also have lower body weights as adults than those that have not 

experienced FC. Maniam et al showed that rats that have experienced FC neither 

have alterations in % body white adipose tissue, nor muscle mass. Furthermore, rats 

exposed to FC did not have altered food intake and had improved blood glucose 
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clearance when administered a glucose bolus (Maniam et al., 2015). We therefore 

characterised the mouse model of FC further, to ensure our model was consistent 

with previous sortie and dam-pup interaction findings and to examine effects on 

body weight and composition and food intake.  

 

We used β arrestin 2 KO (Barr2-/-) and MOP heterozygous KO mice (MOP+/-) in 

studies investigating whether β-arrestin 2 and/or MOPs are required for the 

behavioural effects of FC (Chapter 4). In the experiments that follow we established 

the effect of LB on maternal care of neonatal WT, Barr2-/- and heterozygous MOP+/- 

mice. We also examined the impact of FC on body weight and explored body 

composition and food intake.   
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3.2 Generation of fragmented care 

 

3.2.1 Control and FC sorties in WT and Barr2-/- dams 

The degree of fragmentation of care can be established by recording sorties made by 

the dam out of the nest. Data were recorded by a dash cam and a sortie was 

established in the recordings by observing the dam leaving the nest containing the 

pups (see Chapter 2). Figure 3.1A and B show that WT dams with WT pups in LB cages 

had significantly increased numbers of sorties compared to those in control cages. 

This occurred every day the animals were observed (from PD 3-PD 8) in the LB cage 

(FC F1,70 = 36.31, interaction F5,70 = 0.46, time F5,70 = 0.97, p < 0.0001 Figure 3.1A). 

Figure 3.1B shows the total number of dam sorties over the 6-day period. Dams in 

the FC cages displayed approximately 3.5 times greater (p < 0.0001, t- test) number 

of total sorties, (117.9 ± 13.2, n = 7), compared to control dam sorties (32.44 ± 6.9, n 

= 9). 

 

WT dams with heterozygous MOP+/- offspring also displayed increased sortie 

numbers when in the LB cages. They showed increased sorties on PD 5 and 7 

compared to control dams (FC F5,30 = 15.65, interaction F5,30 = 0.65, time F1,30 = 0.35, 

p = 0.0075, Figure 3.1C). Total sortie numbers were approximately 5-fold higher in 

dams that were in the FC cage when compared to those in controls (p = 0.007, t-test, 

Figure 3.1D). There was an average total of 17.3 ± 7.4 (n = 4) sorties by control dams 

compared to 86.3 ± 15.9 (n = 4) sorties by LB dams. 

 

Similarly, Barr2-/- dams with Barr2-/- pups also had increased sortie numbers when 

placed into the LB cage. However, unlike the WT dams the increase was not 

significant on all days, but only on PD 3, 4 and 8 (FC F5,30 = 232.0, interaction F5,30 = 

1.56, time F1,30 = 1.57, p < 0.001, Figure 3.1E). Nevertheless, the total average sortie 

number was over 4-fold greater (p < 0.0001, t-test) in dams that were in LB cages 

compared to those in control cages (Figure 3.1F). There was an average total of 25.5 
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± 5.1 (n = 4) sorties by control Barr2-/- dams compared to 112.0 ± 2.5 (n = 4) sorties 

by LB Barr2-/- dams. 
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Sorties were counted over the PD 3-8 and totalled over the entire period for each experimental cage. 
A) LB resulted in an increased number of sorties by the dams on every day of recording compared to 
dams in control cages (FC F1,70 = 36.31, interaction F5,70 = 0.46, time F5,70 = 0.97, p < 0.0001, n = 9 
and 7 litters, control and FC respectively). B) LB caused significantly increased average total sorties 
over the total time period due to the LB paradigm, (p < 0.001, t-test, n = 9 and 7 litters, control and LB 
respectively). C) The LB paradigm resulted in WT dams with MOP+/- pups having significantly 
increased sortie numbers than the control dams, these were significantly different overall and 
different on PD days 5 and 7 (FC F5,30 = 15.65, interaction F5,30 = 0.65, time F1,30 = 0.35, p = 0.0075, 
n = 4 litters for each group). D) Average total sortie numbers were significantly increased over the 6-
day period in FC dams compared to controls (p < 0.01, t-test, n = 4 litters for both). E) Barr2-/- animals 
display significantly increased sortie numbers on postnatal days 3, 4 and 8 compared to controls (FC 
F5,30 = 232.0, interaction F5,30 = 1.56, time F1,30 = 1.57, p < 0.001 n = 4 litters, control and FC.  F) 
Total sorties were significantly increased over the total period due to the LB paradigm, (p < 0.001, t-
test, n = 4 litters, control and FC). Control and LB in black and red respectively. Data are displayed as 
either line graphs displaying the mean and SEM or box and whisker graphs where means are 
represented with “+”, and whiskers represent 5th – 95th percentiles. All sortie analysis was performed 
using a 2-way repeated measures ANOVA with a post hoc Bonferroni test (for line graphs) or t-test 
(for box and whisker plots) * p < 0.05, ** p < 0.01, *** p < 0.001 

 

  

Figure 3.1: Number of sorties in WT, Barr2-/- and MOP+/- control and FC mice 
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3.2.2 Control and FC dam-pup interaction time in WT and Barr2-/- dams 

Having established that LB caused fragmented care I then went on to examine the 

total dam-pup interaction time. Dam-pup interaction time is how much time the dam 

spends in the nest interacting with the pups. WT dams with WT pups in the FC 

paradigm do not show any difference in the time they spend interacting with the 

pups when compared to those under control conditions. There was no difference any 

day of the paradigm (FC F1,70 = < 0.001, interaction F5,70 = 2.06, time F5,70 = 0.78, p = 

0.61, p = 0.61, 2-way repeated measures ANOVA post hoc Bonferoni) or in the time 

spent with the pups in total (p = 0.97, t-test) between control dams with 187 ± 7.6 

mins (n = 9) interaction time and FC dams with 186.9 ± 9.2 mins (n = 7) interaction 

time (Figure 3.2A and B). 

 

Similarly, WT dams also did not show any differences in time spent interacting with 

MOP+/- pups during the FC paradigm. This was the case on each day of the recording 

period (FC F5,30 = 15.90, interaction F5,30 = 1.38, time F1,30 = 0.78, p = 0.57, 2-way 

repeated measures ANOVA) (Figure 3.2C) and over the total time (p = 0.97, t-test). 

Control dams and FC dams spent 179.5 ± 2.0 mins (n = 4) and 203.3 ± 11.7 mins (n = 

4), respectively, interacting with their pups (Figure 3.2D).  

 

There were also no differences in dam-pup interaction time by day (FC F5,18 = 2.92, 

interaction F5,18 = 0.63, time F1,18 = 1.52, p = 0.10, 2-way repeated measures ANOVA), 

or in total (p = 0.36, t-test), when recordings of Barr2-/- dams were observed in the 

FC paradigm (Figure 3.2E and F). The average times spent interacting with pups for 

control dams and FC dams were 201.7 ± 18.2 mins (n = 4) and 181.2 ± 9.3 mins (n = 

4), respectively.  
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Dam-pup interaction time was measured daily on PD 3-8 and totaled over the entire period for each 
experimental cage. A) Fragmented care paradigm does not alter the dam pup interaction time on any 
day in WT mice (FC F1,70 = < 0.001, interaction F5,70 = 2.06, time F5,70 = 0.78, p = 0.61, n = 9 and 7 litters, 
control and FC respectively). B) Total interaction time was not altered due to the fragmented care 
paradigm (p = 0.97, t-test, n = 9 and 7 litters, control and FC respectively). C) The FC paradigm did not 
alter the dam pup interaction on any day (FC F5,30 = 15.90, interaction F5,30 = 1.38, time F1,30 = 0.78, p 
= 0.57, n = 4 litters for both). D) Total interaction time over the 6-day period was not altered by the 
FC paradigm (p = 0.97, t-test, n = 4 litters for both). E) Fragmented care does not significantly alter 
dam-pup interaction time on any day in Barr2-/- mice (FC F5,18 = 2.92, interaction F5,18 = 0.63, time F1,18 
= 1.52, p = 0.10, n = 4 litters for control and FC). F) Total interaction time was not altered due to the 
paradigm (p = 0.36, t-test, n = 4 litters, control and FC). Data are displayed as box and whisker graphs 
where means are represented with “+”, and whiskers represent 5th – 95th percentiles.  All dam- pup 
interaction time analysis was performed using a 2-way repeated measures ANOVA with a post hoc 
Bonferroni test. 

 

 

  

Figure 3.2: Dam-pup interaction time in WT, Barr2-/- and MOP+/- mice 
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3.2.3 Developmental differences in WT mice exposed to FC  

There was no difference in average body weights of pups placed in either control or 

LB cages at PD 2 (1.6 ± 0.1 g, 1.7 ± 0.04 g, n = 11 and 8 control and FC, respectively). 

After exposure to either the control or LB cage PD 9 mice on average weighed 4.4 ± 

0.3 g and 3.0 ± 0.2 g, respectively, p = 0.0007 t-test. Panel insert i in Figure 3.3 shows 

the developmental difference between control and FC pups at PD 9 (top and bottom, 

respectively). At PD 22 there was no difference in body weights of control or FC mice 

(p = 0.1), which were 7.6 ± 0.5 g and 6.6 ± 0.3 g, respectively. However, at PD 60 FC 

pups were on average lighter than controls (control 22.6 ± 0.5 g and FC 20.6 ± 0.4, p 

= 0.01, t-test). Panel ii of Figure 3.3 shows that when the body weights of the litters 

were split into males and females the difference in body weights was only observed 

in males. The average control male body weight was 24.7 ± 0.2 g (n = 20) and those 

that had experienced FC weighed 22.6 ± 0.4 g (n = 15), p < 0.0001, t-test. There was 

no significant difference between the body weights of female control and FC mice (p 

= 0.09), which were 19.5 ± 0.3 g and 18.6 ± 0.4 g (n = 20 and 16), respectively. Both 

the male control and FC mice weighed significantly more than female control and FC 

mice (p < 0.0001). Panel iii of Figure 3.3 shows a representative image of a PD 60 

male control and a FC mouse (top and bottom, respectively).  

 

Cumulative food intake analysis demonstrated that control males consume more 

than control females, this is statistically significant from day 5 (p < 0.01). It also shows 

that male mice exposed to FC eat significantly less food by day 7 (p < 0.005) compared 

to control males (Figure 3.4A). The panel insert in Figure 3.4A shows a box and 

whisker graph of cumulative food intake values after 16 days of analysis. By day 16 

male mice exposed to FC ate significantly less than control males; on average they 

ate 57.2 ± 1.5 g and 67.4 ± 1.8 g, respectively (p = 0.004, t-test, n = 5 and 4 

respectively). The cumulative food intake of female control and FC mice did not 

differ, on average they ate 54.4 ± 0.8 g and 52.9 ± 0.8 g, respectively (p = 0.25, t-test, 

n = 5 and 4, respectively). Control females ate significantly less than the control males 

(p < 0.0001, t-test), however, FC male and FC female food intake did not differ 
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significantly (p = 0.06, t-test). However, it is likely that additional subjects would 

expose a significantly lower intake of FC females than FC males. 

 

Body composition analysis showed that there were no differences in percentage of 

total body fat mass due to FC. Control and FC males had on average 5.9 ± 0.3% and 

6.0 ± 0.2%, (p = 0.93, n = 6 and 4, respectively) total body fat. Control and FC females 

had 8.9 ± 0.7% and 9.5 ± 1.1%, (p = 0.70, n = 7 and 4, respectively) total body fat 

(Figure 3.4B). Both control and FC females had significantly more total body fat than 

the equivalent males (p < 0.0001). Total average percentage of lean body mass was 

not altered in the control or FC male mice, they had on average 86.4 ± 0.3% and 86.1 

± 0.3% lean mass (p = 0.46, n = 6 and 4, respectively). Similarly, lean mass was also 

not altered between control and FC females with 81.9 ± 0.3% and 82.5 ± 1.1% average 

lean masses, respectively (p = 0.63, n = 7 and 4, respectively) (Figure 3.4C). Both 

control and FC females had significantly less percentage of total lean body mass 

compared to their male littermates (2-way ANOVA p < 0.0001).  
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Figure 3.3: Body weight analysis for WT control and FC mice 
Grouped sex FC mice were significantly lighter than the controls at PD 9, p < 0.0001, t-test. Panel insert 
i shows control and FC images of PD 9 mice (top and bottom respectively). FC litters were significantly 
lighter than that of the controls at PD 60, p = 0.01, n = 8 and 11 cages respectively. When these data 
are sex split the FC males are significantly lighter than the controls p < 0.0001, n = 15 and 22 
respectively. Control and FC females did not differ in body weights at PD 60, p = 0.09, n = 19 and 16 
respectively. Both control and FC females were significantly lighter than their male littermates, p < 
0.0001 (panel insert ii) * represents p < 0.05 compared to control male, # represents p < 0.05 
compared to FC male. Panel insert iii depicts the representative PD 60 body sizes of both control and 
FC males (top and bottom respectively). Data are displayed as box and whisker graphs where means 
are represented with “+”, and whiskers represent 5th – 95th percentiles. Students t test * p < 0.05 was 
used 

  

Control 

FC 
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A) Cumulative food intake was measured in control and FC males and females. At day 16 FC males had 
a significantly reduced food intake compared to controls p = 0.004, n = 5 and 4 respectively. No 
differences were observed between control and FC females (p = 0.25, n = 5 and 4 respectively). Control 
males ate significantly more than control females, p = 0.0002, however FC male and female food 
intake did not differ p = 0.06. B) Body composition analysis was performed using the EchoMRI scanner. 
Fat mass as a percentage of total body mass, females had increased adiposity in both control and FC 
animals, p < 0.0001. No significant differences were present between male or female control and FC 
groups, p = 0.93 and p = 0.7, respectively. C) Lean mass as a percentage of total body mass, females 
had reduced lean mass in both control and FC animals, p < 0.0001. No significant differences were 
present between male or female control and FC groups, p = 0.46 and p = 0.63 respectively. Data are 
displayed as box and whisker graphs where means are represented with “+”, and whiskers represent 
5th – 95th percentiles. T-tests were performed on control and FC males n = 6 and 4 respectively and 
control and FC females n = 7 and 4 respectively. * p < 0.001 compared to control males. 

Figure 3.4: The impact of FC on food intake and body composition 
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3.2.4 Body weight analysis of control and FC MOP+/- and Barr2-/- mice 

MOP+/- pups that were placed into control or FC cages did not differ in body weights 

on PD 2 (p = 0.34, t-test, n = 3 and 4 respectively) (Figure 3.5A). Pups that were placed 

into control cages on average weighed 1.6 ± 0.2 g and those being placed into an FC 

cage weighed 1.9 ± 0.3 g. At PD 9 FC pups were significantly lighter than controls (p 

= 0.049, t-test), with average body weights of 3.1 ± 0.4 g and 4.7 ± 0.5 g respectively. 

At PD 22 there were no differences in either control or FC animals (p = 0.13, t-test), 

on average they weighed 7.6 ± 0.6 g and 5.9 ± 0.6 g, respectively. At PD 60 there were 

no significant differences between control (n = 18) and FC (n = 16) body weights (p = 

0.67, t-test), with litters of each weighing on average 21.9 ± 0.6 g and 22.3 ± 0.8 g, 

respectively. When PD 60 animals were sex split there was no difference (p = 0.92, t-

test) between male control (n = 9) and FC (n = 11) mice with average body weights 

of 23.9 ± 0.6 g and 23.8 ± 0.5 g, respectively. There were also no differences (p = 0.23, 

t-test) between female control (n = 9) and FC (n = 5) body weights with averages of 

19.8 ± 0.2 g and 18.8 ± 1.1 g, respectively. However, females were significantly lighter 

than their male littermates for control and FC animals (p < 0.0001, t-test).   

 

Figure 3.5B shows that when Barr2-/- pups were placed into either the control (n = 

4) or FC (n = 4) cages, at PD 2, they did not differ in mean body weights (p = 0.77, t-

test); on average controls weighed 1.7 ± 0.1 g and FC pups weighed 1.7 ± 0.1 g. After 

being placed in the FC cage for 7 days pups (PD 9) weighed significantly less (p = 

0.0003, t-test) than those that had been in control cages. The mean body weights 

control pups were 4.6 ± 0.2 g, whilst those of FC pups were 2.9 ± 0.1 g. At PD 22 FC 

Barr2-/- offspring weighed less than controls (p = 0.02, t-test). Control animals 

weighed on average 8.1 ± 0.5 g, with FC pups weighing 6.3 ± 0.2 g. At PD 60 there 

were no significant differences between control and FC mean body weights (p = 0.14, 

t-test), with controls and FC mice having average body weights of 22.2 ± 0.5 g and 

20.6 ± 0.9 g, respectively. When PD 60 body weights were sex split there were no 

differences (p = 0.09, t-test) between control (n = 16) and FC males (n = 9). Control 

and FC males had average body weights of 23.8 ± 0.5 g and 22.4 ± 0.7 g, respectively. 

There was also no difference (p = 0.45, t-test) between control (n = 11) and FC (n = 7) 
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females. Control and FC females had average body weights of 19.6 ± 0.3 g and 19.2 ± 

0.5 g, respectively. Control females had significantly lower body weights than the 

control males (p < 0.0001, t-test). Similarly, FC females had significantly lower body 

weights than the FC males (p = 0.003, t-test) 
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A) FC mice (n = 4) were significantly lighter than controls (n = 3) at PD9 in MOP+/- mice, p = 0.049, t-
test. There were no other differences at PD22 or PD60, p = 0.13 and p = 0.67, respectively, t-test. Panel 
insert demonstrates that there were no differences between control (n = 9) and FC (n = 11) males p = 
0.92, t-test. There were also no significant differences between control (n = 9) and FC females (n = 5), 
p = 0.23, t-test. Control and FC females were significantly lighter than their male littermates’, p < 
0.0001, for both t-test. B) Barr2 -/- FC mice are significantly lighter than control mice at PD9 & PD22, 
p < 0.001 and p = 0.02 respectively, t-test, n = 4 for both. There were no differences at PD 60 between 
control or FC litters, p = 0.14, t-test. Panel insert shows that there were no differences between control 
(n = 19) and FC (n = 9) males, p = 0.09, t-test. There were also no differences between control (n = 11) 
and FC (n = 7) females, p = 0.45, t-test. Control females were significantly lighter than their male 
littermates, p < 0.0001, t-test. FC females were also lighter than their male littermates, p = 0.003, t-
test. Controls are shown in black and FC in red. Data are displayed as box and whisker graphs where 
means are represented with “+”, and whiskers represent 5th – 95th percentiles. * p < 0.05, compared 
to control males. 

  

Figure 3.5: Body weight analysis of Barr2 -/- and MOP+/- control and FC mice 
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3.3 Discussion 

The LB model results in fragmented care that in humans may be similar to that 

experienced by the offspring of mothers suffering from depression, anxiety and drug 

abuse (Baram et al., 2012, Walker et al., 2017, Whipple and Webster-Stratton, 1991). 

We have demonstrated that utilising the LB model increased dam sortie numbers 

without altering total dam-pup interaction time. These observations are in keeping 

with previous findings (Heun-Johnson and Levitt, 2016, Ivy et al., 2008, Rice et al., 

2008). This not only occurred in WT animals with WT offspring but also occurred 

when the caregiver was genetically modified with a homozygous Barr2-/- mutation, 

and the pups were also of this genotype. This was also the case when we observed 

WT care givers with genetically modified offspring, in this case MOP+/-. From this we 

can determine that dam behaviour on days 3-8 of the FC paradigm developed by Rice 

et al., (2008) is not altered by depletion of either β arrestin2 (in the dams and pups) 

or MOPs (in the pups).  

 

WT animals that have experienced FC show reduced body weights at PD 9, this 

occurred across all genotypes investigated. The image of both control and FC PD 9 

mice demonstrates the developmental differences between the two groups. FC mice 

have blunted development over all, smaller in size, shorter tails and less fur growth 

compared to controls. This has been shown before in Sprague Dawley rats, which 

exhibit reduced body weights after FC. It has been suggested that this is associated 

with lower nutritional intake due to the FC care the pups receive. This was 

demonstrated through reduced blood glucose to levels more comparable with those 

of younger control rats (Kuznetsov et al., 2011, Moussaoui et al., 2016). It was 

recently discovered that FC alters the micronutrient (B6, B12, B9 and folic acid) 

availability in C57Bl/6J mice and this may also play a contributing role to the reduced 

body weight we observed (Naninck et al., 2017).  

 

Nutrient availability can alter the gut microbiome (Valdes et al., 2018). It has been 

suggested that exposure to FC alters intestinal microbiota, this may be due to a lack 
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of nutrient availability in the dams milk. The intestinal microbiota during the neonatal 

period is extremely important as bacterial colonization occurs and promotes the 

development of healthy digestion and immune function (Turner, 2009). Rats (PD 14) 

exposed to FC display a decreased faecal microbial diversity in the form of reduced 

fibre-degrading and mucus-resident microbes (Moussaoui et al., 2017). These results 

suggest that our mice may have altered gut microbiota as a result of FC and this may 

contribute to altered body weights. 

 

WT FC litters at PD 60 are significantly lighter than control litters. When this is sex 

split the difference in body weight is greater between the control and FC males, and 

female cohorts do not differ. This is not consistent with the literature as it has been 

reported that body weight changes exist until PD 22 but disappear by PD 60 (Naninck 

et al., 2015, Yam et al., 2017). While mice exposed to FC had similar body weights 

compared to controls at PD 180, their body compositions differed (Yam et al., 2017). 

Both males and females exposed to FC had a reduction in body fat mass compared 

to controls. However, when challenged with a western style diet, FC mice 

accumulated more fat mass than controls (Yam et al., 2017). Leptin, a hormone 

produced by adipose tissue to regulate feeding behaviour, signals via the leptin 

receptor to downregulate feeding behaviour. Yam et al found that leptin receptor 

gene expression was down regulated in the choroid plexus, but unaltered in the 

hippocampus of these mice. This therefore suggests that the FC paradigm may alter 

feeding behaviour due to impaired leptin signalling.  

 

EchoMRI did not reveal any differences in fat or lean body mass in FC mice compared 

to control mice. FC mice appear slightly smaller and have smaller tail lengths 

compared to controls. It has been suggested that LB results in reduced tail length and 

increased organ weights and increased experimental variability due to cold stress. 

(Freymann et al., 2017). 
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We also performed food intake analysis to determine whether differences in body 

weights were due to feeding behaviour of FC mice. We showed that FC male animals 

consume significantly less, over a 16-day period, than control males. However, as 

mentioned previously, these mice did not show any differences in their body 

composition. These data taken together suggest that FC males are consuming 

enough to maintain their metabolic needs and their metabolic needs may be less 

than those of control male mice. 

 

Barr2-/- mice exposed to FC exhibit body weight differences at PD 9 and PD22 but 

not at PD 60. These findings are similar to those obtained from rats in this paradigm 

of FC (Molet et al., 2016). MOP+/- mice showed body weight differences at only PD 

9 after being exposed to FC. It is possible that, with increased n numbers, there may 

also be body weight differences between the groups at PD 22. We did not investigate 

food intake or body composition in Barr2-/- or MOP+/- mice, however, in future it 

would be of interest to investigate these aspects further as It is also known that MOPs 

play a role in feeding behaviour.  

 

It was first shown in 1979 that naloxone could suppress eating and drinking 

behaviour in rats that had been deprived of food for 48 hours and water for 12 hours 

(Holtzman, 1979). Since then it has been shown that naloxone can reduce binge 

eating behaviour in rats (Barbano and Cador, 2006, Bodnar et al., 1995). Similarly, 

injection of morphine into the ventral tegmental area (VTA) results in increased 

feeding and taste reactivity of food (Pecina and Berridge, 2000). Our results show a 

decrease of food intake in the FC males, this may be due to a decrease in MOPs 

resulting in the food being less palatable or less desirable. However, we do not see 

any alterations in fat mass in these animals suggesting that they are not in a food 

deficit. Barr2 has also been shown to play a role in metabolic signalling, by enhancing 

insulin signalling via reduced insulin mediated receptor degradation (Lefkowitz et al., 

2006, Usui et al., 2004). Moreover, it has recently been shown that knocking out, 

Barr2 in adipose tissue results in an obese resistant mouse when faced with a calorie 
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surplus (Pydi et al., 2019). Together these data suggest that alterations of Barr2 gene 

expression may alter the metabolic phenotype of the mouse. Barr2-/- mice show 

reduced body weights compared to WT animals (Robins et al., 2018). Our FC male 

mice show a further reduction in body weight; therefore, it may be possible that 

Barr2 expression is altered due to FC and therefore plays a role in body weight 

analysis. Changes in gene expression caused by FC will be described in Chapter 6. 
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Chapter 4 : The effects of fragmented care on pain, morphine 

analgesia and tolerance
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4.1 Introduction 

It is now widely acknowledged that early life adversity in the form of maternal death, 

residing in care and financial hardship results in increased chronic widespread pain 

at adulthood (Jones et al., 2009). Also, individuals that report a history of childhood 

violence have increased prevalence of pain conditions at adulthood (McLaughlin et 

al., 2016). Due to findings such as these it has been suggested that incidence of stress 

or adversity at a young age can result in sensitisation to pain in later life (You and 

Meagher, 2016). Further investigation has occurred in rodent models. Incision of the 

hind paws of rats during the first week of life results in a greater degree of 

hyperalgesia following repeated incision 2 weeks later (Walker et al., 2009). 

However, if the initial incision was at 10, 21 or 40 days of age there were no 

differences between single and repeat incision groups. The first postnatal week may 

represent a critical period in the development of pain sensing (Walker et al., 2009). 

Other forms of early life adversity such as FC increase visceral pain at adulthood (Guo 

et al., 2015). We therefore investigated whether experiencing FC during the first 

postnatal week alters pain responses in our mouse model. 

 

Morphine analgesia occurs via activation of MOPs. Mice lacking MOPs (MOP-/-) do 

not exhibit analgesia after morphine administration. Mice with 50% MOP expression 

(MOP+/-) show a markedly reduced opioid analgesic potency compared to those with 

100% receptor expression (Matthes et al., 1996, Sora et al., 1997, Bull et al., 2017b). 

These findings were demonstrated using the tail withdrawal and hot plate assay. 

Several stimuli cause nociceptive responses including noxious heating and cooling, as 

well as mechanical and chemical stimuli. The tail withdrawal method is also used with 

different variations; for example, withdrawal from radiant heat or from tail 

immersion. The mechanical threshold for withdrawal established using Von Frey 

filaments is also a reproducible method of determining morphine evoked analgesia 

(Mogil and Crager, 2004).  
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In these studies, we chose to measure tail withdrawal from hot water. This behaviour 

is thought to be primarily a spinal reflex and therefore establishes analgesia 

mediated at the peripheral and/or spinal level (Kieffer, 1999). It is a simple, 

inexpensive and reproducible method for measuring opioid analgesia (Barrot, 2012). 

However, animals must be restrained in this assay which may contribute to stress 

induced analgesia. Contrastingly, the hot plate assay measures supraspinal reflexes 

and does not require the animal to be restrained. However, both methods can 

generate false results due to learned behaviour of the animal (Deuis et al., 2017, 

Espejo and Mir, 1994, Gamble and Milne, 1989). In order to try and combat the 

restraint disadvantage of the tail withdrawal assay we utilised the plastic tube that 

was already in the cages with the animals after weaning as part of the environmental 

enrichment. We habituated the animal to being placed into the tube, to which it was 

already familiar, while the mouse sat on the experimenter’s hand with its tail held 

loosely between the fingers, enabling it to be placed into the hot water. Habituation 

occurred for 3 days prior to the start of the experiment. Tail withdrawal can also be 

affected by the ambient temperature of the room (Hole and Tjolsen, 1993); therefore 

we maintain the room temperature at 20 ± 2oC. The tail was only immersed for a 

maximum of 15 seconds before it was manually removed by the experimenter to 

prevent tail damage.  

 

Nociceptors are a collection of peripheral nerve fibres that are responsible for 

detecting nociceptive stimuli. The cell bodies of nociceptors are located in the dorsal 

root ganglia (DRG), a single process emerges from this and bifurcates sending a 

peripheral axon to innervate the skin and a central axon to synapse on second order 

neurones in the dorsal horn of the spinal cord (Basbaum et al., 2009). Binding of 

opioids to MOPs on primary afferent nociceptor DRG neurones results in activation 

of inhibitory G proteins leading to, among other actions (see Chapter 1) inhibition of 

Ca2+ entry via voltage-activated Ca2+ calcium channels (VACCs). The opioid-evoked 

reduction in the activity of presynaptic VACCs contributes to inhibition of excitatory 

neurotransmission in the pain pathway (Al-Hasani and Bruchas, 2011). 
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Different strains of mice, such as C57BL/6J, Swiss Webster (SW) and Institute for 

Cancer Research stock (ICR) have different analgesic responses to morphine and tail 

withdrawal measurements (Brase et al., 1977, Mogil et al., 1999). It was 

demonstrated that C57BL/6J mice are most sensitive to tail immersion. The 

genetically modified mice used in these studies are backcrossed over many 

generations to the C57BL/6J genetic background to allow for comparison between 

these and control populations of C57BL/6J mice. There is some evidence that there 

are sex differences in basal tail withdrawal latencies in C57BL/6J mice, with males 

having increased latency times compared to females (Kest et al., 1999b, Bull et al., 

2017b). However, others have demonstrated that juvenile females display increased 

basal tail withdrawal latencies compared to males (Sternberg et al., 2004). Due to the 

possibility that male and female nociception and analgesia are different we utilised 

both sexes where possible to ensure our findings were relevant to the entire 

population. 

 

Nociceptive and analgesic differences are not only present between the sexes and 

mouse strains but also differ in genetically modified animals in the opioid receptor 

signalling pathway. As discussed previously, MOPs internalise resulting in 

degradation or recycling in the presence of an agonist they also internalise 

constitutively when Barr2 is knocked out or c-Src, a tyrosine kinase, is inhibited 

(Walwyn et al., 2007). These data suggest that Barr2 and c- Src act constitutively to 

recruit MOPs in these neurones. Barr2-/- mice do not appear to have any adverse 

effects, however they do not develop tolerance to opioid analgesia (Bohn et al., 2000, 

Bohn et al., 2002, Bohn et al., 1999, Walwyn et al., 2007). Basal tail latency 

measurements in Barr2-/- mice show that they also have increased latencies 

compared to Barr2+/+ mice. This effect can be inhibited by inverse agonists but no 

neutral antagonists, therefore, suggesting Barr2-/- mice have upregulated 

constitutive MOP activity resulting in hypoalgesia (Lam et al., 2011). 

Electrophysiological experiments reveal constitutive MOP coupling to VACCs in 

primary afferent neurones in Barr2-/- mice (Walwyn et al., 2007).  
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Our previous data demonstrate that Barr2-/- mice do not develop analgesic tolerance 

to 10 mg/kg morphine. Similarly, when dasatinib was administered to WT mice 30 

minutes prior to morphine, over a 10-day period, mice did not develop tolerance to 

morphine. These data suggest that dasatinib can prevent morphine analgesic 

tolerance. Furthermore, dasatinib significantly reversed tolerance to morphine that 

had already been established (Bull et al., 2017b).  

 

Dasatinib is a tyrosine kinase inhibitor that is clinically approved for the treatment of 

leukaemia. It has the ability to cross the blood brain barrier without alterations to its 

pharmacology or structure and acts to inhibit Src family kinases (Porkka et al., 2008b). 

Dasatinib is a potent c-Src inhibitor that is usually administered orally, however its 

oral bioavailability is considered to be low, at only 14-34%. Once administered 

dasatinib reaches a peak blood plasma concentration between 30 minutes and 3 

hours with serum protein binding > 90% (Kamath et al., 2008). When observing oral 

or intraperitoneal (IP) dosing there are no significant differences in brain 

concentrations between 10 mg/kg administered orally or 5 mg/kg administered via 

IP injection after a period of 6 hours (Lagas et al., 2009). It is important to reduce as 

much stress as possible during experimentation as when investigating analgesia, 

stress–analgesia can occur and therefore alter the results observed (Irwin et al., 

1951a). To repeatedly administer a drug via oral gavage causes more stress and 

possible side effects than IP injection (Turner et al., 2011), therefore dasatinib was 

administered by IP injection to achieve a dose of 5 mg/kg.  

 

We utilised the tail withdrawal assay from 48oC water to examine basal tail latency 

measurements from control and FC mice to determine basal analgesia. Morphine 

dose responses in these animals were also evaluated on morphine naïve mice and 

mice that had developed morphine tolerance, to determine whether FC alters 

morphine potency. Repeated daily administrations of 10 mg/kg morphine were given 

to determine whether FC altered the rate or extent to which mice developed 

tolerance to morphine. We propose that FC affects resilience to pain, morphine 
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analgesia, hyperalgesia and tolerance. Anticipating that FC affects these processes, 

we will use mice deficient in MOPs and beta-arr2 and inhibitors of Src to explore the 

possible participation of these proteins. 

 

We also set out to investigate whether the reversal of morphine tolerance by 

administering dasatinib can occur when tolerance has developed to a greater extent 

(60% analgesia by 10 mg/kg morphine compared to 30% analgesia achieved in prior 

experiments) and also whether this reversal can be maintained. We performed 

preliminary experiments to determine whether the tolerance development observed 

in FC mice was c-Src mediated by administering dasatinib in conjunction with 

morphine to FC mice, this will be discussed in greater detail in Section 4.3. 
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4.2 The effects of fragmented care on pain, morphine analgesia and tolerance  

 

4.2.1 Basal tail withdrawal latencies  

Basal tail latency measurements were performed on morphine naïve mice. Their tails 

were immersed in 48oC water and the time it took for them to remove their tails was 

termed basal tail latency (Chapter 2). Initial basal tail latency measurements were 

significantly increased (p = 0.01, t-test) in WT FC animals when compared to controls. 

Control mice had an average basal tail withdrawal latency of 3.6 ± 0.3 s, with FC mice 

exhibiting average basal tail latency of 4.9 ± 0.4 s (n = 16 for control and 15 for FC, 

Figure 4.2A). FC did not alter basal tail latency measurements in MOP+/- mice (p = 

0.76, t-test). Control and FC MOP+/- mice had average initial basal tail latency 

measurements of 3.5 ± 0.5 s and 3.2 ± 0.5 s, respectively (n = 12 for both, Figure 

4.2B). Barr2-/- control and FC initial basal tail withdrawal latencies also did not differ 

(p = 0.76, t-test). Barr2-/- control and FC mice exhibited average basal tail withdrawal 

latencies of 6.2 ± 0.6 s and 6.6 ± 0.9 s, respectively (n = 16 and 12 for control and FC 

respectively, Figure 4.2C). MOP+/- control and WT control animals did not differ in 

their average basal tail latency measurements (p = 0.8, t-test). However, Barr2-/- 

control mice had significantly increased (p = 0.0004) average basal tail latency 

measurements when compared to WT control mice. 
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Basal tail withdrawal latency measurements were performed in PD 60 mice utilising the tail immersion 
assay, whereby the water was 48oC. A) WT FC mice have increased initial basal tail latency 
measurements compared to control mice (p = 0.01, n = 16 for control and 15 for FC). B) No differences 
occurred between control and FC MOP+/- mice initial basal tail latency measurements (p = 0.76, n = 
12 for both). C) FC did not alter Barr2-/- initial basal tail latency measurements compared to controls 
(p = 0.76, n = 16 for control and 12 for FC). Box and whisker plots show the 5th-95th percentile, with 
“+” representing the median- Open boxes represent control mice and filled red represent those that 
have undergone the FC paradigm. Graphs represent pooled male and females and all analyses were 
performed using a t-test where *p < 0.05.  

 

 

  

Figure 4.1: FC results in hypoalgesia in WT mice, but not in either MOP+/- or Barr2-/- mice 
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4.2.2. The effect of FC on morphine analgesia 

Having established that there are differences in basal nociception of WT FC mice 

compared to controls we investigated whether FC also alters analgesia. WT mice 

exposed to FC required an increased dose of morphine (3.4 ± 0.3 mg/kg) to achieve 

ED50 compared to controls (2.3 ± 0.3 mg/kg ED50) (p = 0.01, n = 16 and 15, control and 

FC respectively, t-test on logED50 values, Figure 4.2A and Table 4.1). Although MOP+/- 

FC mice did not have altered basal nociception compared to MOP+/- controls (Figure 

4.1), Figure 4.2B shows that they do exhibit a reduced morphine potency (2.3 ± 0.4 

mg/kg ED50) compared to MOP+/- controls (1.2 ± 0.2 mg/kg) (p = 0.04, n = 12 for both 

t-test on logED50 values, Figure 4.2B and Table 4.1). MOP+/- control mice displayed 

increased morphine potency compared to WT controls (p = 0.005, t-test). Barr2-/- 

mice also had no altered basal nociception in response to FC (Figure 4.1), and also 

did not differ in morphine potency (1.2 ± 0.2 mg/kg ED50) compared to Barr2-/- 

controls (2.35 ± 0.6 mg/kg ED50) (p = 0.16, n = 16 and 12 control and FC respectively, 

t-test on logED50 values, Figure 4.2C and Table 4.1). Barr2-/- control mice did not 

exhibit altered ED50 values compared to WT controls (p = 0.43, t-test).  



97 
 

 

Control 

FC 



98 
 

Morphine dose-response relationships in WT, Barr2-/- and MOP+/- morphine-naïve control and FC 
mice. Mice received a cumulative series of morphine doses (0.1, 0.3, 1, 3, 10, 30 mg/kg), analgesia was 
expressed as % maximum possible effect (MPE), and average ED50 were calculated from the logistic fit 
to the data points (Table 4.1). WT FC mice had a dose response relationship that was shifted to the 
right and displayed an increased log ED50 value compared to controls (t-test, p < 0.05, n = 16 and 15, 
control and FC respectively). B) MOP+/- FC mice had a dose response relationship that was shifted to 
the right and displayed an increased ED50 value compared to controls (t-test, p < 0.05, n = 12 for both). 
C) Barr2-/- control and FC mice did not differ in their dose-dependent response to morphine (t-test, p 
> 0.05, n = 16 and 12 control and FC, respectively). Control and FC data are displayed in black and red 
respectively. 

 

  

Figure 4.2: Morphine dose-response relationships in WT, Barr2-/- and MOP+/- morphine-naïve 
control and FC mice 
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4.2.3 Morphine tolerance development in WT, Barr2-/- and MOP+/- FC mice 

Significant morphine tolerance developed in WT control mice by day 8 reducing the 

MPE of morphine from 100% to 64.6 ± 7.0% (p < 0.05, n = 16; Figure 4.3A). Morphine 

tolerance continued to develop in these animals until experimental day 10 where 

they exhibited an average MPE of 41.5 ± 5.7% (p < 0.0001). WT FC mice develop 

significant morphine tolerance earlier than control mice, by day 6 (p < 0.01, n = 15), 

with an average morphine MPE of 41.6 ± 8.4%. This developed further until day 10 

when they exhibited an average MPE of 13.8 ± 2.9%. (p < 0.0001). Despite this, there 

were no significant differences between the morphine analgesia in control and FC 

mice on any day (Figure 4.3A). Analyses were performed using a Kruskall-Wallis test 

with post hoc Dunn’s correction. 

 

The more rapid morphine tolerance development observed may be due to an effect 

of FC to reduce MOP number, as MOP+/- mice develop tolerance more rapidly than 

WT mice (Bull et al., 2017b). We therefore investigated whether MOP+/- mice (with 

50% of WT MOP expression levels) would affect tolerance development in FC mice. 

MOP+/- control and FC mice developed significant tolerance by day 3 (p < 0.05 for 

both, n = 12 for both). Control MOP+/- mice had an average MPE of 44.0 ± 12.7% and 

FC mice had an average MPE of 40.3 ± 11.5% on day 3 (Figure 4.3B). There were no 

differences between control and FC MOP+/- mice on any day. Analyses were 

performed using a Kruskall-Wallis test, post hoc Dunn’s correction. 

 

The development of morphine tolerance is dependent on MOP downstream 

signalling. Knocking out downstream MOP targets such as Barr2 has been shown to 

prevent morphine tolerance (Bohn et al., 1999). If the WT FC enhanced tolerance is 

acting independently of Barr2 signalling, Barr2-/- mice may display tolerance 

development. However, neither control nor FC Barr2-/- mice developed morphine 

tolerance (Figure 4.3C).  
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Development of morphine tolerance in WT, Barr2-/- and MOP+/- control and FC mice. Mice were 
subcutaneously injected with 10 mg/kg morphine sulphate daily to observe the development of 
tolerance. A) WT control mice develop significant tolerance to morphine on day 8 (depicted by the 
black bar), while WT FC mice develop significant tolerance on day 6 (depicted by the red bar; p < 0.05, 
n = 16 and 15 control and FC respectively). B) MOP+/- control and FC mice develop significant 
tolerance to morphine by day 3 (p < 0.05, n = 12 for both). C) Barr2-/- control or FC mice did not 
develop morphine tolerance (n = 16 and 12 control and FC, respectively). All analyses were performed 
using a Kruskall-Wallis test post hoc Dunn’s correction, * p < 0.05. Data points represent the medians 
± interquartile range. 

 

  

Figure 4.3: Morphine tolerance occurs more rapidly in WT, but not MOP+/- or Barr2-/- mice that 
have undergone FC compared to controls 
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4.2.4 Dose dependence of morphine analgesia in WT and Barr2-/- control and FC 

mice after repeated morphine administration 

After morphine tolerance had developed, a second morphine dose response 

relationship was established in WT and Barr2-/- control and FC mice. WT FC mice had 

a reduced morphine potency (21.9 ± 0.1 mg/kg ED50) compared to controls (11.0 ± 

0.6 mg/kg ED50) (p = 0.001, t-test, Figure 4.4A and Table 4.1). Barr2-/- control and FC 

mice did not differ in morphine potency on day 10 ((5.3 ± 0.5 mg/kg ED50 and 3.9 ± 

0.2 mg/kg ED50, respectively) (p < 0.06, t-test, Figure 4.4B and Table 4.1).  

 

Morphine tolerance in WT mice resulted in a reduced morphine potency in control 

mice and FC after 10-day repeated morphine administration. Potency of morphine in 

naïve control mice was 2.3 ± 0.3 mg/kg ED50 and increased to 11.0 ± 0.6 mg/kg ED50 

(p < 0.0001, t-test). The increase in morphine potency after tolerance also occurred 

in FC mice. FC morphine naïve mice had a potency of 3.4 ± 0.3 mg/kg ED50 and 

increased to 21.9 ± 3.0 mg/kg ED50. (p < 0.0001, t-test). However, there were no 

differences between WT control and FC ΔED50 values (p = 0.38, t-test) suggesting that 

both cohorts displayed an equal shift in morphine potency after tolerance 

development.  

 

Barr2-/- control and FC mice did not develop a tolerance to 10 mg/kg morphine over 

the 10-day period, however, control mice displayed a decrease in morphine potency 

after 10 days of daily morphine from 2.4 ± 0.6 mg/kg ED50 to 5.28 ± 0.2 mg/kg ED50 

(p = 0.0005, t-test, Table 4.1). Barr2-/- FC mice also display a decrease in morphine 

potency from 1.2 ± 0.2 mg/kg ED50 to 3.9 ± 0.2 mg/kg ED50 on day 10 (p = 0.01, t-test). 

There were no differences between WT control and FC ΔED50 values (p = 0.47, t-test) 

suggesting both cohorts displayed an equal shift in morphine potency after repeated 

morphine administration. 
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Dose response relationships for morphine analgesia on day 10 in WT and Barr2-/- morphine tolerant 
control and FC mice. Mice received a cumulative series of morphine doses (0.1, 0.3, 1, 3, 10, 30 mg/kg), 
analgesia was expressed as % maximum possible effect (MPE), and average ED50 were calculated from 
the logistic fit to the data points (Table 4.1). A) WT FC mice had a dose response that was significantly 
shifted to the right compared to that of the controls (p < 0.05, n = 16 and 15 control and FC 
respectively, Table 4.1). B) Barr2-/- FC mice display a dose response that has shifted to the left 
compared to the controls (p < 0.05, n = 16 and 12 control and FC respectively, Table 4.1). 

Figure 4.4: The dose dependence of morphine analgesia after the development of tolerance in WT 
and Barr2-/- control and FC mice 

Control 

FC 
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Table 4.1: Morphine potency of WT, MOP+/- and Barr2-/- control and FC mice 
 

*p < 0.05 compared to day 1 equivalent controls (t-test) 

#p < 0.05 FC compared to controls (t-test) 

$p < 0.05 compared to WT control day 1 

NT- Not tested 

 

 

4.2.5 Morphine-associated hyperalgesia is enhanced due to FC in WT mice  

Morphine-associated hyperalgesia occurred to a greater extent in WT mice that have 

experienced FC compared to controls. Figure 4.5A shows baseline tail latency 

measurements over the 10-day period. There was a significant effect of basal tail 

latencies over time F9,261 = 11.7, p < 0.0001, but not FC F1,261 = 2.5, p = 0.12. There 

was a difference between control and FC day 1 basal tail latencies as discussed in 

section 4.2.1 (p < 0.001, 2-way repeated measures ANOVA, post hoc Bonferoni, 

Figure 4.5A). While no significant hyperalgesia developed between days 1 and 10 in 

WT control mice in which there was only a 0.5 ± 0.3 s change in withdrawal latency, 

in FC mice latency became significantly faster compared to controls (2.2 ± 0.4 s; p = 

0.003, t-test, n = 16 and 15 control and FC respectively, Figure 4.5B). Basal tail 

latencies of MOP+/- recorded over a 5-day period are shown in Figure 4.5C. While 

there was a difference of MOP+/- control and FC baselines over time (F4,88 = 20.0, p < 

0.0001), there were no differences present between MOP+/- control and FC mice 

(F1,88 = 2.0, p = 0.17). However, MOP+/- control and FC baselines were significantly 

different on day 3 of morphine exposure (p < 0.05, 2-way repeated measures ANOVA, 

post hoc Bonferoni). Figure 4.5D shows MOP+/- control and FC mice did not differ in 
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hyperalgesia development by day 10 compared to day 1. MOP+/- mice developed 

negligible hyperalgesia, with control and FC tail withdrawal latencies declining by 0.7 

± 0.5 s, and 0.9 ± 0.4, respectively. FC had no significant effect on morphine-

associated hyperalgesia in these mice (p = 0.83, t-test, n = 12 for both). Figure 4.5E 

shows that basal tail latencies for control and FC Barr2-/- mice declined with time 

(F9,234 = 13.8 p < 0.0001). However, FC did not affect the development of hyperalgesia 

in these mice (F1,234 = 0.8, p = 0.38). There were no differences between Barr2-/- 

control and FC basal withdrawal latencies on any day (2-way repeated measures 

ANOVA post hoc Bonferoni). Barr2-/- control and FC mice both developed 

hyperalgesia to the same extent, with withdrawal latencies declining by 2.8 ± 0.5 s (n 

= 16) and 3.0 ± 0.7 s (n = 12) in control and FC mice, respectively (p = 0.83, t-test). 
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Baseline tail latency measurements were observed throughout the morphine tolerance protocol in 
control and FC WT, MOP+/- and Barr2-/- mice to investigate morphine-associated hyperalgesia. A) 
Basal tail latency measurements in WT animals showed a difference with time F9,261 = 11.7, p < 
0.0001 but not a difference over all between control and FC mice F1,261 = 2.5, p = 0.12. There was a 
significant difference between control and FC mice on day 1 (p < 0.001, n = 16 and 15 for control and 
FC respectively, analysis was performed using a 2-way repeated measures ANOVA, post hoc 
Bonferoni). B) WT control and FC mice differed in the development of morphine-associated 
hyperalgesia between day 1 and day 10 of testing (p = 0.01, t-test). C) There was a difference in 
MOP+/- basal tail latencies of control and FC mice over time F4,88 = 20.0, p < 0.0001, however there 
were no differences overall between control and FC animals F1,88 = 2.0, p = 0.17. There was a 
difference between control and FC day 3 basal tail latencies (p < 0.05, n = 12 for both, 2-way repeated 
measures ANOVA post hoc Bonferoni. D) There were no differences in morphine-associated 
hyperalgesia development when comparing control and FC MOP+/- mice (p = 0.76, t-test). E) Barr2-/- 
control and FC mice showed a difference in basal tail latencies over time F9,234 = 13.8, p < 0.0001, 
there was no difference due to FC F1,234 = 0.8, p = 0.38 (n = 16 and 12 for control and FC respectively, 
2-way repeated measures ANOVA post hoc Bonferoni). F) Both control and FC Barr2-/- mice developed 
morphine-associated hyperalgesia to the same extent (p = 0.76, t-test). Red line represents FC, black 
represents control mice. Box and whisker plots show the 5th-95th percentile, with “+” representing 
the median- Open boxes represent control mice and filled red represent those that have undergone 
the FC paradigm 

 

  

Figure 4.5: FC results in hyperalgesia in WT, but not MOP+/- or Barr2-/- mice 
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 4.2.6 Increased morphine tolerance in FC mice was not attenuated by c-Src inhibition 

The c-Src inhibitor dasatinib has been shown to prevent and reverse morphine 

tolerance development (Bull et al., 2017b). We investigated whether dasatinib 

attenuates the development of morphine tolerance and hyperalgesia in WT mice 

exposed to FC. 

 

5 mg/kg dasatinib was given daily 30 minutes prior to 10 mg/kg morphine and 

analgesia was measured over a 10-day period. Figure 4.6A shows that baseline tail 

latency measurements did not differ between WT FC vehicle and dasatinib receiving 

groups (F1,72 = 0.6, p = 0.42, n = 4 and 6 control and FC respectively). There was a 

difference in baseline tail latency measurements over time (F9,72 = 12.4, p < 0.0001, 

2-way repeated measures ANOVA post hoc Bonferoni). Dasatinib administration did 

not appear to prevent morphine analgesic tolerance (Figure 4.6B). However, there 

were too few subjects in the vehicle receiving group (n = 4) to perform reliable 

statistical analysis, therefore more data are necessary for further clarification on the 

effect of dasatinib in FC animals. However, the dasatinib receiving group developed 

significant morphine tolerance with an average MPE declining to 6.2 ± 7.4% and -2.9 

± 8.7%, on day 7 and 9 respectively (p < 0.001, n = 6, Kruskall-Wallis post hoc Dunn’s 

correction). 

 

Due to the apparent lack of effect of dasatinib on mediated tolerance in WT FC mice 

we further explored the ability of the c-Src inhibitor to affect tolerance in mice that 

were not exposed to FC. It is possible that morphine tolerance progresses beyond 

the point of c-Src mechanisms in mice exposed to FC. In order to test this hypothesis, 

we performed experiments in MOP+/- mice to induce maximal tolerance and then 

attempted to reverse this with dasatinib.  

 

We split MOP+/- mice into groups receiving vehicle or dasatinib. There were no 

differences between the treatments when observing basal tail latency 
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measurements (F9,198 = 2.6, p = 0.12, n = 16 and 8, vehicle and dasatinib respectively, 

Figure 4.7A). Consistent with the development of morphine hyperalgesia, in both 

groups there was a difference in basal tail latencies with time of morphine exposure 

(F9.198 = 10.5, p < 0.0001, 2-way repeated measures ANOVA, post hoc Bonferoni 

analysis for both). The group of mice destined to receive vehicle exhibited significant 

morphine analgesic tolerance after 3 days of 10 mg/kg morphine subcutaneous 

injection (Figure 4.7B). They had an average MPE of 61.5 ± 7.1% (p < 0.05, n = 16). 

The group of mice destined to receive dasatinib exhibited morphine tolerance by day 

4 with an average MPE of 16.4 ± 7.5% (p < 0.05, n = 8). On day 5 mice then received 

either a vehicle or 5 mg/kg dasatinib ip 30 minutes prior to receiving 10 mg/kg 

morphine sc as before, until day 10. The vehicle receiving group continued to exhibit 

significant tolerance every day until day 10 where they had an average morphine 

MPE of -13.8 ± 7.5% (p < 0.0001). However, dasatinib administration resulted in a 

reduction in morphine tolerance from days 5-7. On day 5 the average MPE for the 

group that received dasatinib was 37.2 ± 12.7%, this was no longer significant when 

compared to day 1 (p > 0.05). On day 8 the group that received dasatinib exhibited 

significant morphine tolerance once again until day 10 with an average MPE of 9.8 ± 

5.9% and 17.2 ± 8.3%, respectively (p < 0.05). There were no differences between 

vehicle and dasatinib treatments on any day (p > 0.05, Kruskall-Wallis post hoc Dunn’s 

correction for all analyses). 
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In these preliminary investigations FC mice were administered either vehicle or 5 mg/kg dasatinib 
intraperitoneal injection 30 minutes prior to 10 mg/kg subcutaneous morphine injection from day 1. 
A) Baselines are observed after vehicle or dasatinib was administered. Baseline tail latency 
measurements did not differ between the treatments (F1,72 = 0.6, p = 0.42, however there was a 
difference with time F9,72 = 12.4, p < 0.0001, 2-way repeated measures ANOVA post hoc Bonferoni. 
n = 4 and 6 for vehicle and dasatinib respectively. Vehicle is shown in black and dasatinib in blue, data 
are represented as mean and ± S.E.M. B) Due to low n numbers in this preliminary data it was not 
possible to perform statistical analysis on the group that received the vehicle however, it appeared 
that both vehicle and dasatinib groups developed morphine tolerance. The group that received 
dasatinib had developed a significant tolerance to morphine on days 1 and 9 p < 0.01, Kruskal-Wallis 
test, post hoc Dunn’s correction. Black represents vehicle treatment and blue represents dasatinib 
group, data are displayed as median and interquartile ranges.  

 

 

 

 

 

 

 

 

Figure 4.6: Dasatinib does not alter morphine-associated tolerance in FC mice 

FC vehicle 

FC dasatinib 
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Two groups of MOP+/- mice were administered 10 mg/kg subcutaneous morphine for a period of 4 
days to develop morphine tolerance. Once significantly tolerant to morphine, one group received 
vehicle 30 mins prior to morphine administration and the other received dasatinib prior to morphine 
for a further 6 days to determine whether dasatinib reversed morphine tolerance. A) There were no 
differences between the two groups in the basal tail latency measurements F1,198 = 2.6, p = 0.12, 
however there was a difference due to time F9,198 = 10.5, p < 0.0001 (n = 16 and 8, vehicle and dasatinib 
respectively, 2 way repeated measures ANOVA, post hoc Bonferoni, data are represented as means ± 
S.E.M, blue represents the dasatinib receiving group and black the vehicle receiving group). B) Mice 
that would be going on to receive the vehicle treatment developed a significant tolerance by day 3 (p 
< 0.05), mice that would become the dasatinib receiving group developed significant morphine 
tolerance by day 4 (p < 0.05). The vehicle group continued to develop tolerance to morphine until the 
end of the experimental period (p < 0.0001). The dasatinib receiving group did not display significant 
morphine tolerance on days 5-7 (p > 0.05), however after this 3-day period mice then exhibited 
significant morphine tolerance again (p < 0.05). There were no differences between the vehicle and 
dasatinib treated groups on any day (Kruskall-Wallis test post hoc Dunn’s correction, *p < 0.05, data 
are represented as medians and interquartile ranges, blue represents the dasatinib receiving group 
and black the vehicle receiving group.  

  

Figure 4.7: Dasatinib does not fully reverse morphine mediated tolerance once it has developed 
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4.3 Discussion  

 

4.3.1 Basal analgesia  

WT mice that have experienced FC have an increased basal tail latency measurement. 

This suggests that these animals display hypoalgesia, a decrease in sensitivity to 

painful stimuli. It has previously been documented that this form of FC results in 

altered pain sensitivity in adult rats, however they exhibit more pain from mechanical 

nociceptive threshold in skeletal muscle compared to controls (Green et al., 2011). 

Others also report that this FC paradigm results in increased visceral pain in adult rats 

(Guo et al., 2015). Studies in humans show that individuals who have suffered from 

early life pain demonstrate an initial hypoalgesia to thermal stimuli, however, they 

display hyperalgesia in response to prolonged painful stimuli (Hermann et al., 2006, 

Vederhus et al., 2012, Walker et al., 2009). 

 

We also examined basal analgesia of MOP+/- control and FC mice over a 5-day 

period. This was achieved over a shorter period of time than WT animals as MOP+/- 

mice develop tolerance more rapidly due to the 50% reduction in MOP number (Bull 

et al., 2017b). We did not observe any differences in basal analgesia at day one, or 

any other day of experimentation.  

 

Barr2-/- mice have increased basal analgesia compared to WT animals and this is well 

documented in the literature (Lam et al., 2011) and is due to increased constitutive 

activity of MOPs (Walwyn et al., 2007). Barr2-/- mice that have experienced FC do 

not show any basal analgesia differences compared to controls in our studies.  

 

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/pain-threshold
https://www.sciencedirect.com/topics/medicine-and-dentistry/skeletal-muscle
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4.3.2 Dose dependent morphine analgesia in morphine naïve mice 

Morphine dose response relationships were established to investigate whether FC 

alters the potency of morphine. We found that FC shifts the dose dependence of 

morphine analgesia to the right and therefore increased the dose of morphine 

required to induce 50% of maximal analgesia compared to control mice. This suggests 

that experiencing FC as a juvenile results in reduced morphine potency in these 

animals as adults. Previous studies that utilised the maternal separation model of 

early life adversity in rats observed a decreased sensitivity to morphine analgesia as 

adults, measured by the hot plate assay, but did not observe the same result in the 

tail withdrawal assay (Kalinichev et al., 2001, Kalinichev et al., 2002). The hot plate 

pain model includes an affective component of pain and it will be important in future 

studies to determine whether this is affected by FC using our mouse model. 

 

We found that MOP+/- control mice have increased morphine potency compared to 

WT controls, however it has been previously demonstrated that MOP+/- mice have 

a decreased morphine potency (Bull et al., 2017b, Sora et al., 1997). We cannot 

explain why these MOP+/- mice display different morphine ED50 values compared to 

what has been reported in the literature. When we investigated control and FC 

MOP+/- mice we found that FC resulted in a reduced morphine potency, as in WT 

mice, compared to controls. These data suggest that expression of only 50% of MOPs 

does not prevent the reduction of morphine potency that we observed in WT 

animals, and therefore suggests that these results are not MOP number dependent.  

 

Control or Barr2-/- mice exposed to FC did not display altered morphine ED50 values 

when compared to control WT animals. We have previously demonstrated that 

morphine analgesic potency in Barr2-/- mice is not altered compared to WT animals 

(Bull et al., 2017b). These data suggest that Barr2-/- may play a role in the decreased 

potency of morphine we observe in WT FC animals.  
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4.3.3 Development of morphine tolerance 

Tolerance to 10 mg/kg morphine in WT mice occurred by day 8, this is a day earlier 

than we have previously observed in WT mice in our lab (Bull et al., 2017b). This may 

be a result of handling the control WT animals at PD 2, 9 and 22 in these studies to 

maintain consistency with FC mice and therefore generating a lower level of stress 

than the mice examined for morphine tolerance had experienced previously. WT FC 

mice showed a more rapid tolerance development to morphine than controls. FC 

mice had developed a significant tolerance by day 6 compared to controls that 

developed tolerance by day 8, however by the final experimental day there were no 

significant differences in the extent of tolerance developed.  

 

MOP+/- mice subjected to 10 mg/kg morphine developed a more rapid and profound 

tolerance than WT equivalents (Bull et al., 2017b). Data from our WT FC mice looked 

similar to that of MOP+/- control mice, therefore we hypothesised that FC may alter 

MOP number and therefore alter tolerance development as a result. If FC resulted in 

a reduction of MOPs it would be hypothesised that MOP+/- FC mice may display an 

even greater reduction in MOP availability and therefore MOP+/- FC mice may 

behave more similarly to MOR -/- mice.  

 

Control MOP+/- mice developed a significant tolerance to 10 mg/kg morphine by day 

3, however previous data demonstrated significant MOP+/- development did not 

develop until day 6 (Bull et al., 2017b). As mentioned above this may be a result of a 

baseline level of stress in the control animals due to being handled by the 

experimenter from birth. MOP+/- FC mice developed significant tolerance to 

morphine by day 3 of experimentation, thus suggesting that reducing MOP 

expression by 50% prevents FC-associated early onset of tolerance. Control and FC 

MOP+/- mice did not differ from each other on any day with both groups developing 

tolerance to the same extent by day 5. A greater sample size would allow for a more 

robust statistical analysis to be performed. These data suggest that a full complement 

of MOPs is necessary to observe the accelerated morphine tolerance in WT FC mice.  
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Previous studies demonstrate that Barr2-/- mice do not develop tolerance to 

morphine (Bohn et al., 2000, Bull et al., 2017b, Raehal et al., 2005). Our data support 

these findings as our Barr2-/- mice did not develop tolerance to 10 mg/kg daily 

administered morphine. The Barr2-/- FC mice also did not develop tolerance to 

morphine. These data suggest that Barr2 is still necessary for the development of 

tolerance to morphine in mice exposed to FC. If the more rapid development of 

tolerance to morphine was Barr2 independent, we may have expected to observe 

the phenotype of a WT FC mouse. These data reinforce the hypothesis that Barr2 is 

the gatekeeper of MOP tolerance to morphine (Bohn et al., 2000, Bull et al., 2017a). 

Investigating downstream signalling of Barr2 in FC mice for further clarification will 

be discussed in Section 4.3.6. 

 

 

4.3.4 Dose dependent morphine analgesia in morphine tolerant mice. 

Administrating morphine until tolerance has developed results in an increase in ED50 

dose compared to that of morphine naïve mice (Dykstra et al., 2011, Elliott et al., 

1994, Sofuoglu et al., 1992). Our data also demonstrate this as after morphine 

tolerance has developed in WT control and FC mice ED50 values were increased over 

4-fold when compared to their morphine naïve state. There were no differences 

between control and FC ΔLogED50 values, therefore suggesting that both cohorts 

display a decrease in morphine potency, due to tolerance, to the same extent. It is 

possible that morphine signalling has been altered, via reduced MOP number, longer 

internalisation, altered recycling or degradation of opioid receptors once morphine 

tolerance has developed and therefore resulting in altered analgesia achieved via 

morphine dosing. 

 

We did not investigate MOP+/- dose responses after repeated morphine 

administration as we have previously demonstrated that the dose response curve 

shifts significantly to the right and results in a significant decrease in the potency to 

morphine (Bull et al., 2017b). The previous findings showed that once tolerant to 
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morphine for 4 days MOP+/- mice were still not receiving full analgesia from 100 

mg/kg. We anticipated that after 5 days of morphine tolerance we would not be able 

to administer a dose of morphine high enough to achieve robust analgesia and this 

would likely make the dose response information inconclusive. Due to this we did not 

examine the dose-dependence of morphine analgesia in tolerant MOP+/- mice, in 

order to prevent the animals undergoing unnecessary experimentation. However, 

data from this study did not demonstrate similar dose response values as previously 

reported so, with hind sight, this concern may not have been warranted.  

 

Previous findings have demonstrated that Barr2-/- animals do not develop tolerance 

to morphine in either tail withdrawal or hot plate assays (Bohn et al., 2000, Bohn et 

al., 2002, Bull et al., 2017b, Dykstra et al., 2011, Elliott et al., 1994, Sofuoglu et al., 

1992). It has also been shown that Barr2-/- animals do not differ in morphine ED50 

values for morphine naïve mice in both assays (Bull et al., 2017b, Raehal and Bohn, 

2011). Despite Barr2-/- mice not developing a tolerance for morphine they 

demonstrate an increase in ED50 values after repeated morphine administration. This 

was demonstrated by a constant infusion of 48 mg/kg daily in mice for a period of 7 

days with a cumulative dose response administered on day 7 and analgesia measured 

utilising the hot plate assay (Raehal and Bohn, 2011). Our data support these findings 

as despite Barr2-/- control and FC mice not developing tolerance to 10 mg/kg daily 

morphine administration they demonstrate a decrease in morphine potency after 10 

consecutive days of morphine administration. It has been suggested that this shift in 

the dose response may be due to other regulatory molecules such as protein kinase 

A and C (PKA, PKC respectively) as MOP receptor phosphorylation can occur via these 

molecules that are recruited independently of Barr2 (Ferguson, 2001). It has been 

demonstrated that morphine tolerance increases PKC activity in the brainstem 

(Narita et al., 1994) and PKCγ null mutant mice display attenuated morphine 

tolerance (Zeitz et al., 2001). Therefore, PKC and PKA signalling may explain the shift 

in dose response observed in Barr2 null mice (Bailey et al., 2006, Gabra et al., 2008b, 

Smith et al., 2006). It is important to note that the dose response data from Barr2-/- 



118 
 

mice do not exhibit as good a logistic fit compared to the other genotypes tested and 

therefore the data should be viewed with caution.  

 

 

4.3.5 Morphine-associated hyperalgesia 

WT FC mice showed a greater development of morphine-associated hyperalgesia 

over the 10-day period of daily exposure compared to controls. Opioid-induced 

hyperalgesia is a well-documented outcome of repeated opioid administration in 

both humans and mice (Ali, 1986, Arner et al., 1988, Celerier et al., 2000, Vanderah 

et al., 2000).  Opioid-induced hyperalgesia  may be mediated through N-methyl-D-

aspartate (NMDA) receptor activation as it can be attenuated by NMDA receptor 

antagonists (Wegert et al., 1997, Trujillo and Akil, 1994, Price et al., 2000, Mao et al., 

1995). There may be an upregulation of opioid signalling in FC animals that results 

initially in hypoalgesia. This could prime MOP for morphine-induced tolerance and 

hyperalgesia, which may involve an upregulation of NMDA receptor expression.  

 

Neither MOP+/- control or FC mice achieved a significant level of hyperalgesia. The 

data suggest that MOPs may play a role in the development of hyperalgesia in WT FC 

mice, as FC mice expressing only 50% of their opioid receptors do not develop 

hyperalgesia despite considerable tolerance. These data suggest that there is not a 

simple linear relationship between morphine tolerance and morphine-associated 

hyperalgesia as both MOP+/- control and FC mice were morphine tolerant but not 

develop significant hyperalgesia. This may mean that a full complement of MOP is 

required for the increased morphine-associated hyperalgesia observed in WT FC 

mice. A previous study demonstrates that WT and MOP+/- control animals do not 

differ in their basal analgesia in the tail flick assay (Hall et al., 2003) and our findings 

support this. The hypothesis that hyperalgesia may be mediated via NMDA receptor 

activation may help explain these findings as there are less MOPs available and 

therefore less morphine-induced enhancement of NMDA receptor function. 

However, MOP-/- mice have increased NMDA receptor expression in the 
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hypothalamic and parietal cortex brain regions (Jang et al., 2001). It is also important 

to consider that despite being subjected to only a 5-day protocol for morphine 

tolerance, hyperalgesia may not develop in the same manner and if the experimental 

process was longer, as in WT animals, there may be more hyperalgesia.  

 

FC had no effect on tolerance or hyperalgesia in Barr2-/- mice. As previously 

reported, Barr2-/- mice did not develop tolerance to morphine. By contrast, Barr2 is 

not required for morphine-evoked hyperalgesia which occurred in both control and 

FC Barr2-/- mice to similar extents. We propose that FC may utilise a Barr2 signalling 

pathway resulting in increased basal hypoalgesia, a more rapid development of 

morphine tolerance and increased morphine evoked hyperalgesia. We therefore 

investigated Barr2/c-Src signalling in WT FC mice. 

 

 

4.3.6 c- Src inhibitors and morphine tolerance 

We demonstrated that Barr2-/- abolishes the more rapid morphine tolerance 

development observed in FC mice and then examined whether inhibition of putative 

downstream Barr2 mediated signalling would have the same effect. As mentioned 

previously, the c-Src inhibitor, dasatinib, not only attenuates morphine tolerance, but 

can also reverse it (Bull et al., 2017b). We administered dasatinib prior to morphine 

administration on day one of a tolerance development protocol. The tolerance 

observed in WT FC mice was not prevented by dasatinib. These were preliminary 

investigations and it would be beneficial to increase n numbers to allow for more 

robust statistical analysis. However, the data suggest that there are alternative 

mechanisms contributing to tolerance in WT FC mice. As mentioned previously PKC 

and PKA inhibitors have been demonstrated to prevent tolerance (Gabra et al., 

2008b), therefore their use would be an interesting next step in understanding the 

mechanisms underlying the rapid tolerance development we see in mice exposed to 

FC. 
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Due to an absence of an effect of dasatinib on the tolerance observed in FC mice we 

revisited the effects of dasatinib on morphine tolerance in mice that were not 

exposed to FC. Previously we demonstrated that morphine tolerance, which had 

developed by 30%, resulting in 70% of the original analgesia obtained from 10 mg/kg 

morphine, could be fully reversed by 5 mg/kg dasatinib administered IP 30 minutes 

prior to the next daily morphine injection (Bull et al., 2017b). In order to test whether 

dasatinib can overcome deeper tolerance we exposed MOP+/- mice to morphine for 

an additional day resulting in 80% tolerance and only 20% of maximal morphine 

analgesia. We found that dasatinib administration under these conditions resulted in 

incomplete reversal, recovering analgesia to only approximately 30% of maximum 

prior to tolerance. These data suggest that c-Src inhibition only fully alleviates 

analgesic tolerance in animals in which it has not fully developed. This suggests that 

dasatinib may be a successful intervention at preventing morphine tolerance if used 

in conjunction with morphine prior to the development of profound tolerance and 

may not be effective in those exposed to early life adversity.  

 

We found that the partial reversal of tolerance by dasatinib was maintained for 3 

days prior to full tolerance once more developing. These data suggest that dasatinib 

does not provide complete protection from the development of tolerance under 

these conditions, although if dasatinib was administered prior to tolerance 

development to the extent that we investigated it remains possible that the reversal 

previously reported would be maintainable long term (Bull et al., 2017b). Others have 

found similar results when reversing and preventing the development of morphine 

tolerance using PKC and PKA inhibitors (Gabra et al., 2008b), however like our 

previous findings this was only investigated for 3 days after initial morphine 

administration and therefore may not be maintainable long term. It is possible that 

a combination of kinase inhibitors may provide a more complete attenuation and/or 

reversal of opioid tolerance. 
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In summary, WT mice exposed to FC exhibit an initial hypoalgesic phenotype that 

when repeatedly exposed to daily administration of morphine results in rapid 

analgesic tolerance. Over this time period FC mice develop a greater level of opioid-

associated hyperalgesia, compared to controls. FC also caused WT mice to exhibit a 

reduced potency to morphine analgesia. Reducing 50% of MOP expression did not 

alter basal nociception, morphine potency or tolerance development in MOP+/- mice 

exposed to FC compared to MOP+/- controls. The effects of FC on pain and morphine 

tolerance were also dependent on Barr2 as they were absent from Barr2-/- mice 

exposed to FC. By contrast, inhibition of c-Src using dasatinib did not prevent 

tolerance development in WT FC mice suggesting that early life adversity may evoke 

additional Barr2-dependent effects on opioid analgesia. It would be of great interest 

to administer a PKC inhibitor (such as Go7874, sangivamycin or calphostin C) to FC 

mice, as PKC inhibitors have previously been shown to reverse morphine tolerance 

and MOP desensitisation (Bailey et al., 2004, Bailey et al., 2009a, Smith et al., 1999). 
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Chapter 5 : Psychomotor and reinforcing effects of morphine 

in mice exposed to fragmented maternal care
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5.1 Introduction 

Individuals exposed to early life adversity are more prone to mental health problems 

such as increased rates of depression, anxiety and cognitive impairment (Douglas et 

al., 2010, Felitti et al., 1998). Males with anxiety and depression are also more likely 

to use tobacco whereas females are less likely to do so whilst experiencing anxiety 

(Wu et al., 2010). Mice exposed to early life adversity, using the same limited nesting 

paradigm of fragmental maternal care used in this study, demonstrate enhanced 

locomotor stimulatory effects of cocaine (Mitchell et al., 2018). Children that display 

generalised anxiety exhibit increased risk for initiation of alcohol use compared to 

children that experienced separation anxiety whom exhibited decreased risk (Kaplow 

et al., 2001). These findings were the same in males and females. However, the 

influence of early life adversity on responses to addictive substances might be gender 

specific. Women exposed to early life adversity also have reduced opioid regulation 

of the stress axis (Lovallo et al., 2018). Moreover, female rats that have experienced 

maternal separation display increased sensitivity to cocaine compared to males 

(Matthews et al., 1999). 

 

These findings together suggest that exposure to early life adversity may result in 

altered responses to addictive substances and this may differ between the sexes. We 

were able to investigate the influence of early life adversity on the psychomotor and 

reinforcing effects of morphine in both male and female mice as we utilised both 

sexes in all of our studies.  

 

We utilised the CPP paradigm, which is a Pavlovian behavioural paradigm that is an 

established preclinical model used to study the reinforcing (or aversive) effects of 

drugs (Prus et al., 2009). For this to occur the animal must be able to distinguish 

between the chambers in which they receive the drug and the control substance 

(vehicle). Dopaminergic neurones located in the VTA of the brain play a crucial role 

in associative reward learning required for the ability to perform this behavioural 

task. Rodents will self-administer opioids directly to the VTA, therefore reinforcing 
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the role played by this brain region (Bozarth and Wise, 1984). Dopaminergic 

neurones located in the VTA are activated by aversive stimuli such as stress (Valenti 

et al., 2011). The rewarding properties of opioids are dependent on dopamine 

receptor 2 (D2) expression. D2 receptor KO mice do not exhibit reinforcing effects of 

opioids as they do not show increased self-administration of morphine compared to 

saline (Maldonado et al., 1997). In the CPP paradigm mice lacking D2 receptors show 

a preference for naturally rewarding substances such as food, however they do not 

display a preference for morphine (Maldonado et al., 1997). Heterozygous D2+/- 

mice do exhibit morphine reinforcement despite having fewer D2 receptors (Elmer 

et al., 2002). By contrast, D3 receptors do not participate in morphine CPP (Frances 

et al., 2004). Similarly, neither D1 nor D4 receptors are required (Nakajima and 

Patterson, 1997). However, D1 as well as D2 receptors have been implicated to play 

a role in the locomotor stimulatory effects of morphine in mice (Heidari et al., 2006, 

Urs et al., 2011). Whilst D2 receptors appear to play a role in the motivational 

component of morphine addiction, they may not play a similar role in naturally 

rewarding substances and there may be different underlying reinforcing 

mechanisms. Despite the apparent involvement of D2 receptors, the relationship 

between dopamine and the rewarding effects of opioids remains unclear. When mice 

that lack the ability to synthesise dopamine, due to knock out of the gene encoding 

tyrosine hydroxylase, were examined they exhibited morphine CPP (Hnasko et al., 

2005). This suggests that there are additional neurotransmitters involved in 

morphine reinforcement. 

 

Whilst morphine (10 mg/kg and above) causes clear hyperlocomotion in mice, the 

locomotor effects of opioids differ among species. For example, whilst horses 

(Mircica et al., 2003) exhibit a stimulatory effect of opioids, rats (Babbini and Davis, 

1972) and dogs do not (Kamata et al., 2012), but instead display a sedative effect. 

Rats display a sex difference when male and female morphine-induced 

hyperlocomotion in investigated. Unhandled female rats were more sensitive to the 

hyperlocomotor effects of morphine than unhandled male rats (Heidari et al., 2006). 

However, this difference was abolished when both sexes were handled (Heidari et 
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al., 2006). These findings suggest that stress may be a contributing factor to 

morphine hyperlocomotion in rats.  

 

In mice, the extent to which morphine locomotor activity is enhanced following 

administration of opioids is dependent on the genetic background of the animal. The 

mice used in these studies are of a C57Bl/6J background, which exhibit a robust dose-

dependent increase in locomotor activity in response to morphine (Brase et al., 

1977). It is appropriate to investigate locomotor activity when studying opioid 

reinforcement as both behaviours have been implicated in enhancing mesolimbic 

dopamine release (Robinson and Berridge, 2000).  

 

Morphine hyperlocomotion occurs when morphine is directly applied to dopamine 

cell bodies in the VTA (Joyce and Iversen, 1979). Reinforcing properties of morphine 

are also mediated by the VTA, thus suggesting that this particular area of the brain is 

of great importance when investigating the locomotor and reinforcing properties of 

opioids. Mice that are deficient in dopamine are unable to mount a normal 

locomotor response to morphine, however, a small dopamine independent increase 

in locomotion remains (Hnasko et al., 2005). These data suggest that 

hyperlocomotion is primarily mediated by dopamine, however there are other, more 

minor, contributing mechanisms.  

 

D1 receptors are thought to mediate dopamine-dependent opioid hyperlocomotion 

in rodents, by recruitment of Barr2 and activation of the mitogen-activated protein 

kinase (MAPK) pathway requiring mitogen-activated protein kinase kinase (MEK) 

activity. Barr2 KO animals display a markedly reduced hyperlocomotion in response 

to morphine when compared to WT animals (Bohn et al., 1999). Similarly, inhibition 

of MEK results in a blunted hyperlocomotor response to morphine (Urs et al., 2011). 

Together these results suggest this is an important pathway to consider when 

investigating opioid hyperlocomotion.  
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While morphine hyperlocomotion in mice requires MOP expression (Bull et al., 

2017b), it is also influenced by other opioid receptors. Antagonising the KOP reduced 

both the baseline locomotor activity of rodents and the hyperlocomotor effect of 

morphine, while reward was maintained (Kieffer and Gaveriaux-Ruff, 2002, Narita et 

al., 1993b). Antagonising the DOP also reduced the hyperlocomotion observed after 

morphine and also increased turnover of dopamine (Narita et al., 1993a). It is likely 

that DOPs in the VTA participate in locomotor stimulation by morphine (Bull et al., 

2017a, Bull et al., 2017b). 

 

Mice exposed to repeated morphine dosing show increased hyperlocomotion over 

the repeated measures. This phenomenon is known as sensitisation (Contet et al., 

2008). There has been much research focused on investigating sensitisation to drugs 

in the context of drug seeking behaviour and relapse as reviewed previously 

(Steketee and Kalivas, 2011). The phenomenon of sensitisation has been linked to 

craving and it is therefore important to consider this phenomenon as a factor 

contributing to vulnerability to drug taking incentive (Charbogne et al., 2014, 

Steketee and Kalivas, 2011). 

 

In this study locomotor activity was measured during the CPP paradigm. This was 

achieved using CCTV cameras and the ability to track the location of the mouse within 

the CPP apparatus using Anymaze software as previously described (Bull et al., 

2017a; Chapter 2). The protocol involved mice being immediately placed in one of 

the assigned chambers after either vehicle or morphine subcutaneous administration 

for a total of 30 minutes on the 3 conditioning days of the study. The apparatus was 

contained within an environmentally controlled operant box and consisted of two 

distinctly decorated chambers measuring 28 x 28 cm in size. One chamber was 

decorated with vertical black and white stripes with a metal grid floor material 

running in a vertical direction. The other chamber was decorated with horizontal 

black and white stripes with the metal grid floor material running horizontally. 
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5.2 Effects of fragmented care on morphine-induced locomotor activity 

Preliminary analysis of the effects of FC on morphine locomotor activity revealed an 

apparent influence of sex. Therefore, the data were segregated on the basis of sex in 

the analysis of locomotor activity that follows. However, no sex differences were 

observed in morphine conditioned place preference, therefore male and female data 

were combined for CPP analysis. 

 

 

5.2.1 Effects of fragmented care in male mice on morphine-induced hyperlocomotion  

Male mice exposed to FC do not differ from controls in locomotor activity when they 

are morphine naïve nor after 10 mg/kg morphine administration (Figure 5.1A and B). 

Both control and FC groups showed similarly increased distances travelled after 

morphine (15.7 ± 2.1 m to 41.7 ± 2.8 m and 18.5 ± 1.9 m to 46.8 ± 2.7 m respectively, 

F1,32 = 124.84, p < 0.0001).   

 

An increase in locomotor activity of both control and FC male mice in response to 

morphine (10 mg/kg) occurred on day 2 (F1,32 = 140.03, p < 0.0001). Interestingly, 

male mice exposed to FC displayed increased total distance travelled in response to 

morphine injection on day 2, with distances of 58.7 ± 5.0 m and 79.3 ± 8.0 m travelled 

by control and FC mice, respectively (FC F1, 32 = 5.18, p = 0.031, Figure 5.1C and D). 

Further increased hyperlocomotion after morphine administration also occurred on 

day 3 where control and FC exhibited average distances of 68.7 ± 5.9 m and 89.7 ± 

7.7 m for control and FC mice, respectively (F1,32 = 197.23, p < 0.0001, Figure 5.1E and 

F). Moreover, FC mice exhibited a significant increase in morphine hyperlocomotion 

on day 3 compared to controls (F 1, 32 = 3.78, p = 0.033) 

 

Over the 3-day period distance travelled in male mice that received morphine 

increased compared to day 1 (Figure 5.1A–F), this occurred in both control and FC 

groups. Both groups increased locomotor activity significantly (p < 0.001, paired t–
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test). This sensitisation is well documented in the literature (Contet et al., 2008). 

Contrastingly, over the 3-day period the saline treatment resulted in a reduced 

distance travelled in control (p < 0.001) and FC (p < 0.0001) groups. Distance travelled 

after saline injection in control and FC groups reduced by 50% on average in both 

groups (control day 1: 15.7 ± 2.1 m, day 3: 7.7 ± 1.8 m, FC Day 1: 18.5 ± 1.9 m, Day 3: 

9.2 ± 2.2 m). When observing previous findings the data appear to also show a 

reduction in saline locomotor activity over the conditioning days, however this 

comparison was not addressed (Bull et al., 2017b).  
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A) Day 1 5-minute interval-split distance travelled in control and FC after saline and morphine. B) Day 
1 morphine significantly increased the total distance travelled in both control and FC groups F1,32 = 
124.84, p < 0.0001. No difference occurred due to FC F1,32 = 2.72, p =  0.11. No significant interaction 
occurred between groups F1-32 = 0.224, p = 0.64 C) Day 2 time split distance travelled in control and 
FC after saline and morphine. D) Day 2 morphine significantly increased locomotor activity and 
distance travelled in both control and FC groups F1,32 = 140.03, p < 0.0001. FC increased distance 
travelled FC F1, 32 = 5.18, p = 0.031 and there was no significant interaction between groups F1,32 = 3.91, 
p = 0.06 E) Day 3 time split distance travelled in control and FC after saline and morphine. F) Day 3 
morphine significantly increased locomotor activity and distance travelled in both control and FC 
groups F1,32 = 197.23, p < 0.0001. Fragmented care increased distance travelled FC F 1, 32 = 3.78, p = 
0.033 and there was no significant interaction between groups F1,32 = 5.04, p = 0.06. Line graphs- all 
mice that have undergone the FC paradigm are shown in red, control in black. Open symbols represent 
those treated with morphine and closed symbols show those treated with saline. Box and whisker 
plots (5th-95th percentile)- Open boxes represent control mice and filled red represent those that have 
undergone the FC paradigm. Statistical analysis was performed using a 2-way repeated measures 
ANOVA. n = 8 for both control and FC groups.* p < 0.05, compared to equivalent saline control, # p < 
0.05 FC compared to morphine control. 

 

 

5.2.2 Effects of fragmented care in female mice on morphine-induced 

hyperlocomotion  

Female mice exposed to FC do not have altered baseline locomotor activity after 

saline administration. Morphine (10 mg/kg) caused significant hyperlocomotion in 

both control and FC mice compared to locomotor activity after saline administration 

(F1,26 = 120.05, p < 0.0001, 2-way ANOVA). The control group exhibited increased 

total locomotion from 15.01 ± 2.3 m to 59.66 ± 7.5 m. FC showed increased total 

locomotion from 19.01 ± 1.3 m to 76.98 ± 5.4 m. Mice that had been exposed to FC 

had approximately 30% more hyperlocomotion in response to morphine than 

controls (FC F1,26 = 5.18, p =  0.033, 2 way ANOVA Figure 5.2A and B).  

 

On day 2 morphine again evoked significant hyperlocomotion in both control and FC 

animals to the same extent, from 13.1 ± 1.9 m to 95.2 ± 6.3 m and 11.9 ± 2.2 to 108.8 

± 6.9 m respectively (F1,26 = 324.01, p < 0.0001, 2-way AVOVA). No differences were 

observed between control or FC mice in saline or morphine treatment groups (Figure 

5.2C and D). This was also the case on day 3 (Figure 5.2E and F). Significant increases 

in total distance travelled on day 3 were from 9.1 ± 1.4 m to 112.9 ± 7.1 m after 

morphine administration. In FC animals distance travelled increased significantly 

Figure 5.1: Fragmented care results in increased sensitisation to morphine in male mice 
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from 8.2 ± 1.8 m to 129.3 ± 12.6 m after morphine administration (groups F1,26 = 

214.20, p < 0.0001).  

 

Over the 3-day period both control males and female mice decreased the distance 

they travelled after saline administration (sex F1,24 = 0.25 p = 0.62, time F2,24 = 6.69 p 

< 0.001). This was also the case for FC males and females (sex F1,26 = 0.02 p = 0.9, time 

F2,26 = 26.45 p < 0.0001). Females displayed significantly increased locomotor activity 

after morphine (10 mg/kg) compared to males on every day during the 3-day 

conditioning period (sex F1,24 = 19.30 p = < 0.001, time F2,24 = 111.5, p < 0.0001). This 

was also the case when comparing male and female FC mice after morphine 

administration. FC females displayed increased morphine-induced locomotor activity 

on every conditioning day compared to males (sex F1,26 = 15.52 p = 0.002, time F2,26 = 

33.12 p < 0.0001). 
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A) Day 1 time split distance travelled in control and FC after saline and morphine. B) Day 1 morphine 
significantly increased the distance travelled in both control and FC groups F1,26 = 120.05, p < 0.0001. 
A significant difference between groups occurred due to FC F1,26 = 5.18, p =  0.033. No significant 
interaction occurred between groups F1-26 = 2.02, p = 0.17 C) Day 2 time split distance travelled in 
control and FC after saline and morphine. D) Day 2 morphine significantly increased locomotor activity 
and distance travelled in both control and FC groups F1,26 = 324.01, p < 0.0001. Fragmented care did 
not alter distance travelled FC F1, 26 = 1.56, p = 0.22 and there was no significant interaction between 
groups F1,26 = 2.19, p = 0.15 E) Day 3 time split distance travelled in control and FC after saline and 
morphine. F) Day 3 morphine significantly increased locomotor activity and distance travelled in both 
control and FC groups F1,26 = 214.20, p < 0.0001. Fragmented care did not alter distance travelled FC 
F1, 26 = 1.02, p = 0.32 and there was no significant interaction between groups F1,26 = 1.27, p = 0.27. 
Line graphs- all mice that have undergone the FC paradigm are shown in red, control in black. Open 
symbols represent those treated with morphine and closed symbols show those treated with saline. 
Box and whisker plots (5th-95th percentile). Open boxes represent control mice and filled red represent 
those that have undergone the FC paradigm. Statistical analysis was performed using a 2-way ANOVA. 
n = 6 & 7 for control and FC groups respectively. .* p < 0.05, compared to equivalent saline control, # 
p < 0.05 FC compared to morphine control. 

 

 

5.2.3 Morphine reinforcement in FC animals 

As described previously, we utilised the conditioned place preference paradigm to 

determine the reinforcing properties of morphine (10 mg/kg) in both control and FC 

exposed mice. Preliminary analysis revealed that there was no effect of sex on 

morphine CPP and the effect of FC, therefore the data were combined. 

 

Prior to conditioning days mice were habituated to the apparatus for one 15-minute 

period, this was recorded and analysed as time spent in each chamber. Control mice 

(n = 15) did not show a preference (p = 0.9, t-test) for either the subsequently saline- 

or morphine-paired chambers. On average they spent 455 ± 18.1 s in the saline-

paired chamber and 450 ± 16.4 s in the morphine-paired chamber. Similarly, FC mice 

(n = 15) did not show a preference to either chamber (p = 0.6). On average they spent 

441.1 ± 13.9 s in the saline-paired chamber and 453.2 ± 12.1 s in the morphine-paired 

chamber. There were no differences between control and FC mice in the saline (p = 

0.54, t-test) or the morphine-paired (p = 0.9, t-test) chamber (data not shown).  

 

Figure 5.2: Fragmented care initially enhances morphine hyperlocomotion but does not increase 
sensitisation in female mice 
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On test day, control nor FC mice differed in chamber preference. After conditioning, 

the time spent in the morphine chamber was greater than spent in the saline 

chamber in both control and FC animals with no difference at any time point (drug 

F1,52= 30.21 p < 0.0001, time F2,52 = 0 p = 1, FC F1,54 = 0.27 p = 0.61, 2-way repeated 

measures ANOVA, post hoc Bonferoni, Figure 5.3A). Both control and FC mice 

displayed a preference for the morphine-paired chamber (Figure 5.3B). The total 

length of time the control mice spent in the saline-paired chamber was 355.9 ± 24.2 

s and time spent in the morphine-paired chamber was 544.1 ± 24.2 s (p = 0.0019, 

paired t-test). The total length of time the FC mice spent in the saline-paired chamber 

was 376.7 ± 30.9 s and the time spent in the morphine-paired chamber was 523.3 ± 

30.9 s (p = 0.03, paired t-test). There were no differences in control or FC mice time 

spent in either the saline or the morphine-paired chambers (p = 0.61 for both, t-test 

Figure 5.3C). 
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Figure 5.3: Fragmented care does not alter morphine preference in either males or females 
A) Male and female grouped preferences displayed in 5-minute intervals. Time spent in the morphine 
chamber was greater than spent in the saline chamber in both control and FC animals with no 
difference in any time point (drug F1,52= 30.21 p < 0.0001, time F2,52 = 0 p = 1, FC F1,54 = 0.27 p = 0.61, 
interaction F2,54 = 3.02 p = 0.057, 2 way repeated measures ANOVA, post hoc Bonferoni). B) Total time 
spent in the drug paired chamber was increased in both control and FC mice (p = 0.002 and p = 0.03, 
paired t-test, n = 14 and 15 respectively). C) There were no differences between control and FC 
morphine chamber preference (p = 0.61, t-test). *p < 0.05, compared to equivalent saline group.  
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5.3 Discussion 

Hyperlocomotion in response to morphine administration is a well-documented 

response in C57Bl/6 mice in which 20 mg/kg morphine generated the maximum 

hyperlocomotor response (Brase et al., 1977). In the current study control and FC 

male and female mice exhibited robust hyperlocomotion in response to 10 mg/kg 

morphine. Females exhibited a greater response to morphine-induced 

hyperlocomotion than males in both control and FC mice. Increased morphine 

hyperlocomotion for females compared to males is documented in the literature. 

Female rats exhibit increased locomotor activity to morphine (10 mg/kg) when 

compared to males, and this was altered depending on where they were in their 

reproductive cycle at the point of experimentation (Craft et al., 2006). It is possible 

that the female mice used in this study may have been in the proestrus period of 

their oestrous cycle and therefore exhibiting a difference between male and female 

locomotor activity. Opioid-induced hyperlocomotion results from increases in striatal 

dopamine release (Kalivas and Duffy, 1987) and is dependent on MOP number, as a 

reduction of 50% of MOPs results in decreased morphine potency and no 

hyperlocomotion occurs in MOP-/- mice (Bull et al., 2017). The nigrostriatal 

dopamine system is enhanced by oestrogen in females, but not hormonally altered 

in males (Becker, 1990, Becker, 1999). This is thought to occur by enhancing 

dopamine release in response to oestrogen, via an action of the hormone on striatal 

spiny neurones, in which oestrogen inhibits Ca2+ current, resulting in decreased GABA 

release and increased dopamine release. It is also hypothesised that this could occur 

by directly down regulating dopamine receptors, resulting in a compensatory 

increase in dopamine release. Oestrogen levels are therefore, thought to be the 

underlying mechanism responsible for the differences in morphine hyperlocomotion 

between the sexes (Becker, 1990, Becker, 1999). It is also possible that oestrogen 

levels are causing an additive hyperlocomotor effect on top of that of morphine in FC 

females. It has been found that female mice exposed to the reduced bedding form 

of FC exhibit delayed sexual maturation compared to controls and have altered time 

spent in the different oestrous cycle phases (Nieves et al., 2019). These findings may 

contribute to the increase in morphine evoked hyperlocomotion observed in FC 

females compared to control females.  
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As discussed previously the hyperlocomotion observed in response to repeated 

morphine dosing is termed sensitisation. There was no difference on day 1 in 

morphine stimulation of locomotion in male mice exposed to FC, however, there was 

for female FC mice. FC males displayed greater morphine sensitisation on day 2, with 

a further increase on day 3. By contrast, increased morphine hyperlocomotion in FC 

females occurred on day 1 of morphine, reaching a plateau by day 2. These data 

suggest that increased morphine sensitisation in response to experiencing FC occurs 

only in males. Sensitisation is a MOP / dopamine dependent mechanism (Bull et al., 

2017b). MOP+/- mice exhibit increased locomotor activity in response to morphine, 

when compared to a saline injection, (10 and 30 mg/kg) but did not show 

sensitisation over a 3-day period (Bull et al., 2017b). The incentive-sensitisation 

theory originally proposed by Robinson and Berridge in 1989 suggests that the 

sensitisation effects of a drug may contribute towards the “wanting” of it, but not 

play a role in the hedonic effects, termed “liking” (Robinson and Berridge, 2001). 

They observed that despite brain depletion of dopamine, rats still exhibited the 

hedonic “liking” effects of sugar, thus suggesting that the hedonic effects of a 

substance is not entirely dopamine dependent (Berridge et al., 1989). In humans it 

has also been shown that catecholamine precursor depletion does not alter drug 

“liking” behaviour in response to cocaine but does reduce drug craving (“wanting”) 

(Leyton et al., 2005). 

 

In this study we observe an increase in sensitisation to morphine hyperlocomotion in 

male mice that have experienced FC. This may result in an increase in the “wanting” 

effects of the drug as proposed by Robinson and Berridge. They proposed that an 

increase in the “wanting” effect of a substance alters drug-seeking behaviour and 

may promote susceptibility to relapse after short-term recovery (Berridge and 

Robinson, 2016). Therefore, future experimentation of morphine reinstatement on 

the FC exposed mice would be beneficial to further test this hypothesis.  
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As previously mentioned, control and FC females display an increase in morphine 

hyperlocomotion compared to males. Unlike the males, female FC mice do not show 

increased sensitivity to morphine over the 3-day period. On day 1 female FC mice 

show a significantly increased morphine hyperlocomotion compared to control 

females, however this trend does not continue into days 2 and 3. As already discussed 

in Chapter 3, males and females respond differently to the FC paradigm at adulthood 

with the females not displaying any body weight alterations at adulthood. These data 

further highlight the complexities of the influences of sex on the FC phenotype. As 

morphine hyperlocomotion is a dopamine dependent behaviour and the influence of 

dopamine is affected by the phase of the reproductive cycle, female mice may exhibit 

heterogeneity (Craft et al., 2006). Consistent with this idea, the morphine locomotor 

activity of female FC mice is more variable than that of the males. However, this may 

not be the correct explanation, and like the pre-pubertal body weight analysis, 

females may differ from males in other ways. Moreover, it would be interesting to 

investigate the reinstatement properties of morphine in both males and females 

exposed to FC as these differences may be due to females not having the same drug 

“wanting” characteristics that may be present in males exposed to FC. 

 

After conditioning, both control and FC exposed male and female mice demonstrate 

a preference for the morphine-paired chamber, suggesting that both groups and 

sexes find morphine reinforcing. The CPP paradigm utilises the ability for an animal 

to learn to associate a substance with the context in which it is given. It is also thought 

to rely on dopamine, like morphine hyperlocomotion. However, it has been 

demonstrated that when mice are dopamine deficient they can still perform CPP 

when conditioned with morphine or cocaine (Hnasko et al., 2007). In the case of 

cocaine CPP preference was due to a contribution of serotonin to reinforcement 

(Hnasko et al., 2007). Therefore, in this paradigm it is difficult to relate the 

hyperlocomotion data to the reinforcing properties of morphine as dopamine 

independent mechanisms exist for the hedonic effects of a substance but can also 

account for the “wanting” aspects when dopamine is not available. These data 

demonstrate that in the CPP paradigm, morphine does not have altered reinforcing 
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properties in mice that have experienced FC. However, it does not inform us of drug 

“wanting” or reinstatement differences that may be altered in the males exposed to 

FC. Findings form these data provide interesting insight into the different 

components of reinforcement. The hedonic and drug seeking effects of morphine 

may be individually altered due to experiencing FC. 
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Chapter 6 : Examining the effect of fragmented care on the 

expression of key genes in several brain regions, DRG 

neurones and the spinal cord  
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6.1 Introduction  

It is widely acknowledged that those who have been exposed to poor care giving as 

juveniles have altered behavioural development, mood disorders, weakened 

immune system, irritable bowel disease and learning impairments (Brunson et al., 

2005, Doherty et al., 2016, O'Mahony et al., 2017, O'Mahony et al., 2009, Teicher et 

al., 2003). It has been hypothesised that these long lasting behavioural effects may 

be mediated by altered gene expression, perhaps initiated by altered post 

translational DNA modification (Azadmarzabadi et al., 2018, Miyata et al., 2016, 

Doherty et al., 2016). Fragmented maternal care (FC) of neonatal mice caused 

changes in body weight (of male mice), nociception and behavioural responses to 

morphine (both sexes), which were manifested in adult animals. Such changes might 

be initiated by epigenetic effects that cause long lasting alterations in gene 

expression.  

 

To investigate gene expression between control and FC treatments, juvenile (11 – 13 

days old) mouse brains and spinal cords were dissected and subjected to 

homogenisation, RNA extraction, reverse transcription and quantitative real time 

PCR (qPCR). Brain regions investigated were: prefrontal cortex (PFC), cerebellum, 

hippocampus, thalamic axis (thalamus and hypothalamus) and midbrain. These 

regions and the spinal cord were chosen based on their participation in relevant 

behaviours and our ability to dissect them from mice of this age with a yield of 

sufficient tissue to obtain adequate volumes of RNA, in order to perform cDNA 

analysis. Mice that have experienced the FC paradigm display impaired cognition 

(Rice et al., 2008), it is possible that this is as a result of altered PFC gene expression 

due to the role of the PFC in cognition (Rossi et al., 2012), which is known to be 

affected by FC. When lesions are made in the medial PFC mice show impaired 

memory formation (Rossi et al., 2012). Similarly, the cerebellum is involved in spatial 

learning and memory processing, also known to be affected by FC (Leggio et al., 

2000). Hemicerebellectomy results in a complete lack of spatial learning (Leggio et 

al., 2000). Moreover, this is also observed in rodents with lesions in the hippocampus 
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(Ergorul and Eichenbaum, 2004). We therefore chose to investigate these brain 

regions.  

 

The thalamic axis dissection in these studies consisted of the thalamus and 

hypothalamus, which possess distinctly different roles. The thalamus receives 

reciprocal inputs from the cortex, giving rise to the thalamo-cortical system, a system 

most closely tied to perception, action and motor control. Therefore, this region is 

often investigated for its role in cognitive function (Schmitt and Halassa, 2017). 

Lesions in the thalamus in rodents result in memory deficits (Saalmann and Kastner, 

2015). By contrast, the hypothalamus is responsible for maintaining homeostasis of 

appetite, weight control, body temperature and thirst to name a few of its functions. 

For example, adipose tissue produces the satiety hormone leptin, this binds to leptin 

receptors present in the hypothalamus and reduces food intake. When the leptin 

receptor is knocked out in the hypothalamus it results in an obese phenotype (Zhou 

and Rui, 2013). Similarly, overexpression of the precursor protein 

proopiomelanocortin (POMC) in the hypothalamus results in an obese phenotype 

(Millington, 2007). Mice that have experienced FC also show altered body weights 

(Chapter 3), possibly due to altered hypothalamic gene expression when compared 

to control animals. It would have been of great interest to investigate the 

hypothalamus and thalamus separately, however in day 11-13 animals it is difficult 

to distinguish between these areas.  

 

It is possible that altered opioid receptor expression or altered expression of 

endogenous opioids in the PFC, cerebellum, hippocampus, thalamic axis and 

midbrain could give rise to differences in nociception or responses to exogenous 

reinforcement or analgesia, therefore these brain regions were of interest. Moreover 

the amygdala would have been a desirable region for gene expression investigation 

in these animals as it is known to participate in fear, reward, learning and memory 

(Gallagher and Chiba, 1996). However, the amygdala was too small for reliable 

dissection from these animals. In future experiments, with adult animals, these brain 
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regions will be possible to dissect with sufficient tissue to perform gene expression 

analysis. qPCR analysis was performed to investigate specifically chosen genes on the 

basis of their potential involvement in the altered phenotypes observed (such as 

body weight alterations, altered pain perception and responses to morphine, also 

morphine-induced locomotor changes).  

 

When investigating nociception and pain, the DRG neurones, spinal cord and 

midbrain are of great importance. Nociceptive stimuli are detected by peripheral 

primary afferent nociceptive DRG neurones. Once depolarised DRGs fire action 

potentials and release excitatory neurotransmitters onto postsynaptic dorsal horn 

spinal cord neurones. The inhibition of presynaptic VACCs within the DRGs is thought 

to give rise to the opioid-induced reduction of excitatory neurotransmission in the 

pain pathway (Heinke et al., 2011). Yaksh and Rudy (1976) were the first investigators 

to demonstrate that morphine has direct analgesic effects on the spinal cord, by 

administering the drug intrathecally and subsequently testing nociceptive responses. 

We therefore performed gene expression and electrophysiological analysis on DRGs 

to determine whether FC results in altered opioid receptor expression or MOP 

inhibition in response to morphine application. 

 

In total the genes investigated were those encoding the leptin receptor, pro-

opiomelanocortin (POMC), proenkephalin (PENK), MOP, DOP, KOP, Barr2, c-Src and 

the sex determining region y protein. The house keeping gene used was 

glyceraldehyde 3- phosphate dehydrogenase (GAPDH). This gene catalyses the 

reversible oxidative phosphorylation of glyceraldehyde-3-phosphate in glycolysis and 

was chosen as it is one of the most stable reference genes in juvenile mouse brain 

regions (Boda et al., 2009).  
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The case for examining the relative gene expression of opioid receptors, Barr2 and c-

Src in mice exposed to FC has been made in the preceding chapters. Below I will 

briefly discuss the background for each of the other genes investigated. 

 

 

 

6.1.1 Leptin receptor 

The leptin receptor belongs to the class 1 cytokine receptor family with leptin as an 

agonist. Leptin is a hunger suppressant hormone produced by the adipocytes within 

fat tissue. It is primarily used in the regulation of energy balance and does this via 

signalling in the hypothalamus. An absence of leptin production or a reduced 

expression of leptin receptors results in uncontrolled food intake resulting in obesity, 

(Tartaglia, 1997). However, leptin signalling has also been implicated in cognition, 

learning and memory. Leptin acts on hippocampal leptin receptors to facilitate the 

induction of long term potentiation. A reduction in leptin receptor gene expression 

in the hippocampus has been associated with a reduction in learning performance 

and increased depression (Li et al., 2002, Shanley et al., 2001). Mice experience a 

surge of leptin during development between 8 and 10 days old (Ahima et al., 1998).  

 

Mice exposed to FC in these studies showed a decrease in body weight at adulthood 

in males that was not present in females. Also it has been demonstrated previously 

that male mice that have been exposed to FC have cognitive impairments in learning 

behavioural tasks such as fear learning and contextual and spatial memory formation 

(Arp et al., 2016, Kanatsou et al., 2017, Naninck et al., 2015). Such learning 

impairments have not been demonstrated in females after FC (Kanatsou et al., 2015). 

Alterations in leptin signalling, either the circulating level of leptin or receptor 

expression, could contribute to these observations, therefore leptin receptor gene 

expression was quantified in the hippocampus and thalamic axis. These brain regions 
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were chosen due to the cognitive and body weight implications of altered receptor 

signalling. 

 

 

 

6.1.2 POMC  

The POMC gene encodes for the POMC precursor peptide that is cleaved into smaller 

peptides with differing functions in the body. It is mainly expressed in the arcuate 

nucleus of the hypothalamus where it plays a major role in energy homeostasis. 

POMC is regulated by leptin, insulin and glucose and acts as an anorexigenic peptide. 

Mice lacking POMC gene expression exhibit unregulated food leading to obesity 

(Millington, 2007).  

 

POMC is a complex precursor protein that when cleaved produces different peptides, 

one of which is the adrenocorticotropic hormone (ACTH) which binds to the 

melanocortin 2 receptor located in the middle layer of the adrenal cortex, the zona 

fasciculate. This stimulates the release of cortisol (in humans) or corticosterone (in 

rodents), also produced in the zona fasciculate (Margioris and Tsatsanis, 2000). 

Cortisol and corticosterone are hormones that are released in response to stress and 

low blood glucose concentration. As mice exposed to fragmented care exhibit 

alterations in their responses to stress and body weights POMC may be found to be 

a contributing factor.  

 

Not only does POMC play a role in energy homeostasis and stress it is also a precursor 

for the endogenous opioid neuropeptide, β-endorphin. β-endorphin binds to MOP  

and DOP with higher affinities than to KOPs (Vaught et al., 1982). Mice lacking β-

endorphin exhibit a significantly attenuated opioid-induced stress-associated 

analgesia (Rubinstein et al., 1996). Rubinstein et al demonstrated that targeted 

mutagenesis of the POMC gene, which no longer allowed for the expression of β-
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endorphin, did not affect morphine analgesia. However, when animals were exposed 

to a forced swim those lacking β-endorphin demonstrated increased analgesia 

compared to that of controls.  This response was not inhibited when naloxone was 

injected prior to the forced swim test suggesting that there is an upregulation in 

endogenous analgesics, however this appears not to be opioid mediated. WT mice 

exposed to FC in these studies exhibit basal hypoalgesia (Chapter 4) therefore 

alteration in POMC and β-endorphin gene expression may play a role in the basal 

analgesic tone of these animals. Due to its role in regulating food intake and as a 

precursor to the endogenous opioid β-endorphin we chose to investigate POMC gene 

expression in all dissectible regions.  

 

 

6.1.3 PENK 

PENK is another gene responsible for the production of endogenous opioids; in this 

case, Met and Leu-enkephalin; like β-endorphin these also modulate pain by binding 

to the opioid receptor. However unlike β-endorphin the enkephalins have a higher 

affinity for the DOP than they do for the MOP (Janecka et al., 2004). 

 

It has been demonstrated that met-enkephalin is down regulated in the brain of rats 

that were exposed to a prolonged maternal separation (Nylander and Roman, 2012, 

Gustafsson et al., 2008). There has been no investigation into enkephalin gene 

expression in mice that have experienced FC. However, enkephalin gene expression 

has been investigated in rats that have undergone other types of adversity. For 

example, enkephalin levels were unaltered in rats exposed to chronic mild stress, 

however when challenged at a later date, with another form of stress, enkephalin 

levels were altered. Rats that had been exposed to stress initially had decreased 

enkephalin levels compared to those that had not experienced chronic mild stress 

(Bertrand et al., 1997). Other studies have observed increased PENK gene expression 

immediately following adversity, which then returned to baseline 3.5 hours later 
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(Mansi et al., 2000). These findings suggest a key role for opioid peptides in regulating 

both the immediate and prolonged consequences of adversity. 

 

PENK gene expression was investigated not only for its analgesic properties but also 

for its role in food reward. Mice lacking enkephalin expression show decreased rates 

of self-administration of palatable food. This is a robust model as it occurred in 

multiple strains of mice and both sexes (Hayward and Low, 2007). Our FC male mice 

have decreased body weight compared to controls (Chapter 3).  Therefore, not only 

could PENK gene expression play a role in the altered basal analgesic tone but also 

the differences in body weights observed.  

 

 

6.1.4 Sex determination  

It was not possible to visually confirm the sex of animals at PD 11-13.  When the data 

were collected and analysed there appeared to be a spread within the data points, 

with the appearance in some cases of two distinct groups. Due to this we questioned 

whether gene expression was different between the sexes. Therefore, sex 

determining region y protein (SRY) gene expression analysis was performed as this 

gene is expressed only in males. The presence of SRY gene distinguished males from 

females and subsequently allowed for the data to be sex split. 

 

 

6.1.5 DNA methylation 

Changes in DNA methylation may alter gene expression that could result in the 

lifelong behavioural changes we observe after mice experience FC. DNA methylation 

is an epigenetic modification that occurs by the addition of methyl groups (-CH3) to 

cytosines, usually within cytosine-guanine dinucleotides (CpG). An increase in DNA 

methylation is generally associated with a decrease in gene transcription. Methylated 

CpG dinucleotides are bound by methylated DNA binding proteins (MBDs) which 
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inhibits transcription factors from binding (Blaze et al., 2013). Alterations in DNA 

methylation occur due to both pre- and post-natal adverse experiences and differ 

between the sexes (Boersma et al., 2014, Roth et al., 2014, Weaver et al., 2004).  Both 

Boersma et al and Roth et al discovered that pre- and post-natal stress results in 

altered brain-derived neurotrophic factor (BDNF) gene DNA methylation. BDNF is a 

key mediator of activity- dependent processes that have a profound influence on 

neural development and plasticity. However, they demonstrated alterations in DNA 

methylation of BDNF due to stress differed between males and females (Boersma et 

al., 2014, Roth et al., 2014). Male juvenile rats, exposed to FC as a result of reduced 

bedding, have increased total DNA methylation in the hippocampus and decreased 

DNA methylation in the amygdala; however, no alteration in global DNA methylation 

was present in the hippocampi or amygdala of FC females. (Doherty et al., 2016). 

Moreover, this suggests that FC alters DNA methylation, a phenomenon that may be 

sex dependent.  

 

In this study we compared DNA methylation levels between control and FC mice in 

the hippocampus and the midbrain. These were the regions in which we observed 

the greatest differences in gene expression established by qPCR. We investigated 

DNA methylation status of the MOP, POMC and DOP genes. These preliminary 

investigations into DNA methylation were performed only on adult male mice. This 

was due to the availability of mice that had been exposed to FC with matched 

controls.  
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6.2 Gene Expression  

 

6.2.1 Sex differences may be present in leptin receptor gene expression after 

fragmented care 

No significant differences were found for leptin receptor gene expression in the 

hippocampus or thalamic axis of control and FC mice when male and female data 

were pooled (p = 0.07 and p = 0.94 respectively, t-test). Power calculations suggest 

that leptin receptor hippocampal data may reach significance (p = 0.05) with an n of 

12 for both control and FC groups. When male and female data were considered 

separately it appears that there is a reduction in males but not in females. However, 

the sample size (n = 3) is currently too small to perform statistical analysis of these 

data. There was a large spread in the data for both sexes in the thalamic axis.  

Quantification of leptin receptor mRNA in post-natal day 11-13 hippocampus and thalamic axis. Data 
are from three male and three female mice from 2 litters per treatment. All data are expressed relative 
to gyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. Data were compared using a t-
test or the nonparametric Mann-Whitney u-test, where appropriate. Data were not significantly 
different for mixed sex hippocampus and thalamic axis (p = 0.07 and 0.94, respectively).   

Figure 6.1: Leptin receptor gene expression in juvenile brain regions 
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6.2.2 Fragmented care alters POMC gene expression in the hippocampus and spinal 

cord  

No significant differences were found in POMC gene expression in the grouped-sex 

PFC or cerebellum FC mice when compared to controls (p = 0.25 and p = 0.13, 

respectively, t-test, Figure 6.2A). There was a significant reduction in POMC gene 

expression in the grouped-sex hippocampus (Figure 6.2B p < 0.0001, t-test) of mice 

exposed to FC when compared to controls. There was no difference in POMC gene 

expression in the grouped-sex thalamic axis data (p = 1.0, t-test). There was also a 

significant reduction in POMC expression in the spinal cord of FC mice compared to 

controls (Figure 6.2C p = 0.015), however there were no differences between control 

and FC midbrain POMC gene expression (p = 0.14).   
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Figure 6.2: POMC gene expression in juvenile brain regions 
Quantification of POMC mRNA in post-natal day 11-13 brain regions: prefrontal cortex, cerebellum, 
hippocampus, thalamic axis, spinal cord and midbrain. Data are from three male and three female 
mice from 2 litters per treatment. All data are expressed relative to gyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) expression. Data were analysed using a t-test or the nonparametric Mann-
Whitney U test, where appropriate. A) Grouped-sex data were not significantly different in FC 
compared to controls in the PFC or cerebellum, p = 0.25 and 0.13, respectively. B) Grouped-sex data 
were significantly different in the hippocampus of FC mice compared to controls, p < 0.0001, POMC 
was not altered in FC thalamic axis compared to controls p = 1.0. C) Grouped-sex data were 
significantly different in the spinal cord of FC mice compared to controls, p < 0.015, POMC was not 
altered in FC midbrain compared to controls (p = 0.14). 
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6.2.3 PENK gene expression is not altered due to fragmented care 

No significant differences were found in the FC mice compared to controls for 

proenkephalin (PENK) mRNA expression in the PFC or cerebellum (p = 0.39 for both, 

Figure 6.3A). Similarly, no significant differences were present between control and 

FC grouped-sex hippocampus or thalamic axis tissue (p = 0.39 and p = 0.31, Figure 

6.3B). There were also no differences between control and FC grouped-sex PENK data 

in the spinal cord or midbrain (p = 0.16 and p = 0.1, respectively, Figure 6.3C).  PENK 

gene expression in the midbrain is very varied in both sexes and treatments, in 

contrast to low variability detected in the spinal cord. 
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Quantification of PENK mRNA in post-natal day 11-13 mouse prefrontal cortex, cerebellum, 
hippocampus, thalamic axis, spinal cord and midbrain. Data are from three male and three female 
mice from 2 litters per treatment. All data are expressed relative to gyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) expression. Data were analysed using a t-test or the nonparametric Mann-
Whitney U test, where appropriate. A) Grouped-sex data were not significantly different in FC 
compared to controls in the PFC or cerebellum, p = 0.39 for both. B) Grouped-sex data were not 
different in the hippocampus or thalamic axis of FC mice compared to controls, p = 0.39 and 0.31 
respectively. C) Grouped-sex data were not significantly different in the spinal cord or midbrain of FC 
mice compared to controls (p = 0.16 and 0.1, respectively). 
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Figure 6.3: PENK gene expression in juvenile brain regions 
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6.2.4 MOP gene expression is increased in the midbrain following exposure to 

fragmented care 

Although there were no significant differences between control and FC MOP gene 

expression detected in the PFC (p = 0.39) the data suggest that both males and 

females that have experienced FC may have decreased gene expression (Figure 6.4A). 

More samples for both sexes would clarify whether this was more than a trend, 

however power calculations suggest that 22 samples of control and FC PFC would be 

necessary to achieve p = 0.05 significance, power 0.08. MOP gene expression in the 

cerebellum is variable in the male and female pooled data (p = 0.31), however when 

sex split, the variability is greatest in the male data (Figure 6.4A). The female data 

show a consistent, although non-significant, reduction in MOP gene expression and 

minimal variability. A bigger sample size is required for more meaningful statistical 

analysis.  

 

MOP gene expression in the hippocampus shows no significant differences in the 

pooled sex data between treatments (p = 0.42). However, when the data are sex split 

it appears that MOP gene expression is increased in hippocampus of males exposed 

to FC, but unaltered in the females, thus potentially obscuring an effect of FC in the 

pooled data (Figure 6.4B). The MOP gene expression data in the thalamic axis are 

also highly variable and not different when comparing control and FC grouped-sex 

data (p = 0.39). Brain dissections from older mice would allow for separate dissection 

of the hypothalamus and thalamus to determine whether FC affects their gene 

expression of MOPs.  

 

Figure 6.4C shows no differences in MOP gene expression in the pooled sex data in 

the spinal cord (p = 0.85), however when data are sex split it appears that the gene 

expression may go up in males and down in the females that have experienced FC. 

MOP gene expression is significantly increased (p = 0.04) in the midbrain in mice that 

have experienced FC.  
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Figure 6.4: MOP gene expression in juvenile brain regions 
Quantification of MOP mRNA in post-natal day 11-13 prefrontal cortex, cerebellum, hippocampus, 
thalamic axis, spinal cord and midbrain. Data are from three male and three female mice from 2 litters 
per treatment. All data are expressed relative to gyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
expression. Data were analysed using a t-test or the nonparametric Mann-Whitney U test, where 
appropriate. A) Grouped-sex data were not significantly different in FC compared to controls in the 
PFC or cerebellum, p = 0.39 and 0.31, respectively. B) Grouped-sex data were not different in the 
hippocampus or thalamic axis of FC mice compared to controls, p = 0.42 and 0.39 respectively. C) 
Grouped-sex data were not significantly different in the spinal cord (p = 0.85), however, there were 
significant differences in MOP gene expression in the midbrains of FC mice compared to controls (p = 
0.041). 
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6.2.5 Fragmented care results in increased DOP gene expression 

DOP gene expression of pooled-sex data does not appear to be altered in the PFC or 

cerebellum of FC mice compared to controls (p = 0.94 and 0.07, respectively). When 

gene expression data are split into males and females DOP gene expression may be 

decreased in male animals that have experienced FC in both brain regions. No 

differences were observed in female FC PFC samples compared to controls, however 

an increase in cerebellum DOP gene expression may occur in FC females when 

compared to controls (Figure 6.5A).  

 

Figure 6.5B demonstrates a significant (p = 0.004) increase in DOP gene expression 

in the FC mice pooled sex data for the hippocampus compared to the equivalent 

controls. When the data are sex split it appears that this increase may be present in 

both sexes of the FC group, but more consistently so in the females. No significant 

differences were observed in DOP gene expression between control or FC mice in the 

thalamic axis (p = 0.13). Unlike the other gene expression data (Sections 6.2, 6.3 and 

6.4) there doesn’t appear to be much variation in the gene expression results, 

suggesting that DOP is expressed at similar levels in both the thalamus and 

hypothalamus.  

 

DOP gene expression in the spinal cord and midbrain is significantly increased (p = 

0.026 and p = 0.018 respectively) in mice that have experienced FC when compared 

to controls (Figure 6.5C). When these data are sex split it appears that the increase 

in DOP gene expression in FC mice in the spinal cord is only present in the females, 

with no change observed in the FC males when compared to control data. Both males 

and females show an increase in DOP gene expression in the midbrain of FC mice, 

however, there is a greater spread in the data.   
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Figure 6.5: DOP gene expression in juvenile brain regions 
Quantification of DOP mRNA in post-natal day 11-13 prefrontal cortex, cerebellum, hippocampus, 
thalamic axis, spinal cord and midbrain. Data are from three male and three female mice from 2 litters 
per treatment. All data are expressed relative to gyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
expression. Data were analysed using a t-test or the nonparametric Mann-Whitney U test, where 
appropriate. A) Grouped-sex data were not significantly different in FC compared to controls in the 
PFC or cerebellum, p = 0.94 and 0.07, respectively. B) Hippocampus of sex-grouped FC mice were 
significantly different compared to controls p = 0.004, but no differences between control and FC 
thalamic axes were detected p = 0.13. C) DOP gene expression was increased in grouped-sex FC mice 
in the spinal cord and the midbrain (p = 0.026 and 0.018, respectively). 

 
. 
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6.2.6 Fragmented care does not alter KOP gene expression in juvenile brain regions  

Figure 6.6A shows that there are no significant alterations in KOP gene expression in 

the pooled or sex split data in the FC PFC or the cerebellum when compared to 

controls (p = 0.39 for both). Within these brain regions the data for the control mice 

appear to be very inconsistent, this is true for both sexes. However, data for the 

animals that have experienced FC are more consistent and show little variability. 

With such a large spread in the control data it is uncertain whether the gene 

expression is altered in mice that have experienced FC. More data are needed to 

determine any differences.  

 

While there are also no significant differences in the hippocampus and thalamic axis 

for KOP gene expression in control and FC animals (p = 0.41 and p = 0.1, respectively), 

there is less variability in the data than in Figure 6.6A (Figure 6.6B). The data from 

hippocampi suggest that KOP expression is not altered in males that have 

experienced FC but may be decreased in female animals. Data for the thalamic axis 

shows less variability than seen previously for most other genes tested, (see Sections 

6.2.1, 6.2.2 and 6.2.4).  

 

Figure 6.6C shows that KOP gene expression in the spinal cord is not significantly 

affected by FC (p = 0.39). When the data are sex split there may be an FC-associated 

increase in KOP gene expression in male spinal cord, but not in females. A power 

calculation of KOP in male FC spinal cord data suggests a sample size of 4 would result 

in p = 0.05 significance. Data obtained from the midbrain are inconsistent, more so 

in the control, but also in the FC samples. The data suggest that both male and female 

animals may have increased KOP gene expression in their midbrains (p = 0.08). 

However, a larger sample size is necessary to determine whether the effects of FC on 

KOP are significant.  
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Figure 6.6: KOP gene expression in juvenile brain regions 
Quantification of KOP mRNA in post-natal day 11-13 prefrontal cortex, cerebellum, hippocampus, 
thalamic axis, spinal cord and midbrain. Data are from three male and three female mice from 2 litters 
per treatment. All data are relative to gyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
expression. Data were analysed using a t-test or the nonparametric Mann-Whitney U test, where 
appropriate. A) Grouped-sex data were not significantly different in FC compared to controls in the 
PFC or cerebellum, p = 0.39 for both. B) Hippocampus or thalamic axes of sex grouped FC mice were 
not significantly different in FC mice compared to controls, p = 0.41 and 0.1 respectively. C) No 
differences were present between grouped-sex control and FC mice in the spinal cord or midbrain (p 
= 0.39 and 0.08, respectively). 
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6.2.7 Barr2 gene expression is not altered in brain regions after fragmented care 

There were no significant differences in Barr2 gene expression in the PFC or the 

cerebellum (p = 0.24 and 0.93, respectively). When the data are sex split there 

appears to be one male control sample that is an outlier. Due to this it is hard to 

interpret the data without increased sample size. The animals that had experienced 

FC did not show large variations in the data (Figure 6.7A). Furthermore, the 

inconsistency of this male sample is not present in the other brain regions examined.  

 

No significant differences were detected in Barr2 gene expression in the 

hippocampus or thalamic axes in mice that had experienced FC when compared to 

controls (p = 0.35 and 0.39, respectively; Figure 6.7B). There appears to be a decrease 

in male FC hippocampal Barr2 gene expression when compared to controls. This is 

not observed in the females and therefore a greater sample size would be beneficial 

to investigate this further. Barr2 gene expression in the thalamic axis control samples 

does not show much variability, however, variability was greater for both males and 

females that had experienced FC.  

 

Figure 6.7C shows no gene expression differences for Barr2 in the spinal cords or 

midbrains of grouped-sex mice that have experienced FC compared to the controls 

(p = 0.39 and 0.65, respectively). There is little spread in any of these data suggesting 

that Barr2 gene expression is relatively consistent in both treatments and sexes in 

these tissues.   
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Quantification of Barr2 mRNA in post-natal day 11-13 mouse brain regions, prefrontal cortex, 
cerebellum, hippocampus, thalamic axis, spinal cord and midbrain. Data are from three male and 
three female mice from 2 litters per treatment. All data are relative to gyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) expression. Data were analysed using a t-test or the nonparametric Mann-
Whitney U test, where appropriate. A) Grouped-sex data were not significantly different in FC 
compared to controls in the PFC or cerebellum, p = 0.24 and 0.93, respectively. B) Hippocampus or 
thalamic axes of sex-grouped FC mice were not significantly different in FC mice compared to controls 
(p = 0.35 and 0.39, respectively). C) No differences were present between grouped-sex control and FC 
mice in the spinal cord or midbrain (p = 0.39 and 0.65 respectively). 

  

Figure 6.7: Barr2 gene expression in juvenile brain regions 



168 
 

6.2.8 Fragmented care does not alter c-Src gene expression in juvenile brain regions 

c- Src gene expression was not altered significantly in the PFC or cerebellum of mice 

that had experienced FC when compared to controls, p = 0.06 and p = 0.1 respectively 

(Figure 6.8A). There is a trend for c-Src gene expression to increase in the PFC of 

animals that have experienced FC. However, the data are variable and without a 

bigger sample size it is not possible to determine if these results would reach 

significance. A power calculation suggests that these data would reach significance 

(p = 0.05) with a sample size of 12. There is also a trend for c-Src to increase in the 

cerebellum of mice that had experienced FC, which appears to be more consistent in 

males than females.  

 

c-Src gene expression data in the hippocampus of male mice that had experienced 

FC were varied, however this variability was not observed in FC females (Figure 6.8B). 

Neither the hippocampus nor the thalamic axis of FC mice showed alterations in c-

Src gene expression when compared to the equivalent controls (p = 0.35 and p = 0.39, 

respectively).  

 

Figure 6.8C shows no significant differences in c-Src gene expression in the spinal 

cord or midbrain of the sex grouped data (p = 0.59 and p = 0.22, respectively). 

However, observation of the sex split data suggests that c-Src gene expression is 

increased in female midbrain tissue that had experienced FC, but not the FC males 

when compared to the controls. An increased sample size would be beneficial to 

determine any significance of these data.  
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Quantification of c-Src mRNA in post-natal day 11-13 mouse brain regions, prefrontal cortex, 
cerebellum, hippocampus, thalamic axis, spinal cord and midbrain. Data are from three male and 
three female mice from 2 litters per treatment. All data are relative to gyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) expression. Data were analysed using a t-test or the nonparametric Mann-
Whitney U test, where appropriate. A) Grouped-sex data were not significantly different in FC 
compared to controls in the PFC or cerebellum (p = 0.06 and 0.1, respectively). B) Hippocampus or 
thalamic axis of sex grouped FC mice were not significantly different in FC mice compared to controls 
(p = 0.0.37 and 0.59, respectively). C) No differences were present between grouped-sex control and 
FC mice in the spinal cord or midbrain (p = 0.59 and 0.22, respectively).  

Figure 6.8: c-Src gene expression in juvenile brain regions 
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6.3 DNA methylation in adult mice exposed to fragmented care  

DNA methylation of POMC, DOP and MOP were investigated in the hippocampus and 

midbrains of adult male control or FC mice. We used MethPrimer software to identify 

possible CpG islands and to design specific bisulfite PCR primers. To select a region 

of the gene to investigate DNA methylation a region of 300-200 bp with > 50% CpG 

islands was identified in each gene of interest (Chapter 2). Figure 6.9A shows that 

there was a significant 30% decrease in POMC methylation in the hippocampus of 

mice that had experienced FC as neonates (controls 34.9 ± 4.8 and FC 24.8 ± 2.3, n = 

4 and n = 3 respectively, p = 0.03). No change in DNA methylation of POMC was 

observed in the midbrain of FC mice (controls 32.9 ± 3.1 and FC 34.1 ± 6.0, n = 4 and 

3 respectively, p = 0.86).  

 

Figure 6.9B shows that there were no differences in MOP methylation in the 

hippocampus of FC mice compared to that of the controls (28.4 ± 3.3 and 26.3 ± 2.7, 

n = 4 and n = 3 respectively, p = 0.4). No significant differences were observed when 

investigating MOP DNA methylation in the midbrain of control and FC animals (27.8 

± 1.6 and 26.2 ± 0.7, n = 4 and n = 3 respectively, p = 0.23). 

 

DOP methylation was increased by 25% in the hippocampus of mice that had 

experienced FC (controls 28.1 ± 2.0, FC 35.4 ± 1.2, n = 4 and n = 3, respectively, p = 

0.03) and by 16% in the midbrain (controls 27.7 ± 1.3, FC 32.3 ± 1.7, n = 4 and n = 3, 

respectively, p = 0.03) Figure 6.9C. 
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DNA methylation at CpG sites in genes coding for POMC, MOP and DOP in the hippocampus and 
midbrain of control (white) and animals exposed to fragmented care (FC, red). Data were analysed 
with Mann-Whitney two-tailed test, *p < 0.05 (n = 4 in control and n = 3 in FC group). All analysis was 
run in duplicate. A) POMC DNA methylation decreased in FC hippocampus compared to controls (p = 
0.03) but was unaltered in midbrain (p = 0.86). B) MOP DNA methylation was not different between 
control and FC for hippocampus and midbrains (p = 0.4 and 0.23, respectively). C) DNA methylation of 
DOP was increased in the hippocampus and midbrains of FC mice compared to controls (p = 0.03 for 
both). Data were generated with help from Dr Oualid Abboussi. 

 

Figure 6.9: DNA methylation in adult brain regions 
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6.4 Dorsal root ganglion neurones of juvenile mice exposed to fragmented care  

Gene expression analysis was performed in DRG neurones from juvenile control and 

FC mice. In order to establish a more complete picture of opioid receptor 

functionality, we also performed electrophysiological analysis on DRGs from mice of 

this age to determine the coupling of morphine-activated MOPs to VDCCs. 

 

 

6.4.1 Gene expression analysis of DRG neurones  

c-Src and KOP gene expression were significantly altered in DRG neurones of mice 

exposed to FC compared to controls (Figure 6.10 p = 0.029 for both). The data suggest 

that PENK gene expression may be decreased after FC compared to controls (p = 

0.06), however a greater sample size is necessary to confirm this. Gene expression of 

MOP (p = 0.69), DOP (p = 0.34), POMC (p = 0.11) and Barr2 (p = 0.34) are unchanged 

in mice that have been exposed to FC compared to controls. Data for genes such as 

PENK, DOP and POMC showed high variability. Some of the variability may be due to 

a male versus female difference in expression of these genes. DRG samples were 

taken from 2 animals to generate each sample and as the sex was not visually 

determined at this age there may have been mixed sexes per sample therefore sex 

split data could not be obtained.  A larger sample size would potentially reduce the 

variability in the data. Moreover, a separate sample taken from each animal to test 

for sex could also be performed to determine whether there are sex split differences 

in gene expression due to experiencing FC.  
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Quantification of all investigated mRNAs in post-natal day 11-13 DRG samples containing a mix of both 
males and females n = 4. Each n had DRGs collected from 2 mice and grouped to ensure sufficient 
material for analysis. All data are relative to gyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
expression. Data were analysed using a t-test or the nonparametric Mann-Whitney U test, where 
appropriate. c- Src and KOP gene expression was significantly reduced in FC DRGs compared to 
controls, p = 0.029 for both. Barr2 (p = 0.34), PENK (p = 0.06), MOP (p = 0.69), DOP (p = 0.34) and 
POMC (p = 0.11) gene expression was not significantly different in FC DRGs compared to controls.   
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Figure 6.10: Gene expression in juvenile dorsal root ganglion neurones 
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6.4.2 Fragmented care does not alter morphine-evoked inhibition of VDCCs in 

juvenile DRG neurones 

Activation of MOPs in DRG neurones causes inhibition of VDCCs through the 

mobilisation of inhibitory G-proteins. We tested the ability of 10 µM morphine to 

inhibit Ca2+ currents activated by depolarising control or FC neurones from -80 to 20 

mV (Figure 6.11A and B, respectively). Average VDCC inhibition by 10 μM morphine 

was not altered by FC (p = 0.28, t-test). Average inhibition in control mice was 27.7 ± 

3.7% and in FC mice was 22.5 ± 2.4% (n = 6 and n = 5, respectively; Figure 6.11C). 

VDCC-mediated current density recorded from DRG neurones was also unaltered by 

exposure to FC (p = 0.11, t-test). Average VDCC-mediated current densities recorded 

from DRG neurones of control and FC mice were 104 ± 18 pA/pF and 168 ± 34 pA/pF, 

respectively (Figure 6.11D). The inactivation of currents was also unaltered by FC (p 

= 0.78, t-test). Control VDCCs recorded from control DRG neurones inactivated by 

20.6 ± 3.1%, while the equivalent inactivation for FC DRG neurones was 18.9 ± 5.3% 

(Figure 6.11E). 
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Electrophysiological analysis of morphine inhibition of VDCCs was performed on DRG neurones from 
PD 11-13 mice A), Exemplar, whole-cell superimposed Ca2+ currents mediated by VDCCs recorded 
from control DRG neurones in the absence and presence of morphine (10 μM). B), Whole-cell Ca2+ 
currents mediated by VDCCs recorded from FC DRG neurones in the absence and presence of 
morphine (10 μM). Neurones were depolarized from −80 to 20 mV for a period of 80 ms. C) Morphine 
inhibition of current amplitude was not altered by FC (p = 0.28). D) Current density was also unaltered 
by FC, p = 0.11. E) Inactivation of VDCCs was not altered by FC (p = 0.78. n = 6 for control and n = 5 for 
FC). Red traces represent currents recorded in the presence of morphine. Data are displayed as box 
and whisker graphs where means are represented with “+”, and whiskers represent 5th – 95th 
percentiles. Clear bars in box and whiskers represent control mice and red represents FC mice. All 
analysis was performed using unpaired t-tests.  

 

Figure 6.11: Morphine-evoked inhibition of VDCCs in juvenile control and FC DRG neurones 
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6.5 Discussion 

 

6.5.1 Methodological issues 

Some of the data in these studies display a greater variability in gene expression than 

others, such as all 3 opioid receptors in the midbrain and leptin, POMC, and PENK in 

the thalamic axis. These brain regions contain more than a single brain nucleus. The 

variability may be caused by differential gene expression in the different nuclei, in 

the case of the thalamic axis: the hypothalamus and the thalamus. Small differences 

in dissection could lead to relatively large changes in gene expression in 

heterogeneous brain preparations. The same can be said for the brainstem as it 

consists of multiple nuclei, such as the PAG and RVM. We cannot determine the 

quantity of each nuclei we have in each preparation and therefore this is a possible 

reason for considerable variability in these data. It is also important to highlight that 

we used only one reference gene, GAPDH, and it is possible that FC altered 

expression of this gene in some brain regions. It might have been beneficial to have 

additional reference genes. Other reference genes that could have been used in 

conjunction with GAPDH are phosphoglycerate kinase 1 (Pgk1), involved in 

carbohydrate metabolism and ribosomal protein 18s (18s rRNA), a member of 

ribosomal complex (Boda et al., 2009). Both of these are stable and detectable in 

juvenile brain regions. However, due to the large number of genes and brain regions 

already being investigated, the decision was made to use GAPDH alone as a reference 

gene in these initial studies. Below I will discuss the possible implications in gene 

expression alterations we observed due to FC. 

 

 

6.5.2 Leptin receptor gene expression 

Previous studies suggest that knocking out leptin receptor expression in the 

hippocampal region results in increased depression and impaired cognition (Guo et 

al., 2013, Li et al., 2002). WT mice that have experienced FC also show cognitive 

impairments (Rice et al., 2008). Our data reveal that male FC mice display a reduction 
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of leptin receptor gene expression in the hippocampus; therefore, it is a possibility 

that this contributes to cognitive impairments observed in FC mice. Male FC PD 11-

13 mice show a decrease in body weight compared to control males, an effect of FC 

that is absent in females. As mentioned previously, leptin acts on the leptin receptor 

in the hypothalamus. A decrease in leptin receptor (heterozygote KO for the leptin 

receptor) gene expression results in an obese phenotype (Chung et al., 1998), thus, 

highlighting the importance of leptin receptor gene expression on body weight and 

composition. Whilst we observed a reduction in body weight of male FC mice and not 

females, they do not show any alteration in the lean and fat mass percentages 

(Chapter 3) this is consistent with no overall alteration in leptin receptor gene 

expression in the thalamic axis. The leptin receptor gene expression analysis shows 

great variability in these animals; therefore, it is possible that gene expression is 

altered in one of the regions within the thalamic axis such as the hypothalamus and 

not the thalamus (or vice versa) or altered in opposing directions in both. The 

developmental leptin surge in rodents promotes the formation of neural circuits 

controlling food intake and adiposity. If FC animals were to have altered leptin gene 

expression in the hypothalamus compared to the controls as juveniles this may 

contribute to the overall metabolism of the mouse in later life and result in the 

decrease in body weight in the FC male animals (Bouret and Simerly, 2006).  

 

 

6.5.3 POMC gene expression and DNA methylation 

Our results demonstrate down-regulation of POMC gene expression in the 

hippocampus and spinal cord of FC animals compared to controls. There is little in 

the literature regarding POMC gene expression in the hippocampus, however, other 

groups that have used maternal separation to induce early life adversity in mice have 

reported that at adulthood POMC gene expression increased in the hypothalamus, 

but not in the hippocampus (de Almeida Magalhaes et al., 2018). POMC gene 

expression may well be different depending on the model of early life adversity used 

and it may also change during mouse development. It is known that POMC is 

detectable via in situ hybridization from embryonic day 14.5 to PD 1 in the pituitary 
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gland (Japon et al., 1994). POMC gene expression in rats is expressed at the same 

levels in males and females in the hypothalamus at PD 10, PD 20, and PD 30, however 

gene expression at PD day 30 is 4 fold higher than that of day 10 (Iwasa et al., 2017). 

Iwasa et al also demonstrated POMC gene expression levels were altered in the fed 

versus fasted states, with the fasted state showing down regulation of POMC gene 

expression. Genetically engineered POMC null mice demonstrate a decrease in 

granular density of the dentate gyrus of the hippocampus, which correlates with a 

decrease in cell proliferation but not an increase in cell degeneration (Ostwald et al., 

2006). Ostwald et al also showed that spatial learning, tested by the Morris water 

maze, was not altered in the adult POMC null mouse. This therefore suggests that 

the learning deficits observed in FC mice may not be solely due to altered POMC gene 

expression at this early stage of development.  

 

POMC gene expression was decreased in the spinal cord of FC animals also. In 1986 

it was shown that POMC neuronal bodies themselves were not located within the 

spinal cord. Tsou et al. showed that products such as ACTH and β-endorphin were 

present in this tissue and therefore may play specific roles in pain signalling. They 

also demonstrated that, when a lesion in the spinal cord was formed, the POMC 

peptides disappeared below the lesion (Tsou et al., 1986). These data suggest that 

POMC may play a role in spinal cord injury and pain regulation. Our animal model of 

FC with decreased POMC gene expression may play a role in the altered basal 

analgesic tone observed in Chapter 4. Although we observe an increase in analgesic 

tone in adult FC mice, the gene expression data were obtained in PD 11-13 mice. It is 

therefore possible that the decrease in gene expression we observe in juvenile 

animals may result in compensatory mechanisms arising at adulthood.  

 

The reduction in POMC gene expression in the hippocampus led us to examine DNA 

methylation of the POMC gene in this nucleus. Our DNA methylation data in male 

adult mice was performed in the hippocampus and midbrain. A significant reduction 

was observed in the hippocampus (Figure 6.9). As discussed previously a reduction 
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in DNA methylation correlates with an up regulation of gene expression. These data 

suggest that POMC gene expression is up regulated in adult male mice that have 

experienced FC. These results differ from that obtained in the analysis if POMC gene 

expression in the juvenile hippocampus. It is possible that the reduction in POMC 

gene expression in juvenile FC mice results in compensatory down-regulation of 

POMC DNA methylation at adulthood. This may result in increased POMC protein 

expression, however further investigation, such as Western blot analysis, will need 

to be performed for verification. An increase in POMC may result in the hypoalgesic 

phenotype we observe in adult FC animals (Chapter 4). 

 

 

6.5.4 PENK gene expression 

No significant differences in PENK gene expression were observed due to FC. This 

therefore suggests that the increased basal analgesic tone observed in these animals 

is not mediated by increased PENK gene expression. However, it is important to 

consider that gene expression of PENK may be too low in juvenile brain regions to 

detect changes. It has been suggested that PENK gene expression levels are too low 

to detect in post-natal animals and become detectable only at adulthood (Rosen et 

al., 1995). The results showed considerable variability, which could be a consequence 

of low gene expression levels leading to a large margin of error and may not provide 

a true reflection of PENK gene expression. 

 

 

6.5.5 MOP gene expression 

Our results showed an increase in MOP gene expression only in the midbrain. The 

brain regions present in the dissection of the midbrain consist of the periaqueductal 

gray (PAG), mid brain, VTA, superior colliculus and the substantia nigra. The PAG 

plays a major role in the descending control of pain. Intra PAG administration of 

morphine results in analgesia (Yaksh and Rudy, 1978), therefore, it is possible that 
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alterations in MOP gene expression may alter basal sensitivity to pain as observed in 

FC animals. However, the VTA is responsible for the reinforcing properties of opioids 

and has been implicated in morphine analgesia (Manning et al., 1994) an increase in 

MOP gene expression may also result in altered morphine analgesia and/or 

reinforcement. Knockdown of MOPs in the substantia nigra and VTA utilising small 

interfering RNA results in diminished reward and locomotor activity in response to 

heroin (Zhang et al., 2009). FC caused an increase in morphine locomotor activity, 

without affecting morphine reinforcement (Chapter 5). 

 

 

6.5.6 DOP gene expression and DNA methylation 

There was an increase in DOP gene expression in the hippocampus, spinal cord and 

midbrain of mice that have experienced FC. As discussed previously adult male mice 

that have experienced FC have reduced learning and memory capabilities, this is also 

true for DOP KO animals (Pellissier et al., 2018b). However, we observed an increase 

in gene expression analysis in juvenile animals. The situation may be different when 

mice exposed to FC reach adulthood. Indeed, when DOP DNA methylation was 

examined in adult male hippocampus and midbrain tissue we found increases, 

suggesting a reduction in DOP gene expression in adult FC mice. The differences in 

gene expression and DNA methylation may be linked, an increase in gene expression 

in juvenile animals may result in altered gene methylation and expression at 

adulthood, possibly through compensatory mechanisms.  

 

A DOP gene expression increase was also apparent in the juvenile spinal cord of FC 

animals. However, when the data were sex split it appears that this is more 

prominent in females than males. Decreased gene expression of DOP in the spinal 

cord is a common feature of pain associated with peripheral nerve injury (Stone et 

al., 2004). Therefore, increased expression may be a contributing factor to the 

hypoalgesic phenotype observed with our FC model (Chapter 4), however, no sex 

differences were observed in baseline tail latency measurements.  
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The PAG is a region contained within the midbrain of the dissected regions. As 

discussed, this brain region is important in opioid analgesia. The gene expression 

analysis shows that DOP gene expression increased in the midbrain following FC and 

this appears to be consistent between the sexes. As we do not observe sex 

differences in the basal hypoalgesic state of the mice this may be a contributing 

factor to this phenotype. Our FC mice do not display altered morphine reinforcement 

in the CPP paradigm (Chapter 5) despite displaying alterations in DOP gene 

expression in the midbrain. This is consistent with previous reports that DOPs are not 

implicated in the reinforcing properties of morphine, despite contributing to 

morphine’s disinhibition of dopaminergic neurones in the VTA (Bull et al., 2017a, Le 

Merrer et al., 2011). 

 

 

6.5.7 KOP gene expression  

No significant differences were observed in any of the juvenile brain regions 

following exposure to FC. However, there was a significant decrease in KOP gene 

expression in DRG neurones of FC mice at PD 11- 13. The DRGs were not sex 

determined as two samples had to be added together to gain sufficient tissue for 

analysis. Gene and protein expression of the KOP is up regulated in the spinal cord 

but down regulated in the DRG neurones of morphine tolerant rats (Li et al., 2010). 

These data show a down regulation of KOP gene expression in the DRGs of FC 

exposed mice compared to control animals. KOP gene expression in the spinal cord 

does not show significant alterations when the sex grouped data are analysed, 

however if the data are sex split it appears that there is a trend for KOP gene 

expression to be increased in male animals, which is not true for the females. These 

data suggest that the juvenile animals may already be primed to opioid tolerance so 

that when exposed to morphine they develop a more rapid and profound tolerance 

development as a result (Chapter 4). 
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6.5.8 Barr2 and c-Src gene expression 

No differences in Barr2 or c-Src gene expression in any brain region of the juvenile 

mice exposed to FC were observed. This suggests that the alterations in baseline 

analgesia are not mediated via altered Barr2 gene expression, although there may be 

gene expression or protein changes in the adult mouse exposed to FC that may 

contribute to the phenotype of these mice. However, there was a significant 

decrease in c-Src gene expression in the DRG neurones of FC mice. As previously 

mentioned inhibition of c-Src prevents and reverses the development of morphine 

tolerance in mice (Bull et al., 2017b). Therefore, a reduction of c-Src gene expression 

in DRG neurones might be expected to reduce morphine tolerance rather than 

increase it, as seen in FC mice. A decrease in c-Src might be expected to contribute 

to hypoalgesia by increasing constitutive inhibitory coupling of MOPs to VDCCs 

(Walwyn et al., 2007). However, as this analysis was performed in DRGs extracted 

from juvenile animals it is not necessarily the case that decreased Src gene expression 

is carried over into adulthood. It is possible that down regulation of gene expression 

at this age may result in other compensatory mechanisms in later stages of 

development or altered protein expression and stability. 

 

 

6.5.9 Morphine-evoked VDCC inhibition  

No differences were found when investigating morphine mediated-evoked of VDCCs 

in DRGs of FC mice compared to controls. These data suggest that FC does not alter 

the ability of MOPs to couple with VDCCs in DRG neurones of PD 11-13 mice. Barr2-

/- juvenile DRG neurones exhibit enhanced constitutive MOP/VDCC coupling. 

Morphine has a reduced ability to inhibit VDCC currents recorded from Barr2-/- DRG 

neurones as Ca2+ currents are already constitutively inhibited (Walwyn et al., 2007). 

This was mimicked in WT DRG neurones by the c-Src inhibitor (PP2). It was also found 

that the lack of Barr2 in DRG neurones results in c-Src being co-localised with MOPs 

on the surface membrane as opposed to inside the cell as in WT DRG neurones. From 

this it was suggested that the Barr2/c-Src signalling complex plays a role in recycling 

constitutively active MOPs, therefore limiting tonic coupling to cellular effectors 
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(Walwyn et al., 2007). Our data showed a decrease in c-Src gene expression in the 

DRGs of our juvenile FC mice, however, this did not result in altered VDCC activation 

when cells were depolarised compared to DRGs from control mice. These data 

suggest that the decrease in c-Src gene expression may not result in a sufficient 

decrease of c-Src protein to result in reduced VDCC-mediated current, as 

demonstrated previously (Walwyn et al., 2007). Performing protein analysis in the 

form of Western blots would confirm whether the decrease in c-Src gene expression 

was reflected in protein expression and or levels of activated phospho-Src. Neither 

current density nor VDCC inactivation of FC DRG neurones differed from those seen 

in control neurones. These data suggest that there are no obvious differences in the 

number or type of VDCCs in DRGs of control and FC neonatal mice. 

 

 

6.5.10 Summary 

Differences in gene expression in the different brain regions due to experiencing FC 

may contribute to the phenotype of the animal. However, some of the gene 

expression that is altered in the juvenile, like the decrease in leptin receptor and 

POMC would suggest an obese adult phenotype which is the opposite to body mass 

observed as an adult (Chapter 3). This may be explained through a subsequent 

alteration in epigenetics as POMC had a decreased methylation status at adulthood 

therefore suggesting an increase in POMC gene expression, which correlates with our 

reduced body weight phenotype in the males. Contrastingly, DOP gene expression 

was increased in FC juvenile hippocampi and midbrains, with decreased DOP DNA 

methylation in the adult hippocampus and midbrains. Together these data suggest 

that gene expression may change during maturation into adulthood. More in-depth 

investigation is necessary to map the changes over the lifespan of the animal with 

greater numbers for more robust statistical analysis. These data also reveal the 

necessity for investigating both male and females as they display somewhat different 

gene expression profiles.  
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FC mice display initial hypoalgesia, reduced onset of morphine tolerance and 

enhanced morphine-associated hyperalgesia (Chapter 4). They also display increased 

morphine hyperlocomotion (Chapter 5). Gene expression analysis reveals these mice 

have increased MOP gene expression in the midbrain and decreased KOP gene 

expression in DRGs. Together these alterations may contribute to the analgesic 

phenotype of the FC mouse. Whilst a decrease in MOP gene expression in the 

substantia nigra and VTA, regions within the midbrain dissection, may contribute to 

the decrease in morphine hyperlocomotion (Zhang et al., 2009), it is possible that the 

decreased gene expression in juvenile animals results in compensatory mechanisms 

at adulthood, such as enhanced MOP downstream signalling. Moreover, this may 

result in the increased morphine evoked hyperlocomotion we observe at adulthood. 

Furthermore, activation of MOPs in the PAG results in analgesia (Yaksh and Rudy, 

1978), therefore, should MOP gene expression be enhanced at adulthood in FC 

animals, this may be a contributing factor to the hypoalgesia we observed. Moreover, 

morphine tolerance leads to a reduction in KOP gene expression in DRGs (Li et al., 

2010). Therefore, if reduced KOP gene expression in persists until adulthood in DRGs 

of FC mice this may contribute to enhanced morphine tolerance. Together, altered 

MOP and KOP gene expression we observe may play pivotal roles in the analgesic 

tone and morphine responses we observe in the FC animals. Further investigation is 

required into the gene and protein expression of MOP, DOP and KOP at adulthood.  

 

Whilst electrophysiological investigation of FC DRG neurones did not show any 

differences compared to controls it is important to note that these observations were 

also made in juvenile mice. As shown above, gene expression and DNA methylation 

show contrasting findings at the different stages of development at which they were 

investigated. FC DRG neurones show a decrease in c-Src gene expression, this may 

subsequently result in altered c-Src gene expression in adulthood and therefore give 

rise to altered MOP/VDCC coupling that cannot be observed in juvenile animals. It 

would be interesting (although technically challenging) to perform 

electrophysiological analysis of control and FC adult DRG neurones to clarify if FC had 

any effect on MOP/VDCC coupling. 
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These findings provide a platform for future in-depth investigation into gene 

expression, DNA methylation and electrophysiological analysis to better understand 

the molecular mechanisms contributing to the behavioural phenotype of mice 

exposed to FC. It also highlights the necessity to perform these investigations 

throughout the entire developmental life span of male and female animals as 

opposed to a single snap shot in time.  
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Chapter 7 : Discussion 
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7.1 FC affects development 

We utilised the FC paradigm developed by Rice et al (Rice et al., 2008) to investigate 

the effects of early life adversity on nociception and behavioural responses to 

morphine in mice. We began by characterising the developmental effects of FC. WT 

FC male mice, but not females, exhibited reduced body weights at adulthood, 

consistent with previous findings (Gunn et al., 2013, Rice et al., 2008).  

 

Reduced body weights could be explained by lower food intake by male FC mice 

compared to controls. A reduction in leptin receptor or POMC gene expression 

results in uncontrolled food intake and obesity (Millington, 2007, Tartaglia, 1997). It 

was therefore a possibility that the reduction in food intake observed in WT FC males 

was due to altered leptin receptor or POMC gene expression in the thalamic axis, a 

brain region containing the hypothalamus and thalamus. However, there were no 

differences in juvenile leptin receptor or POMC gene expression in the thalamic axis 

of WT FC animals. This, therefore, suggests altered leptin receptor or POMC gene 

expression is not the underlying mechanism resulting in the reduction in body 

weights of juvenile male FC mice. It is important to note that there was considerable 

variability in both genes perhaps due to varying gene expression in the differing brain 

nuclei (thalamus and hypothalamus) present in the thalamic axis. Additional data will 

be required to clarify whether there are differences in these regions. Gene 

expression analysis in adult animals (where these brain regions can be more easily 

identified) or immunohistochemical analysis should be performed. Food intake 

analysis was performed at adulthood, therefore leptin receptor and POMC gene 

expression may be altered compared to juvenile gene expression. The data also 

suggest that there may be differences between males and females, therefore 

increased numbers of each would be greatly beneficial in understanding the gene 

expression profile in males and females as a result of experiencing FC.  

 

Moreover, male FC mice did not display altered lean or fat mass body composition 

when compared to controls. Our findings are consistent with Maniam et al, who 
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showed male rats, that experienced the same FC paradigm as we used, do not have 

altered lean or fat mass body composition (Maniam et al., 2015). Together, our 

findings suggest that male FC mice have reduced metabolic need, maintaining the 

same body composition as WT control animals despite lower food consumption. 

Should WT FC male mice have had the same metabolic needs as controls, we would 

have expected them to exhibit reduced fat mass. A reduction in fat mass has been 

observed in WT FC mice previously, however, this was found in mice at 6 months of 

age (Yam et al., 2017). Future analysis of WT control and FC mice in the Columbus 

Instruments Comprehensive Lab Animal Monitoring system (CLAMS) apparatus 

would allow a determination of the metabolic phenotype of these animals.  

 

We also investigated FC in MOP+/- and Barr2-/- mice, neither of which displayed a 

reduction in body weight at adulthood in male or female FC mice compared to 

controls. As antagonising the MOP results in a reduction in binge eating behaviour 

(Barbano and Cador, 2006, Bodnar et al., 1995) and morphine adminstration in the 

VTA increases feeding (Pecina and Berridge, 2000), it is possible that WT FC mice have 

reduced MOP gene expression and this may contribute to reduced food intake. 

However, WT juvenile FC mice displayed increased MOP gene expression in the 

midbrain. When MOP DNA methylation was examined in the midbrain at adulthood 

there was no difference between control and FC animals, therefore suggesting 

altered MOP gene expression in this brain region is not the mechanism underlying 

altered body weights in FC mice.  

 

Alternatively, a full complement of MOPs may be required to enable the FC 

phenotype. This may explain why no change in body weight was observed in male 

MOP+/- FC mice. Indeed, the importance of MOPs is known for social interactions in 

humans and mice (Pujol et al., 2018). Therefore, a deficiency in the number or 

function of MOPs may negate the manifestation of the FC phenotype in MOP+/- mice 

due to an absence of productive dam-pup interactions. Oxytocin is a hormone 

important for effective nurturing behaviours. The oxytocin receptor is upregulated in 
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MOP-/- brain regions responsible for social interaction such as the medial anterior 

olfactory nucleus, the central and medial amygdaloid nuclei, and the nucleus 

accumbens (Gigliucci et al., 2014). It will be important to investigate oxytocin 

expression/levels in the dams and pups as altered oxytocin expression may affect the 

care pups receive during FC. Despite FC dams and control dams spending the same 

interaction times with their offspring, it is possible that FC pups and control pups 

receive different quality of care. 

 

As there were no differences in body weights after FC in either MOP+/- or Barr2-/- 

mice it would be interesting to perform food intake analysis and characterise the 

gene expression of these animals to observe any differences between the FC 

genotypes to understand the underlying mechanisms that contribute to the altered 

body weights in WT FC mice.  

 

 

7.2 FC affects pain, morphine analgesia and tolerance 

WT mice that experienced FC were hypoalgesic compared to controls at adulthood. 

Hypoalgesia also occurs in humans who have experienced early life pain (Hermann 

et al., 2006, Vederhus et al., 2012, Walker et al., 2009). Increased DOP and decreased 

POMC gene expression was found in juvenile WT FC spinal cord, both of which may 

contribute to the hypoalgesic phenotype. However, the role of POMC in the spinal 

cord remains unclear (Tsou et al., 1986, Plantinga et al., 1992). POMC gene 

expression in the spinal cord is upregulated in rats suffering from neuropathic pain 

(Beltramo et al., 2003). Therefore, decreased POMC gene expression may contribute 

to hypoalgesia in WT FC animals. However, our findings show that DOP and POMC 

gene expression may change throughout life as we observed an increase in DOP gene 

expression in the midbrain of juvenile animals, but at adulthood DOP DNA 

methylation was increased suggesting adult WT FC mice have decreased DOP 

expression. Similarly, POMC gene expression shows a decrease in juvenile 

hippocampi, but increased DNA methylation in adults. It is therefore difficult to put 
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into context what the alterations in gene expression and DNA methylation of DOP 

and POMC mean. 

 

Furthermore, WT FC mice had reduced morphine analgesic potency compared to 

controls. Analysis of gene expression suggests that a decrease in KOP gene expression 

in DRG neurones may contribute to rapid morphine tolerance observed in WT FC 

mice. Morphine tolerant rats display increased KOP in DRG neurones (Li et al., 2010), 

thus suggesting that morphine naïve WT FC mice may be primed for morphine 

tolerance. However, DRG neurones of WT FC mice also show a decrease in c-Src gene 

expression. c-Src inhibition has been shown to prevent and reverse morphine 

tolerance (Bull et al., 2017b), therefore it may have been expected to observe a 

decrease in morphine tolerance in WT FC mice. Moreover, c-Src reduction does not 

appear to alter MOP coupling to VDCCs in WT FC DRG neurones, therefore decreased 

c-Src gene expression may not contribute to the increase in hypoalgesia observed in 

these animals.  

 

The earlier onset of morphine tolerance observed in WT FC mice is reminiscent of 

that seen in MOP+/- mice raised without FC (Bull et al., 2017b). MOP+/- mice express 

50% less MOPs than WT mice (Matthes et al., 1996). Therefore, we hypothesised that 

FC may cause a reduction in MOP gene expression or function leading to the 

observed morphine phenotype. We anticipated that the morphine phenotype would 

be further exacerbated in MOP+/- mice exposed to FC. However, MOP+/- FC mice did 

not display altered morphine tolerance compared to control MOP+/- mice. Morphine 

tolerance occurred rapidly in both FC and control MOP+/- mice. We observed an 

increase in MOP gene expression in the midbrain of WT FC mice, however, at 

adulthood MOP DNA methylation was not altered. Therefore, the possible 

consequences of an early alteration of MOP gene expression remain unclear, 

however the gene expression and DNA methylation findings may contribute to the 

analgesia, increased rate of morphine tolerance and hyperalgesia in WT FC mice. It is 
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possible that tail withdrawal had reached a maximum speed in MOP+/- animals 

thereby obscuring the effect of FC.  

 

WT FC mice developed hyperalgesia following repeated morphine administration, 

which was not seen in control mice. Morphine-induced hyperalgesia is a well-

documented outcome of repeated opioid administration in humans and mice (Ali, 

1986, Arner et al., 1988, Celerier et al., 2000, Vanderah et al., 2000). Our data suggest 

that morphine-associated hyperalgesia in FC mice requires a full complement of MOP 

expression as MOP+/- mice do not display the same outcome. However, it has also 

been shown that experiencing childhood adversity causes increased sensitisation to 

pain in later life when exposed to repeated noxious stimuli (You and Meagher, 2016). 

Therefore, we cannot be certain that the increase in hyperalgesia is a direct result of 

repeated morphine administration or due to central sensitisation as a result of tail 

immersion. To clarify this WT FC mice should undergo the tail immersion assay 

protocol as described in Chapter 2, without receiving daily morphine injections.  

 

MOP-mediated basal hypoalgesia is a characteristic of Barr2-/- mice (Lam et al., 

2011). Barr2-/- mice do not display altered morphine potency compared to WT mice 

(Bull et al., 2017b). However, unlike WT mice they do not develop analgesic tolerance 

to morphine (Bohn et al., 2000, Bohn et al., 2002, Bohn et al., 1999, Bull et al., 2017b). 

Barr2-/- mice exposed to FC did not display altered morphine potency or tolerance 

compared to control Barr2-/- mice, suggesting that the FC paradigm utilises Barr2 

signalling to mediate these effects. Moreover, the increase in FC induced hypoalgesia 

and morphine-associated hyperalgesia was not observed in Barr2-/- mice. There 

were no alterations in Barr2 gene expression in juvenile WT FC mice compared to 

controls, therefore suggesting that FC does not induce these effects via altered Barr2 

gene expression. It is, however, possible that Barr2 protein expression, degradation 

or stabilisation has been altered. Interestingly, both the control and FC Barr2-/- mice 

developed apparent morphine-associated hyperalgesia suggesting that Barr2 is not 

required for this phenomenon. 
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Investigating MOP+/- and Barr2-/- mice in the FC paradigm demonstrated that 

hypoalgesia, reduced morphine potency, accelerated tolerance and morphine-

associated hyperalgesia in WT FC mice may be related to altered MOP and Barr2 

signalling. Moreover, the altered nociception, analgesia and tolerance in WT FC mice 

may be associated with signalling mechanisms downstream of both MOP and Barr2. 

However, our findings suggest that they are not mediated via the c-Src kinase 

pathway. c-Src inhibition in WT FC mice did not prevent tolerance development as 

previously shown in mice not exposed to FC (Bull et al., 2017b). Our findings also 

demonstrate that the ability of c-Src inhibition to reverse morphine analgesic 

tolerance is compromised once substantial tolerance has developed; suggesting that, 

once tolerance has developed to a critical extent the process may no longer be c-Src 

dependent.  

 

Similar to c-Src inhibition, PKC inhibition has also been shown to prevent and reverse 

morphine tolerance (Bailey et al., 2006, Gabra et al., 2008a, Hull et al., 2010).  It is 

possible that tolerance development is multifaceted involving both c-Src and PKC 

signalling whereby inhibition of each independently is enough to prevent or reverse 

low-level morphine analgesic tolerance. However, it may be that once tolerance has 

developed beyond a certain level both (and possibly additional) signalling pathways 

are recruited to morphine tolerance, perhaps contributing to different aspects of 

desensitisation and receptor endocytosis. The combined use of both c-Src and PKC 

inhibitors may be more effective at combating morphine tolerance. Moreover, 

inhibiting PKC in WT FC mice will be an important approach for gaining further insight 

into the mechanisms of rapid morphine tolerance observed in these animals.  

 

 

7.3 FC affects morphine psychomotor stimulation 

FC did not alter the reinforcing properties of morphine, however, it did result in 

increased morphine sensitisation in male mice, a behaviour that has been associated 

with drug “wanting” (Robinson and Berridge, 2001). It has been suggested that the 
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“wanting” effect of a substance alters an individual’s drug seeking behaviour and as 

a result they may be more susceptible to relapse after drug abuse (Berridge and 

Robinson, 2016). It would therefore be interesting in future to perform morphine 

reinstatement studies. This would allow for the rate of morphine extinction to be 

investigated. It has been shown previously that reinstatement of morphine occurs at 

a lower dose than administered previously, suggesting previous opioid use results in 

a “priming” of morphine reinforcement in the future (Ribeiro Do Couto et al., 2003). 

As our data suggest the FC male animals may show increased drug seeking behaviour 

it is possible that it could take longer for morphine extinction to occur in these 

animals. Moreover, male FC animals may display reinstatement of morphine 

preference at a lower dose of morphine, compared to controls. 

 

When investigating cocaine use the drug “wanting” phenomenon was abolished after 

catecholamine precursor deletion, therefore suggesting these effects are dopamine 

mediated (Leyton et al., 2005). Similarly, dopamine deficient mice still find morphine 

reinforcing, however they do exhibit negligible morphine hyperlocomotion (Hnasko 

et al., 2005). Dopamine deficient mice also display a decrease in morphine potency 

in the tail withdrawal assay, a phenomenon we also observe in WT FC mice (Hnasko 

et al., 2005). It is therefore possible that altered dopamine or dopamine receptors in 

different tissues of these mice contribute to the increase in morphine 

hyperlocomotion and altered morphine potency observed in WT FC mice. For 

example, D1 receptor activation in the limbic forebrain enhances morphine 

hyperlocomotion (Funada et al., 1994). Also, a reduction of dopamine signalling 

within the ventrolateral PAG reduces the antinociceptive effect of morphine (Meyer 

et al., 2009). Immunohistochemical analysis of dopamine receptors in brain slices 

(Stojanovic et al., 2017) or dopamine quantification in specific brain regions (Fang et 

al., 2013) may provide clarity. 
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7.4 Translational implications 

Communities that experience the greatest deprivation have the highest rates of 

opioid prescribing (Torrance et al., 2018). They also display higher rates of chronic 

pain than more affluent communities (Newman et al., 2017). Deprivation is 

associated with more single parent households with greater financial hardship (Stack 

and Meredith, 2018). Children in these households may be exposed to fragmented 

care, whereby the quality of the time that parents spend with their children is 

compromised. Additional contributing factors may be parents working multiple jobs 

or partaking in the misuse of drugs. Individuals who have experienced early life 

adversity display altered pain responses in later life (Beggs et al., 2012, Walker et al., 

2017) as well as altered DNA methylation (Kumsta et al., 2016). Experiencing early 

life adversity has also been associated with increased risk of substance misuse and 

relapse following drug abstinence (Messina et al., 2008, Teixeira et al., 2017, Van 

Dam et al., 2014). We therefore hypothesised that FC results in altered morphine 

analgesia, tolerance development and morphine reinforcement. We also 

investigated whether experiencing FC alters nociception. These factors may 

contribute to the increased drug misuse rates observed in individuals that have 

experienced early life adversity in the form of FC. 

 

Alongside phenotypic differences due to FC we also observed altered gene 

expression in different brain regions, spinal cord and DRGs. These findings suggest 

that experiencing FC results in life-long genetic alterations in the form of epigenetic 

modifications. We propose that individuals who have experienced FC may require an 

altered approach when treating pain as they may not respond in the same way to 

analgesia as individuals that have not experienced FC. Those that have experienced 

FC may require opioid rotation more frequently due to developing tolerance more 

rapidly than others. Moreover, closer monitoring of individuals that have 

experienced FC may be necessary as they may display increased drug seeking 

tendencies, resulting in drug misuse. 
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Alterations in epigenetics can be inherited from parent to offspring. For example, 

offspring of cocaine self-administering adult male rats display a decrease in hedonic 

effect of cocaine (Vassoler et al., 2013b). This was shown to be a result of epigenetic 

reprogramming of the germline. Moreover, early life adversity, experienced in the 

form of unpredictable maternal separation and stress, resulted in adults that 

exhibited depressive and anxiolytic phenotypes (Dickson et al., 2018). When these 

adult males were mated with control females they gave rise to offspring with the 

same depressive anxiolytic behavioural phenotype. As our data suggest that altered 

gene expression and DNA methylation occurs due to experiencing FC in mice, we 

propose to investigate whether the effects of our FC model, such as basal 

hypoalgesia, decreased morphine potency and increased onset of morphine 

tolerance, will result in transgenerational effects due to inheritable epigenetic 

modification. We also suggest that epigenetic alterations may be present in humans 

that have also experienced FC. Generation Scotland (GS) and GoSHARE are examples 

of Scottish resources that obtain human biological samples and health informatic 

data (mainly epidemiological data and genetics), which are available for medical 

research. GS has information on the health and lifestyle of the participant from whom 

the sample was obtained. Participants of GS have also agreed to have their medical 

records linked to their spare blood samples and to being contacted about 

participation in future research. Having established the link between FC and altered 

gene expression and DNA methylation it will be informative to collaborate with GS to 

explore any alterations that may occur in people who have experienced FC. We 

propose to explore potential associations between early life adversity, pain and 

opioid use and misuse utilising national electronic health records and cohorts, 

including GS and GoSHARE. 
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7.5 Final conclusions 

We found that FC increased basal hypoalgesia, reduced morphine potency, resulted 

in a more rapid development of morphine tolerance and increased morphine-

associated hyperalgesia. All of these outcomes were abolished in both MOP+/- and 

Barr2-/- mice. Inhibition of c-Src, using dasatinib, did not prevent the more rapid 

tolerance development observed in WT FC mice; therefore, we propose that these 

effects are not mediated via c-Src signalling. FC did not alter the reinforcing 

properties of morphine; however, FC caused increased morphine sensitisation, 

consistent with a possible increase in drug seeking behaviour, whilst the hedonic 

effects of morphine remain unchanged. Gene expression analysis suggests that FC 

results in epigenetic changes that require further investigation in this model, prior to 

investigating similar effects of FC in humans. These studies highlight the potential 

need for knowledge of a patient’s early life experiences when designing personalised 

treatment for managing pain and prescribing opioids.  
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