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“Of pain you could wish only one thing: that it should stop.   
Nothing in the world was so bad as physical pain.  

In the face of pain there are no heroes.” 
        George Orwell, 1984 
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ABSTRACT 
 
Pain is a clinical issue in neurodegenerative diseases since the risk of chronic pain 

increases with age-related comorbidities in the elderly and largely impacts one’s quality 

of life. Alterations in pain perception and processing are documented in individuals with 

Alzheimer’s Disease (AD) who often report pain less than healthy controls. However, 

adequate assessment of pain in AD is hindered by patients’ inability to communicate. 

Current treatment, when it occurs, relies heavily on paracetamol and fentanyl patches, 

which may induce several side effects in these patients. As such, a better understanding 

of nociceptive mechanisms under AD neurodegenerative conditions would identify 

pathways and delineate new avenues for analgesic strategies.  

 

Aim of this thesis was to investigate alterations within the nociceptive pathways, under 

neuropathic pain conditions. Using the TASTPM transgenic mouse model of AD, we 

focussed on neuronal/immune changes at the site of injury in sciatic nerve, dorsal horn 

of spinal cord and brainstem in concomitance to the development of mechanical 

hypersensitivity (allodynia) following peripheral nerve injury.    

 

This thesis shows evidence for attenuation of neuropathic allodynia in TASTPM mice for 

up to 21 days after peripheral nerve injury compared to wild-type (WT) mice. Such an 

alteration is linked with an increased peripheral and central opioidergic signalling in 

TASTPM mice which is not observed in WT mice. Specifically, administration of naloxone 

hydrochloride, a CNS- penetrant opioid antagonist, exacerbated mechanical allodynia in 

injured TASTPM mice and induced mechanical hypersensitivity up to levels observed in 

injured WT mice. Concomitant with these behavioural results, in TASTPM dorsal horn of 

the spinal cord, we observed higher expression of endogenous inhibitory peptides such 

as enkephalins and less severe microgliosis compared to WT.  All together, these data 

implicate that in AD mice, a dysfunction of the opioidergic system contributes to the 
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attenuated mechanical allodynia and modulates central sensitisation mechanisms such 

as microgliosis. 

 

In addition to an increase of the central opioidergic tone, here we provide evidence for 

changes in the peripheral opioidergic system, likely mediated by immune cells. 

Specifically, administration of a peripheralized opioid antagonist, naloxone methiodide, 

exacerbated neuropathic allodynia in TASTPM, which displayed a lower number of blood 

classical monocytes and higher number of macrophages at the site of nerve injury 

compared to WT. Since such macrophages acquired a CD206+/MHCII- phenotype we 

speculated that they were likely involved in anti-nociceptive effects at the site of injury. 

We demonstrate in vitro that TASTPM bone marrow derived macrophages (BMDMs) 

perform efficient phagocytosis of myelin extracts containing amyloid precursor protein, 

acquire CD206+/MHCII- phenotype, upregulate mRNA expression of proenkephalin 

(PENK) and accumulate enkephalins in the culture media. 

These data suggest a disrupted opioidergic tone in TASTPM mice, which followed by 

peripheral nerve injury, is mediated by peripheral immune cells. Our data show that the 

latter is mediated by the TASTPM immune signature observed both at the injury site and 

in bloodstream.  

 

Taken together, this thesis delineates mechanisms underlying alterations in pain 

processing in AD conditions, but more importantly, it highlights the need to re-evaluate 

current analgesic treatments with opioids, such as the prescription of fentanyl dermal 

patches in people with AD.  
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CHAPTER I – GENERAL INTRODUCTION 
  

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

sensory and emotional experience associated with, or resembling that associated with, 

actual or potential tissue damage”, which proposes that pain is caused by noxious 

stimuli, however, it may be experienced in the absence of such stimuli. Contrary to other 

well-known senses of sight, hearing, taste, and smell, the feeling of pain is not a reliable 

sensation. Tales of soldiers who got severely injured in the war but expressed little or 

absolute no pain for a longer period showcased how this sensation can be stimulus-

dependent and modulated by a number of external and/or internal factors (Beecher, 

1946). Another great example of how pain is uncoupled from its underlying cause is 

chronic pain. In the absence of tissue injury, the sensation of pain can be maintained 

and deeply affect an individual’s quality of life.  

 

Pain acts as a warning system, preventing us from suffering from harmful stimuli. While 

nociception relies on the detection of peripheral noxious stimulation by a primary afferent 

fiber (Julius & Basbaum, 2001), pain perception is mediated by the brain and is 

dependent on complex processing that occurs at the supraspinal level (Tracey & Mantyh, 

2007). While this warning system carries a survival value and exerts a protective 

response in cases of acute pain, when the latter persists for longer than three months 

and beyond the normal duration of healing, it becomes chronic, leading to a detrimental 

health problem that affects dramatically a patient’s quality of life. In the UK, the 

prevalence of chronic pain ranges from 35% to 51%, corresponding to nearly 28 million 

adults being affected by this condition (Fayaz, Croft, Langford, Donaldson, & Jones, 

2016). Risk factors for chronic pain include age and weight, suggesting that in the future 

much more people will suffer from this condition (van Hecke, Torrance, & Smith, 2013). 

For the past few years, scientists have worked hard to uncover the mechanisms 
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underlying these conditions. While great knowledge has been acquired about how 

painful information is perceived and transmitted from the Peripheral Nervous System 

(PNS) to the Central Nervous System (CNS) and vice-versa, successful therapies which 

are safer and more effective are yet to be discovered. 

 

1.1  Stimulus transduction by the primary afferent neuron 

After several studies suggesting that peripheral nerves displayed functional 

specialization (C. Bell, 1869; Perl, 2011), Max Von Frey (among others) showed that the 

skin was constituted by a myriad of sensory spots, able to detect distinct sensory 

modalities. Furthermore, he unveiled the structural appearance of nociceptor nerve 

endings, with pioneering work proposing that pain spots were associated with free nerve 

endings, while pressure areas were linked to specialized sensory receptors in the skin 

(Norrsell, Finger, & Lajonchere, 1999). These observations coupled with many others in 

the field in the 19th century suggested that pain was conveyed by a specific subset of 

primary afferent neurons, the nociceptors.  

 

Due to improvements in technology, performing electrical recordings from nerves 

became possible through the understanding of how sensory information was 

transformed into action potentials. These innervate regions of the body and some of their 

neuronal cell bodies can be found in the dorsal root ganglia (DRG). These can be 

categorized into 3 main groups and largely depend on their cell body size, the extent of 

myelination, and on their functional properties. Neurons found in the DRG are 

pseudounipolar – with a branch innervating the tissue where stimulation is detected and 

another branch that shares direct contact with the spinal cord, facilitating the propagation 

of peripheral input to the CNS. 

  

Sensory neurons can be categorized as either Ab, Ad, or C, depending on their cell body 

size, axon diameter, whether myelination is observed, and axonal conduction velocity. 
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While C-type sensory neurons are smaller and are unmyelinated displaying slower 

conduction velocities, Ab- and Ad- type sensory neurons have large and medium cell 

bodies, respectively. Both are myelinated, being Ab fibers highly myelinated, thereby 

showcasing higher conduction velocities (Abraira & Ginty, 2013). The latter are light-

touch receptors, also known as having low mechanical thresholds (LTMR) (Table 1). 

 

Table 1: Primary afferent classification according to diameter and conduction velocity. 

Classification Diameter Myelin Conduction 
Velocity 

Sensory 
Function 

Ab Large Yes >35 m/s Touch 

Ad Medium Thin 5-35 m/s “Fast” Pain 

C Small No < 2 m/s “Slow” Pain 

 

Most Ad-thinly myelinated and C-fibers are nociceptors, based on their response to 

noxious mechanical, heat, or cold stimuli. Whilst conducting Ad fibres are important for 

the initial “first-pain” classified as stabbing and pricking sensation, the “followed-pain” is 

conventionally more diffuse and painful and it is mediated by C-fiber activation (Julius & 

Basbaum, 2001). However, within these subtypes, some fibers respond to thresholds 

much lower than those observed by nociceptors, suggesting that these can be activated 

by weak and innocuous mechanical stimulation.  D-hair afferents (or Ad-LTMRs) and C-

LTMRs mostly found in the hairy skin are fibers whose activation relies on much weaker 

stimulation than the one required to elicit activation of nociceptors (L. Li et al., 2011; Seal 

et al., 2009). While the role of nociceptors in conveying painful information is well 

established, LTMRs are increasingly being associated with increased mechanical 

hypersensitivity in animal models of neuropathic pain (Delfini et al., 2013; Seal et al., 

2009). 

Sensory neurons can be described based on receptors and neuropeptides they express. 

It is common to divide nociceptive high-threshold C-fibers into peptidergic fibers 
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(commonly express calcitonin gene-related peptide (CGRP), substance P and tyrosine 

kinase receptor A (TrkA) for nerve growth factor – NGF)  and non-peptidergic fibers, 

which bind with great affinity to isolectin B4 (IB4) and express P2X3 receptors and Mas-

related G protein-coupled receptor subtype D (MrgD) (Beaudry, Daou, Ase, Ribeiro-da-

Silva, & Seguela, 2017; Snider & McMahon, 1998). However, recent studies employing 

single-cell RNA sequencing showed that mouse primary afferent characterisation is 

much more complex than previously anticipated (Fig.1) (C. L. Li et al., 2016; Usoskin et 

al., 2015). 
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 Figure 1: Murine sensory neuron classification according to unbiased RNA 

transcriptome analysis.  

(A) Classification of sensory neuron subtypes according to Usoskin et al. (2015). In his 
work, each sensory subtype is categorized into a functional group (top, in black), with 

previously expressed markers in black and newly proposed in red. NF, neurofilament heavy 
chain expressing neurons; NP, nonpeptidergic nociceptors; PEP, to peptidergic nociceptors, 

and TH, tyrosine hydroxylase. (B) Single cell RNA-seq studies performed by Zeisel et al. 
(2018) allowed further classification and divide sensory neuron population into 18 functional 

subtypes. On the right, the correlation between Usoskin and Zeisel datasets can be found. 
Dataset from Zeisel includes each sensory neuron correspondent neurotransmitter.   

 
While these studies have elegantly shown different clusters of sensory neurons in mice, 

recent studies employing spatial transcriptomics in human sensory neurons have 

unveiled similarities but many differences between sensory neurons in humans and in 

non-primate species. As mentioned previously, murine sensory neurons are either of 

non-peptidergic or peptidergic nature. Tavares-Ferreira et al showed that this distinction 

is not present in humans. In fact, most human sensory neurons share the expression of 

non-peptidergic and peptidergic genes, such as TRPV1 and NTRK1, while these are 

predominately found in a restricted subset of sensory neurons in mice (Tavares-Ferreira 

et al., 2022). Characterization of human sensory neurons and respective comparison to 

mice may shed light for the development of better therapies for the treatment of chronic 

pain. 

1.1.1 Sensory neuron modalities 
 
Irrespective of the stimulus being thermal, mechanical, and or chemical and activating 

different primary afferents, encoding these stimuli into electrical signals usually requires 

specific ion channels and G-protein linked receptors. Electrical signals can either be 

encoded by an influx of Na+ or Ca2+ or in the case of K+, through closing potassium 

channels which are known to generate a hyperpolarising current (M. Gold, 2013). On the 

other hand, stimulation of primary afferents can also act via G-protein linked receptors, 

and through activation of downstream pathways, these can indirectly modulate ion 
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channel activity. Some of these receptors belong to the transient receptor potential 

channels (TRP channels) family. In cases of heat stimulation, TRP Vanilloid 1 (TRPV1) 

channel plays an important role as an endogenous transducer of noxious heat 

(Cavanaugh et al., 2009).  The absence of this ion channel in mice leads to the 

impairment of their ability to respond to heat stimulation (Caterina et al., 2000). While 

TRPV1 is associated with heat stimuli, TRP Melastatin 8 (or TRPM8), receptor for 

menthol, is believed to aid in the transduction of cold stimulation (Bautista et al., 2007; 

Knowlton, Bifolck-Fisher, Bautista, & McKemy, 2010). Other receptors have been 

described to be involved in transducing noxious thermal stimulation, such as potassium 

channels (K2P) and voltage gated sodium channels (such as Nav1.7 and Nav1.8) (D. L. 

Bennett, Clark, Huang, Waxman, & Dib-Hajj, 2019; Busserolles, Tsantoulas, Eschalier, 

& Lopez Garcia, 2016; Goodwin & McMahon, 2021).  

While acute thermosensation largely relies on TRP channels, mechanisms and receptors 

associated with mechanosensation have recently started to be uncovered. 

Mechanonociceptive Ad fibers, also known as A mechanonociceptors (Ams), comprise 

most of the high-threshold mechanoreceptors (HTMRs) in the PNS (Tsunozaki et al., 

2013). Along with HTMRs, slow-conducting C nociceptors which express tyrosine 

hydroxylase (TH), known as LTMRs, have been identified as being able to modulate 

mechanical pain nociception (Delfini et al., 2013; Habig et al., 2017; Seal et al., 2009; 

Urien et al., 2017). The identification of sensory-specific markers goes in line with the 

labelled-line theory, suggesting that peripheral neurons are sensory-specific 

contradicting the reported polymodality observed in electrophysiology studies (Dubin & 

Patapoutian, 2010; Le Pichon & Chesler, 2014), which may be environment-specific.  

 

In 2010, Piezo2 became implicated in mediating sensitivity to mechanical pain in mice, 

where absence of this receptor in sensory neurons impaired nocifensive responses to 

mechanical stimulation (Coste et al., 2010; Murthy et al., 2018; M. Zhang, Wang, Geng, 
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Zhou, & Xiao, 2019). Later, TACAN receptor (encoded by the gene Tmem120A) was 

uncovered and shown to be essential for mechanical hypersensitivity (Beaulieu-Laroche 

et al., 2020). Potassium channels (mainly TWIK-related spinal cord K+ channel, or 

TRESK) expressed in nociceptors can also be activated by mechanical stimulation 

through tuning mechanosensitivity of these sensory neurons. In fact, TRESK knockout 

animals reveal increased mechanical and cold sensitivity, suggesting that this channel 

regulates the activation of specific neuronal populations (Castellanos et al., 2020). In 

addition, Nav1.1 sodium channels are also expressed by mechanonociceptors and 

despite its modulation being challenging, the use of the toxin Hm1a has enable 

selectively activation of this receptor and induced robust nocifensive behaviours, 

reflecting the role of Nav1.1 in mechanonociception (Osteen et al., 2016). These recent 

studies have identified novel regulators of mechanical pain but many other mechanisms 

and molecules that facilitate the transduction of mechanical stimulus remains unknown 

in the field of sensory neurobiology (Basbaum, Bautista, Scherrer, & Julius, 2009; Hill & 

Bautista, 2020). 

 

1.1.2 Central innervation of the primary afferent neuron 
 
After a stimulus being transduced at the primary afferent neuron in the PNS, it is 

conveyed as an electrical signal to the spinal cord, where the first pain synapse occurs.  

Considering the complexity and heterogeneity linked to primary afferents, it is not 

surprising that the spinal cord is anatomically a very organised structure divided into 

different laminae (Rexed, 1954), with a large variety of neurons which release several 

different neurotransmitters (Russ et al., 2021), playing undeniably a major role in pain 

processing (Fig.2).  

The dorsal horn (DH) is the entry point for sensory neurons. Along with receiving 

peripheral input and where primary afferents terminate, the dorsal horn is also 

characterised by the presence of excitatory (glutamatergic) and inhibitory (GABA (g-
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aminobutyric acid)-ergic or glycinergic) interneurons, projection neurons which project 

information to the brain and descending modulatory axons from the brainstem (Todd, 

2010). Primary afferent terminals located in the spinal cord terminate in the superficial 

laminae of the dorsal horn, however their exact location is dependent on their functional 

type of fibre. For instance, C-fibers, and more broadly most nociceptive fibers, project to 

superficial lamina I (marginal layer) and to the outer part of lamina II (substantia 

gelatinosa). On the other hand, non-nociceptor afferents, such as Ab fibers, project 

mainly to the deeper laminae III-V (involving the nucleus propius – lamina III-IV and the 

neck – lamina V) (Abraira et al., 2017). These fibers transmit non-painful, tactile and 

proprioceptive information to the cord (Braz, Solorzano, Wang, & Basbaum, 2014). The 

synaptic contact between the primary afferent and the second-order neuron can either 

be from a simple synaptic contact or can form a synaptic complex, giving rise to several 

synapses and axo-axonic inhibitory inputs from interneurons (Ribeiro-da-Silva & 

Coimbra, 1982).  
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Figure 2: Different types of primary afferents target different regions in the spinal cord. 
Adapted from (Haring et al., 2018). 
 

Interneurons are highly present in the spinal cord, especially the in the dorsal horn.  

However, while a great amount of them are intrasegmental, others are able to project to 

other spinal segments (Bice & Beal, 1997; Gutierrez-Mecinas, Polgar, Bell, Herau, & 

Todd, 2018). Their morphological, functional and transcriptomic profiles are remarkably 

vast, highlighting the crucial role of the spinal cord in not only conveying information to 

supraspinal centres, but also in integrating and modulating sensory inputs (Gatto, Smith, 

Ross, & Goulding, 2019; Todd, 2010). 

 

 

1.1.3 Inhibition vs Excitation (by dorsal horn neurons) 
 
Neurons located in the spinal cord can either be excitatory (by releasing glutamate and 

expressing vesicular glutamate transporter 2 (VGLUT2) or inhibitory (through releasing 

GABA and/or glycine, preferentially expressing glutamic acid decarboxylase 67, or 

GAD67) (Todd et al., 2003; Zeilhofer, Wildner, & Yevenes, 2012). Grundt and Perl were 

the first to identify four morphological distinct classes of interneurons, such as islet, 

central, radial and vertical cells and their identification largely relies on their functional 

properties (Grudt & Perl, 2002). The cell bodies of islet and central interneurons are 

located, along with respective axons, in outer lamina II. Most of the islet cells are 

GABAergic, which turns this interneuron type entirely inhibitory (Todd & McKenzie, 

1989). On the other hand, radial and vertical cells are mainly glutamatergic while central 

cells display both inhibitory/excitatory properties (Yasaka, Tiong, Hughes, Riddell, & 

Todd, 2010). However, around 20% of the interneurons located in the spinal cord do not 

belong to any of the four populations identified and remain unclassified (Hughes & Todd, 

2020). Dorsal horn neurons express a vast plethora of neuropeptides and respective 
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receptors and some may be expressed exclusively by either excitatory or inhibitory 

interneurons. For instance, while substance P, gastrin-releasing peptide (GRP), 

calretinin or somatostatin are highly implicated in excitatory neurons, galanin, 

neuropeptide Y (NPY), parvalbumin and nociception are linked with inhibitory 

interneurons. Opioid peptides, such as enkephalin and dynorphin, are both expressed 

by both inhibitory and excitatory interneurons (Todd, 2017).  

 

The first studies demonstrating the crucial role of GABAergic interneurons involved 

pharmacological studies in which blocking inhibitory transmission resulted in increased 

pain-like behaviours (Sivilotti & Woolf, 1994), showcasing the ability of inhibitory 

interneurons to gate acute pain, and possibly, pathological pain (Zeilhofer et al., 2012).  

The same line of thought was employed in smaller populations of inhibitory interneurons, 

such as parvalbumin-positive neurons. These receive direct input from Ab primary 

afferents and their ablation leads to allodynia (Petitjean et al., 2015). Furthermore, a 

study performed by François et al. showed that spinal interneurons which express both 

proenkephalin (PENK) and GABA attenuate mechanical sensory transmission due to 

presynaptic inhibition of primary afferents (Francois et al., 2017).  

While inhibitory interneurons gate acute pain, activation of excitatory interneurons was 

shown to contribute to pain. In fact, absence of cells expressing somatostatin 

substantially reduces mechanical sensitivity while activation of these cells induces pain-

like behaviours (A. J. Christensen et al., 2016; Duan et al., 2014). Many other studies 

have implicated the role of excitatory interneurons in contributing to acute pain, such as 

VGLUT3. Animals lacking VGLUT3 reveal decreased sensitivity to acute mechanical 

pain, while chemogenetic activation of this receptor leads to evoked mechanical pain 

(Peirs et al., 2015). 

 

These studies highlight the vast diversity of interneurons present in the dorsal horn of 

the spinal cord suggesting that depending on the subset activated or inhibited, these can 
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influence how pain mechanisms are modulated, and selectively influencing these 

different subsets can either exacerbate or reduce acute pain. 

 

1.1.4 Projection Neurons 
 
Axons belonging to spinal cord neurons that project to the brain are called projection 

neurons. These project to several areas such as the thalamus, the periaqueductal gray 

(PAG) area, and other brainstem nuclei. Most of these axons, which only correspond to 

circa 5% of the cells in the superficial dorsal horn originate from neurons whose cell 

bodies are located mainly in lamina I (Spike et al. 2003), but also in other laminae, such 

as lamina III and lamina VI (Basbaum & Braz, 2010; Baseer et al., 2012). Neurons that 

convey neuronal information to supraspinal areas are also known as anterolateral tract 

(ALT) neurons, which occupy different areas in humans and rodents (also occupying the 

lateral funiculus in the latter) due to anatomical differences.  

 

While most projection neurons located in lumbar lamina I extend their axons to the lateral 

parabrachial nucleus and to the periaqueductal gray area (PAG) in rats, it is rather 

surprising that only 5% of these directly project to the thalamus, contrary to what is 

observed in primates, where most of lamina I projection neurons project to the thalamus 

(Braz et al., 2014). In fact, the situation is completely altered in cervical spinal cord 

segments where nearly half of the projection neurons project via the spinothalamic 

pathway (Polgar, Wright, & Todd, 2010). Most lamina I projection neurons express the 

neurokinin 1 receptor (NK1r) which shows high affinity for substance P released by 

peptidergic primary afferents, suggesting that these projections neurons are mainly 

activated by glutamate and substance P, the latter possibly via volume transmission 

(Todd et al., 2002; Zieglgansberger, 2019). Neuronal activation of NK1-expressing 

projection neurons upon noxious stimulation is restricted to these subset of neurons, 

proposing their direct role in relaying information that travels through nociceptive fibers 

(Salter & Henry, 1991).  
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While the study of the anterolateral system in rodents has shed light into a mechanism 

whereby noxious input is conveyed to the brain, other pathways, especially those which 

originate from deeper laminae of the dorsal horn, such as the postsynaptic dorsal column 

pathway (PSDC), might be contributing to different pain mechanisms. In fact, Haring and 

co-workers have shown that in deeper laminae, few retrogradely traced neurons were 

found arising from the spinobrachial nucleus, suggesting that most of those projection 

neurons located in deeper lamina either can be 1) spinal cord interneurons or 2) 

ascending neurons projecting to different areas other than the lateral parabrachial area 

(Haring et al., 2018). These projections neurons relay innocuous touch information to the 

brain (Abraira & Ginty, 2013).  

Therefore, projection neurons located in the dorsal horn of the spinal cord convey 

noxious information transmission to several distinct brain areas, where the sensation of 

pain will be processed by a large distributed neuronal network.  

 

1.1.5 Pain processing at supraspinal sites 

Neuronal information is conveyed to the brain through projection neurons, and these can 

synapse in different structures of the brain, such as in the thalamus, brainstem and 

parabrachial nucleus. Sensory information can be processed through the spinothalamic-

cortical pathway or via the spinoparabrachial-limbic pathway. These facilitate either the 

processing of sensory/discriminative or the affective-motivational aspects of pain, 

respectively.  

 

The spinothalamic-cortical pathway deals with pain location, type and intensity and 

includes projection neurons which terminate in the different nuclei that constitute the 

thalamus. Following interaction with a thalamic nucleus, neurons project to other cortical 

areas, such as the primary somatosensory (S1), the secondary somatosensory (S2), the 

insular and cingulate cortex (Fig. 3). Along with other areas, these regions make up what 
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is commonly known as “pain matrix” (Tracey & Mantyh, 2007). While this pathway 

provides the sensory component of the pain experience, the spinoparabrachial-limbic 

pathway integrates most of the sensory inputs detected throughout the body, being 

important for the affective-motivational aspects of pain. Through this pathway, spinal 

projection neurons convey information to the lateral parabrachial nucleus. Here, input 

can be sent to several other areas located in the brainstem, such as PAG or the 

rostroventral medulla (RVM), important centres in the modulation of descending 

mechanisms. Projections to the amygdala and anterior cingulate cortex (ACC) occur via 

the parabrachial nucleus to process affective responses (Gauriau & Bernard, 2002). In 

fact, several studies have shown that optogenetic activation of glutamatergic neurons in 

the parabrachial nucleus is sufficient to induce mechanical hypersensitivity (L. Sun et al., 

2020).  

 

The amygdala projects to the anterior cingulate cortex, and a cingulotomy does not 

interfere with pain perception, but it does influence whether an individual considers pain 

unpleasant (Foltz & White, 1962). However, while this projection from the amygdala to 

the ACC is mostly known for its role on processing affective emotional responses, the 

thalamus also projects to the ACC, hence suggesting that the spinothalamic-cortical may 

also be involved in modulating affective components. 
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Figure 3: Schematic of supraspinal pain pathways activated via ascending spinal input. 

Ascending pathways are represented in black and descending pathways are depicted in red. 
ACC, anterior cingulate cortex; PFC, prefrontal cortex; S1, primary somatosensory cortex; 

S2, secondary somatosensory cortex; NAc, nucleus accumbens; BNST, bed nucleus stria 
terminalis; PAG, periaqueductal grey; RVM, rostral ventromedial medulla; TG, trigeminal 
ganglion; DRG, dorsal root ganglion. Adapted from (The Oxford Handbook of the 

Neurobiology of Pain, 2020).  

Once processed at cortical and limbic structures, neuronal information is either relayed 

to structures which are present in the brainstem, such as the PAG and the raphe nuclei 

or conveyed directly to the spinal cord. The latter pathway is shown to facilitate pain 

mechanisms which result in pain hypersensitivity (T. Chen et al., 2014; Kuner & Flor, 

2016).  Another pathway, known to promote endogenous mechanisms which can exert 

bidirectional pain, relays information from cortical structures to brainstem areas, 

especially via the rostral ventromedial medulla (RVM) and/or the PAG, and terminates 

in the spinal cord. This endogenous pain system is considered the main descending 

pathway and provides a mechanism through which higher centres influence nociception.  
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One of the structures deeply involved in the descending modulation pathway is the PAG. 

Extensive work has been done manipulating neurons in this structure – for instance, 

injection of opioids or electrical stimulation is sufficient to trigger not only an 

antinociceptive effect in animals but also in humans (Hosobuchi, Adams, & Linchitz, 

1977; Reynolds, 1969; D. E. Richardson & Akil, 1977; Tsou & Jang, 1964; Waters & 

Lumb, 1997). These results implicate that the PAG acts as a very important source of 

descending mediated inhibition of nociceptive inputs and performs this through the 

connections that has with the RVM, which serves as the main PAG output modulator 

(McMahon & Wall, 2013), sharing functions with the Locus Coeruleus (LC) (J. H. Kim et 

al., 2018). Neuronal excitation in the PAG promotes RVM excitation which dampens 

nociception (Behbehani & Fields, 1979). This structure is constituted by three different 

types of RVM neurons: the ON, OFF and neutral cells. One of the populations is 

comprised by “ON” cells, which fire right before a withdrawal response is observed, while 

“OFF” cells dampen neuronal excitability during paw withdrawal upon noxious 

stimulation (Boadas-Vaello et al., 2016), suggesting that OFF-cells ultimately guide 

antinociception (Heinricher & Ingram, 2008). Balance between the activation of ON- and 

OFF-cells is suggested to regulate dorsal horn function and spinal nociceptive threshold. 

RVM outputs, mainly of serotonergic output, terminate in the spinal cord and may interact 

with afferent fibres, interneurons and projection neurons in the spinal cord (Millan, 2002). 

Along with these neurons, noradrenergic neurons located in the LC also project to the 

dorsal horn, and contribute to the release of noradrenaline through volume transmission 

(Pertovaara & Almeida, 2006) which promote antinociception (Ossipov, Morimura, & 

Porreca, 2014). In addition to the outputs from the LC into the spinal cord, a descending 

GABAergic projection from the RVM has also been uncovered, which proposes that 

these inhibitory neurons co-express PENK and are able to prevent pain through inhibiting 

primary afferent input (Francois et al., 2017). Those who do not express PENK facilitate 

pain transmission, thereby reflecting the nociceptive role of PENK (and presumably of 
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the opioid peptide enkephalin) (Y. Zhang et al., 2015). In conclusion, descending 

pathways from brainstem nuclei can interfere with nociceptive signalling and their 

influence can either be facilitatory or inhibitory. 

 

1.2 When acute becomes chronic pain 

Pain that lasts more than 3 months is defined as chronic pain. This may be attributed to 

persistent nociceptive input due to sustained inflammation or to prolonged action 

potential firing which causes the production and release of neurotransmitters and 

mediators into the dorsal horn. These events cause dorsal horn hyperexcitability which 

triggers synaptic plasticity and causes central sensitisation, resulting in pain 

hypersensitivity (Woolf, 1983).   

 

Central sensitisation is characterised by the engagement of other inputs, commonly not 

linked to elicit nociception per se, such as the involvement of large low-threshold 

mechanoreceptors myelinated fibers to cause Ab fiber-mediated pain (Woolf & Salter, 

2000). It is also responsible for maintaining pain hypersensitivity when no aberrant 

peripheral input is present, indicating that chronic pain is no longer, as observed in acute 

nociceptive pain, dependent on the presence, intensity or duration of the peripheral input.  

This phenomenon is elicited due to substantial increase in membrane excitability, 

synaptic plasticity or to an impairment in the excitatory vs inhibitory balance 

(Latremoliere & Woolf, 2009). All these mechanisms are linked to changes in neuronal 

functional and cellular properties. Effectively, an output of a neuron can be noticeably 

altered due to activation of subthreshold neuronal inputs which trigger augmented action 

potential output and alterations in the neuron receptive field (Woolf & King, 1989). This 

evidence reflects the astonishing plastic and malleable ability of somatosensory neurons 

to alter their functional and molecular state and contribute to central sensitisation. While 

these specific changes described by Woolf remain of great medical relevance, is suffice 
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to say that several distinct mechanisms operate in the spinal cord, and ultimately in the 

CNS, which can drive chronic pain, in the presence/absence of peripheral input.  

 

1.2.1 Preclinical animal models used for the study of chronic pain 

To uncover the multiple cellular and molecular mechanisms influencing human chronic 

pain, several rodent models to address this condition have been developed. A good 

preclinical rodent animal model to study chronic pain needs to display key characteristics 

observed in humans diagnosed with this condition. One important features of these 

animal models is the development of specific symptoms, such as hyperalgesia 

(hypersensitivity to noxious stimuli), allodynia (pain in response to innocuous stimuli and 

usually manifested in chronic neuropathic conditions) and spontaneous pain (Fig. 4) 

(Jensen & Finnerup, 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Definition of hyperalgesia and allodynia.  

Hyperalgesia (A) reflects an increased response to pain (or pain intensity) as a result of a 
suprathreshold stimulation. T0 refers to normal pain threshold while Ts corresponds to pain 

a 

b 
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threshold following sensitisation. On the other hand, allodynia (b) is caused by a stimulus 

which normally does not cause pain. Mechanical allodynia usually develops as a result of 
neuropathic pain. T0/S refers to normal threshold for touch sensation. Adapted from 

(Sandkuhler, 2009).  

 

In rodent animal models, these behaviours are observed in the form of increased reflex 

withdrawal thresholds, but detection of spontaneous pain in rodents remains very 

challenging. Traditionally, to assess the mechanical sensory modality and more 

specifically, hyperalgesia, the Randall-Selitto test is applied to the tail or paw (Randall & 

Selitto, 1957). In addition, the application of von Frey hairs may also serve to perform 

punctate stimulation allowing for the assessment of hyperalgesia or mechanical allodynia 

(Chaplan, Bach, Pogrel, Chung, & Yaksh, 1994; Deuis, Dvorakova, & Vetter, 2017; 

Dixon, 1980).  

 

Of all the chronic pain states, modelling inflammatory pain is the simplest. For instance, 

the administration of algogenic compounds that generate a more systemic inflammatory 

response can be achieved through the application of Complete Freud’s Adjuvant (CFA) 

or carrageenan (Fehrenbacher, Vasko, & Duarte, 2012; C. Stein, Millan, & Herz, 1988; 

Winter, Risley, & Silber, 1968). While these models have been extensively used, their 

clinical relevance is substantially limited, as it does not elicit a chronic pain state, but 

rather an acute sensitisation promoted by peripheral inflammation. To overcome the 

latter, other models have been developed to study chronic pain states observed in 

inflammatory pain. One great example is the formalin model, whereby a second phase 

is evoked in rodents and suggested to mimic in better detail an inflammatory chronic 

state. Pain associated with both rheumatoid and osteoarthritis can also be investigated 

through passive immunisation of K/BxN serum and monoiodoacetate administration, 

respectively (Christensen, Haase, Cook, & Hamilton, 2016; Pitcher, Sousa-Valente, & 
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Malcangio, 2016). However, it should be noted that these animal models only resemble 

some features of the pathology.  

 

While chronic inflammatory pain rodent models have been widely used and established, 

modelling neuropathic pain has proved to be more challenging and prone to variability. 

This condition is traditionally modelled through a variety of nerve injury preparations, 

such as the spared nerve injury (SNI) (Decosterd & Woolf, 2000). In addition, neuropathic 

pain is a symptom described by patients that undergo chemotherapy treatment and/or 

experience diabetic neuropathy (Rosenberger, Blechschmidt, Timmerman, Wolff, & 

Treede, 2020; Tofthagen, 2010). To model this symptom in rodents, chemotherapeutic 

agents, such as oxaliplatin, paclitaxel, or streptozotocin, are injected several consecutive 

times and may be held accountable for symptoms and results’ variability between 

different labs (Gadgil et al., 2019; Jolivalt et al., 2016; L. Kang, Tian, Xu, & Chen, 2021; 

Pham, Matsumura, Katano, Funatsu, & Ito, 2019). 

 

As such, developing and choosing the most appropriate animal model relies on multiple 

factors, especially the disease one is planning to examine, and the pain phenotype 

obtained as a result of the model.  

 

1.3 Persistent Pain: Peripheral mechanisms  

Both during inflammation and nerve injury, nociceptors experience sensitisation, 

commonly described as a decrease in neuronal response threshold or in an exacerbated 

neuronal response (the latter also known as hyperalgesia). These functional alterations 

result from immunogenic and inflammatory mediators being released, which bind to 

cognate receptors on the nerve, modulating its neuronal properties. In fact, stimulation 

with inflammatory mediators was shown to induce dramatic alterations in primary 

afferents (Smith-Edwards, DeBerry, Saloman, Davis, & Woodbury, 2016). These 

alterations in peripheral plasticity are essential for the development of chronic pain (M. 
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S. Gold & Gebhart, 2010) and evidence has been provided that through pharmacological 

blockade pain chronification can be prevented (Haroutounian et al., 2014; Katz & Seltzer, 

2009). As claimed by many authors, immune responses also play an important role in 

inflammatory and neuropathic pain by interacting with nociceptors (Pinho-Ribeiro, Verri, 

& Chiu, 2017; J. X. Yang et al., 2022). Indeed, depletion of T cells or macrophages 

reduces tactile allodynia (Cobos et al., 2018; Lees, Duffy, Perera, & Moalem-Taylor, 

2015; Willemen et al., 2014). More specifically, polarisation of pro-inflammatory 

macrophages (commonly described as M1-like) into anti-inflammatory macrophages at 

the site of nerve injury ameliorates mechanical allodynia, suggesting that this cell 

subtype is particularly involved in facilitating neuropathic pain (Kiguchi et al., 2015). 

Similar findings have been described for chronic osteoarthritis pain where skewing 

macrophages toward an anti-inflammatory state through injection of a fusion protein 

resolved chronic pain (Raoof et al., 2021).   

 

Presence of inflammation or nerve injury elicits the release of several proinflammatory 

mediators (either by immune cells or by the nerve itself) such as histamine, bradykinin, 

prostaglandins, CGRP, Substance P and growth factors (i.e. NGF) – which can directly 

sensitize channels (such as ionotropic, GPCRs and tyrosine kinase receptors) located 

in neuronal membranes which induces the activation of intracellular second messengers, 

such as Ca2+ and cAMP. These instigate the activation of numerous kinases, such as 

the phosphoinositol-3-kinase (PI3K) or the extracellular signal-related kinase (ERK)  (R. 

R. Ji, Xu, & Gao, 2014; Woolf & Ma, 2007). These contribute to an increase in axon 

conduction velocity and neuropeptides transcription which trigger an exacerbated 

neuronal response. For example, NGF mRNA and protein levels are upregulated in 

patients with chronic, more commonly in inflammatory painful conditions. Here, NGF 

binds to TrkA (Tropomyosin Receptor Kinase A), highly expressed in nociceptors, and 

triggers neuronal excitability and a myriad of transcriptional changes in nociceptors. In 

fact, administration of NGF monoclonal antibodies, especially the anti-NGF antibody 
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fasinumab, has produced statistically significant improvement in patients with 

osteoarthritis in a phase III clinical trial (Dakin et al., 2019). 

 

In addition, several endogenous inflammatory mediators, like NGF, are proposed to 

sensitize a specific subset of nociceptors, which are not activated under physiological 

conditions, but become sensitized upon mechanical stimulation in the presence of these 

mediators (M. S. Gold & Gebhart, 2010).  This subset of nociceptors has been described 

as “silent nociceptors”. While particularly found in large numbers in the rodent bladder, 

distal colon and knee joint (B. Feng & Gebhart, 2011; Gebhart, 1999; Schaible & 

Schmidt, 1988), these are rare in rodent skin (Wetzel et al., 2007).  However, these are 

prevalent in one quarter of all C-fibre nociceptors described in human skin (R. Schmidt 

et al., 1995).  

 

While this is particularly present during inflammation where an augmented firing input to 

the spinal cord is observed, in neuropathy, changes to the neuron properties and 

transmitter content are commonly observed. These alterations are also observed in non-

injured nociceptors which become hyperexcitable and induce ectopic discharges which 

generate one of the most reported symptoms in neuropathic pain (Finnerup, Kuner, & 

Jensen, 2021). Injury to the peripheral nerve leads to an aberrant neuronal activity at the 

site of injury but also in distant areas, such as in the DRG cell body. Sodium channels, 

such as Nav1.8, are highly expressed in nociceptors and are known to be upregulated 

under neuropathic conditions, induce neurotransmitter release and are crucial for driving 

neuronal hyperexcitability. 

 

Furthermore, while nociceptor ablation confirms their importance for chronic 

inflammatory pain, similar outcome is not observed in rodent animal models after nerve 

injury. Here, heightened pain responses to mechanical stimulation are maintained even 

when Nav1.8 channels are depleted (Abrahamsen et al., 2008). However, these studies 
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have been contradicted by Séguéla and colleagues who have shown that optogenetic 

silencing of Nav1.8 fibers dramatically reduces not only thermal but also mechanical 

hypersensitivity after nerve injury (Daou et al., 2016). Studies carried out in humans 

diagnosed with painful peripheral neuropathies have shown that gain-of-function 

mutations in Nav1.8 channels, leading to small DRG neurons excitability, are also 

involved in human chronic pain (Faber et al., 2012). 

Despite contradictory, other studies have implicated the involvement of other primary 

afferent fibers. Scrutinous research proposed the action of innocuous Ab fibers and their 

involvement in contributing to mechanical hypersensitivity. In fact, while under 

physiological conditions their involvement is inhibited (probably mediated through the 

action of glycinergic interneurons) (Lu et al., 2013), in the setting of nerve injury, these 

fibers are capable of influencing nociceptive pathways (Torsney & MacDermott, 2006). 

Other studies have implicated the role of unmyelinated C-low thresholds 

mechanoreceptors (C-LTMRs), such as VGLUT3+ or TAFA+ neurons, in driving 

mechanical allodynia and in modulating somatic sensation (Delfini et al., 2013; Seal et 

al., 2009). The importance of C-LTMRs in humans in chronic pain has also been explored 

– in fact, depletion of Nav1.7 channels in these sensory neurons triggers an altered 

affective touch sensation and cool sensitivity. These phenotype is also observed in mice 

whose Nav1.7 channels were selectively ablated in C-LTMRs (Middleton et al., 2022).  

 

In summary, several distinct mechanisms are involved in chronic pain pathogenesis. 

Disentangling the individual populations of sensory primary afferents which trigger and 

contribute to chronic pain may allow the identification of their individual roles and 

potentially aid on the management of painful conditions.  

 

1.4 Persistent Pain: Spinal mechanisms  

As proposed by Melzack and Wall in their Gate Control Theory of Pain, afferent input to 

the spinal cord is ‘gated’ at the level of the cord that later flows into the brain where pain 
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perception is triggered. Pain development largely relies on a peripheral input that is 

amplified by central mechanisms. Aberrant afferent firing into the spinal cord induces 

hyperactivity of second-order neurons which contributes to central sensitisation (R. R. Ji, 

Nackley, Huh, Terrando, & Maixner, 2018) and induces an enhanced processing of 

nociceptive information (Woolf, 1983).  

 

1.4.1 Increased excitatory drive 

One of the most important mediators of central sensitisation is glutamate. In acute 

settings, the majority of excitatory post-synaptic currents (EPSCs) in dorsal horn 

neurons, is caused by the engagement of postsynaptic a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPA) and nociceptors. However, constant input from 

the periphery elicits activation of dormant  N-methyl-D-aspartate (NMDA) receptors and 

alters calcium influx which induces hyperalgesia (Basbaum et al., 2009; Inquimbert et 

al., 2018). These events influence spinal cord long-term potentiation (LTP) and 

elevations in calcium influx trigger downstream activation of several pathways, including 

kinase phosphorylation (MAPK, PKA, PI3K, Src, etc.). Interfering with these pathways 

and, ultimately with NMDA reception function can influence how pain is perceived and 

modulated (Latremoliere & Woolf, 2009; X. J. Liu et al., 2008).  

 

1.4.2 Decreased inhibitory drive (disinhibition) 

In addition to changes in glutamatergic function, several studies have implicated 

alterations in inhibitory mechanisms underlying spinal pain integration (Fig.5). Loss of 

function of inhibitory neurons was first suggested by Melzack and Wall who placed 

inhibitory interneurons as one of the most critical modulators of sensory information. 

Research carried out by several researchers have implicated death of GABAergic 

interneurons following nerve injury (Moore et al., 2002; Scholz et al., 2005). However, 

these data have been contradicted by others who have not found changes in GABAergic 

neuronal number (Polgar, Hughes, Arham, & Todd, 2005).  Irrespective of the 
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mechanism underlying alterations in inhibitory tone, a reduction in the inhibition of the 

excitatory input is able to induce mechanical allodynia (Torsney & MacDermott, 2006).   

  

Figure 5:Changes in the inhibitory tone on spinal sensory processing.  

Reduction in inhibition is observed following peripheral nerve injury models. In fact, a 

decrease in extracellular GABA is observed along with a reduction in glycinergic inhibition. 
These changes contribute to the development of mechanical allodynia. Adapted from 

(Gradwell, Callister, & Graham, 2020).  

 

Changes in projection neurons have also been implicated in chronic pain. One great 

example relies in a shift of the spinal Cl- gradient, because of K+-Cl- co-transporter KCC2 

transporter being downregulated following peripheral nerve injury. Consequently, GABAA 

receptors depolarise resulting in increased neuronal hyperexcitability (Mapplebeck et al., 

2019).    

 

While intense focus has been given to the inhibitory function of GABAergic neurons, the 

glycinergic signalling also plays an important role in modulating spinal. Interneurons 

located in lamina II inner and lamina III are highly modulated by glycine (Takazawa & 
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MacDermott, 2010). Work done using spinal cord slices has shown that glycinergic 

neurotransmission is decreased in mice with peripheral inflammation, with prostaglandin 

E2 (PGE2) directly influencing the inhibitory action of glycinergic receptors (Muller, 

Heinke, & Sandkuhler, 2003). Glycine receptor a3 subunit knockout mice reveal faster 

recovery and reduced inflammatory hyperalgesia following peripheral inflammation, 

suggesting glycine role in modulating inflammation-induced pain (R. J. Harvey et al., 

2004; V. L. Harvey, Caley, Muller, Harvey, & Dickenson, 2009).  

 

1.5 Glial-neuronal interactions 

Under normal conditions, CNS glial cells in the spinal cord are mere bystanders, 

surveilling the spinal environment. Upon inflammatory challenge and/or damage to 

peripheral nerves and tissues, these cells, especially microglia and astrocytes, 

proliferate and acquire an activated state, inducing neuronal hyperexcitability and 

influencing pain perception (R. R. Ji, Berta, & Nedergaard, 2013).  

 

1.5.1 Microglia 

Microglia is one of the most important immune cell types influencing spinal response to 

nociceptive input. These cells are the resident macrophages of the CNS and derive from 

yolk sac (YS)-primitive macrophages, which are present in the CNS into adulthood 

(Ginhoux et al., 2010). Microglia are known to directly communicate and actively 

modulate other cell type activity, such as neurons (Cserep et al., 2020). Increased 

microglial numbers (or microgliosis) is observed both in inflammatory and neuropathic 

chronic pain models (Clark, Gentry, Bradbury, McMahon, & Malcangio, 2007; Staniland 

et al., 2010). 

 

Within hours after inflammation or in response to injury, microglia acquire an activated 

state and present a deramified shape. For instance, following peripheral nerve injury, 

microglia locally expand and accumulate in the area where the injured nerves terminate 
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(Basbaum et al., 2009). One explanation for this event relies on the release of colony 

stimulating factor 1 (CSF1) from injured primary afferent terminals which trigger 

microglial activation (Guan et al., 2016). Furthermore, damage to a peripheral nerve also 

leads to the release of mediators which are detected by microglia. One great example is 

Adenosine Trisphosphate (ATP), an important ligand for microglia, which binds to P2-

type purinergic receptors and have been shown to modulated pain hypersensitivity 

through binding to P2X4, P2X7 and P2Y12 receptors (Inoue & Tsuda, 2012; K. Kobayashi, 

Takahashi, Miyagawa, Yamanaka, & Noguchi, 2011; K. Kobayashi et al., 2008; Tsuda 

et al., 2003; T. Yu et al., 2019).  An increase in purinergic signalling induces MAPK 

cascade activation (i.e. p38 MAPK pathway) (Haight, Forman, Cordonnier, James, & 

Tawfik, 2019). This activation is characterised by increased cellular expression of cell 

surface receptors (i.e. CX3CR1), several proteases (such as cathepsin S) and 

accompanied by the increased release of known proinflammatory mediators 

(IL1b, TNFa and IL-6) (Clark, Yip, et al., 2007; Konig et al., 2021; Staniland et al., 2010). 

These cytokines are capable of enhancing excitatory synaptic transmission on spinal 

cord neurons and able to influence the function of several receptors (i.e. AMPA, NMDA, 

Gly, and GABA receptors), exacerbating neuronal response through suppressing 

inhibitory neuronal function (Kawasaki, Zhang, Cheng, & Ji, 2008). In addition, BDNF 

released by activated microglia was shown to play a crucial role in pain chronicity and 

sustaining spinal cord LTP following injury (L. J. Zhou et al., 2019). Strategies aiming to 

inhibit, deplete or optogenetically activate microglia reduced chronic pain behaviours, 

suggesting that microglia, under chronic painful conditions, displays a pro-nociceptive 

response (Ledeboer et al., 2005; Yi, Liu, Liu, et al., 2021; Yi, Liu, Umpierre, et al., 2021). 

In addition to these strategies, drugs targeting microglial genes which are altered under 

chronic pain conditions may shift microglia back to their homeostatic state and reduce 

their pronociceptive role. The use of purinergic receptor antagonists or utilising p38 

pathway inhibitors has been able to dampen neuroinflammation and reverse existing 

allodynia (Jin, Zhuang, Woolf, & Ji, 2003; Matsumura et al., 2016; Tsuda et al., 2003). 
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Chronic pain development and maintenance also relies on cytokines and chemokines, 

being IL-1b one of the most extensive cytokine studied. A more recent study done by 

Grace and colleagues, through the use Gq- and Gi- coupled Designer Receptor 

Exclusively Activated by a Designer Drug (DREADD CD68-hM3Dq) to selectively 

activate (Gq-) and inhibit (Gi-) microglia, has provided evidence that upon activation, 

these cells revealed an increase in calcium influx and initiated the release of 

inflammatory cytokines, in particular IL-1b. Pharmacological blockade using IL1-ra 

reverses the hypersensitivity observed following the DREADD CD68-hM3Dq 

administration, revealing the importance of microglial cytokine release for pain 

chronification (Grace et al., 2018).  

 

1.5.2 Astrocytes 

While microglia play an important role in the development of chronic pain, astrocytes are 

also critical for regulating nociceptive synaptic transmission via neuronal-glia 

interactions. These cells are essential for neuronal metabolic support and regulate the 

physiological levels of extracellular potassium ions, glutamate and water (R. R. Ji, 

Donnelly, & Nedergaard, 2019). Astrocytes are key players in tripartite synapses, 

whereby they respond to neuronal activity by an increase in intracellular calcium, 

resulting in the release of neurotransmitters and/or of pro- and anti-inflammatory 

mediators. This release generates feedback regulation of neuronal activity (Noriega-

Prieto & Araque, 2021).  

 

Under chronic pain conditions, astrocytes are present in the spinal cord in a much greater 

extent after tissue or nerve injury and in models of inflammation (Gao & Ji, 2010; 

Garrison, Dougherty, Kajander, & Carlton, 1991; Raghavendra, Tanga, & DeLeo, 2004). 

In response to injury, astrocytes are commonly present in a much higher magnitude and 

reducing their proliferation is sufficient to modulate chronic pain (Tsuda et al., 2011). 

Mice subjected to peripheral nerve injury and lacking the Gfap gene still showed 
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hypersensitivity, but a shortened duration (D. S. Kim et al., 2009), supporting the notion 

that astrocytes may serve to influence pain responses under pathological conditions. 

Interacting with signal transducers and activators of transcription 3 (STAT3)-mediated 

signalling, a well-known downstream pathway in astrocytes, reduces astrocytes’ 

proliferation and changes in pain responses (R. R. Ji et al., 2019; Tsuda et al., 2011).  

Pharmacological and optogenetic approaches have shown that transient activation of 

astrocytes is sufficient to cause mechanical allodynia in naïve rats (Nam et al., 2016). 

Reactive astrocytes release several mediators, such as the monocyte chemoattractant 

protein-1 (MCP-1). This molecule has been largely implicated in the PNS, but at the 

spinal level it has been proposed to play a role in central sensitisation, especially in 

neuropathic pain models (Gao et al., 2009).  Furthermore, astrocytes can release pro-

inflammatory cytokines, such as IL-1b and TNFa and, in fact, similar to microglia, its 

blockade is able to attenuate chronic pain (Lu et al., 2014). 

 

Collectively, this evidence suggests a role of glial activation in the development and 

maintenance of central sensitisation under chronic pain conditions. 

 

1.6 Persistent Pain: Supraspinal mechanisms  

Chronic pain conditions (either of neuropathic or inflammatory origin) induce significant 

structural, functional, and biochemical changes in the CNS, with conduction of action 

potentials being transmitted via ascending pathways to supraspinal areas such as the 

brainstem, thalamus, amygdala, etc. These areas undergo neural plastic changes as 

chronic pain develops.  

 

The PAG-RVM system plays a crucial role in descending pain signalling pathways. In 

the RVM, ‘ON’ and ‘OFF’ cells can be found and show contrasting effects. Following 

models of neuropathic and inflammatory pain, the effect of ‘ON’ cells is strengthened 

while ‘OFF’ cells are inhibited, losing their ability to induce an inhibitory response. 
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Neuronal responses conveyed from the PAG fail to inhibit ‘ON’ cells, which become 

excited by continuous ascending dorsal horn input. While ‘ON’ cells become 

hyperexcitable, ‘OFF’ cells are insensitive to excitatory input (Boadas-Vaello et al., 2016) 

(Fig. 6).  These changes are also coupled with changes in receptors and ion channels’ 

expression, with overexpression of NMDA/AMPA, Tropomyosin Receptor Kinase B 

(TrkB) and neurokinin-1 (NK) receptors in ‘ON’ cells, while opioid receptor expression is 

reduced in ‘OFF’ cells (Budai, Khasabov, Mantyh, & Simone, 2007; Da Silva, Desantana, 

& Sluka, 2010; W. Guo et al., 2006). An increase in neuronal firing is also associated 

with an increase in microglial and astroglial activity in the RVM which can also influence 

‘ON’ cells neuronal activity (J. Roberts, Ossipov, & Porreca, 2009; F. Wei, Guo, Zou, 

Ren, & Dubner, 2008). 

  

 

 

 

 

 

 

 

 

 
 

 

Figure 6: Regulation of ‘ON’ and ‘OFF’ cells in the RVM.  

Briefly, under physiological conditions (a), once noxious stimulation is perceived, neuronal 
input is propagated to the spinal cord and travels to supraspinal centres. Once it reaches the 

brainstem, action potentials interact with neurons located in the PAG. These neurons also 
activate GABAergic interneurons located within the RVM which promptly inhibit ‘ON’ cells 

after rapid activation. As such, ‘ON’ cells get inhibited, while ‘OFF’ cells are excited, reducing 

A B 
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brain input to the spinal cord, thereby reducing nociceptive response. Under neuropathic 

conditions (b), input from nociceptors is much exacerbated, potentially due to alterations in 
ion channel and receptors expression. The information propagated to the brain is much more 

intense and can excite ‘ON’ neurons in a much larger extent, turning these insensitive to the 
inputs from GABAergic interneurons and ‘OFF’ neurons. This results in the potentiation of 

‘ON’ cells which facilitates neuronal input to the spinal cord. Adapted from (Boadas-Vaello et 
al., 2016). 

 

In addition to changes in neuronal activity of ‘OFF’ and ‘ON’ cells, alterations in the 

endocannabinoid signalling are also observed. Studies assessing cannabinoid receptor 

in the RVM, such as the CB1 receptor, have shown that, following injury, its expression 

is reduced (Petrosino et al., 2007). Upon CB1 agonist infusion, ‘OFF’ cells display an 

increase in response firing, inducing an antinociceptive effect (Palazzo et al., 2012). 

Collectively, these results show that under neuropathic and inflammatory conditions 

alterations in the PAG-RVM system are observed and, consequently, its effects are 

reflected in descending pain mechanisms. 

 

Despite the PAG-RVM connection being extensively studied, it is well-known that the 

PAG also projects to other brainstem areas involved in descending pain mechanisms. 

One of these structures is the Locus Coeruleus (LC) (J. H. Kim et al., 2018). The LC is 

located in the brainstem and is the nucleus that contains the greatest number of 

noradrenergic neurons in the brain (Fields, Heinricher, & Mason, 1991; Millan, 2002). It 

has been considered a pain inhibitory centre since first characterised by Jones and 

Gebhart (Jones & Gebhart, 1987). This system is suggested to influence nociceptive 

responses as genetic silencing of a specific subset of noradrenergic neurons is able to 

induce thermal hypersensitivity, which was further exacerbated upon injection of CFA 

(Howorth et al., 2009). However, neural plasticity is further observed in this area. As 

observed by Viisanen et al, electrical stimulation of the LC following peripheral nerve 

injury elicits a weaker nociception, suggesting functional alterations in this brain area 
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(Viisanen & Pertovaara, 2007).  In addition, whilst the LC has been predominantly linked 

with inhibition, several other studies have shown that this structure may also facilitate 

pain chronification. Ablation of noradrenergic neurons through the delivery of anti-

dopamine-b-hydroxylase saporin before peripheral nerve injury attenuated the 

development of mechanical and cold allodynia. Disruption of these neurons after the 

induction of spared nerve injury (SNI) also reduces most of the neuropathic behavioural 

phenotype, suggesting that the LC also plays a role in the maintenance of chronic pain 

(Brightwell & Taylor, 2009). While these results proposed are contradictory mechanisms 

to the inhibitory function associated with the LC, one should consider that the ablation of 

most noradrenergic neurons in the LC interferes with distinct ascending (A1 and A2 

nuclei) and descending (A5, A6, A7) noradrenergic pathways which may differentially 

account for both facilitation and inhibition of chronic pain (Taylor & Westlund, 2017). In 

addition, as pathological central sensitisation is established, one may suggest that the 

LC shifts its inhibitory function (observed in acute pain) towards a facilitatory (as pain 

persists) state and along with other supraspinal mechanisms contributes to pain 

chronification.  

 

While most of the research done in the past years has given much attention to 

descending pain pathways and their relevance in the pain field, one unexplored area 

which remains to be explored in pain research involves cortical areas, especially those 

involved in the affective component of chronic pain, which may be altered following 

abnormal ascending neuronal responses. In fact, previous studies have shown that 

synaptic responses from neurons in the ACC are potentiated, especially 1-2 weeks 

following injury (X. Y. Li et al., 2010). In addition, detailed studies have shown that the 

increased activation of neurons located in basolateral side of the amygdala (BLA) 

dysregulate the medial prefrontal cortex (mPFC). Optogenetic manipulation of this 

pathway displayed analgesic properties after mechanical and thermal stimulation, 

indicating its involvement in the development of behavioural hypersensitivity and 
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persistent pain (Huang et al., 2019). Blockade of BLA aberrant neuronal activity is also 

able to rescue mPFC output neurons activity and inhibit mechanical hypersensitivity not 

only in models of peripheral nerve injury (Z. Zhang et al., 2015)  but also in animal models 

of arthritis (G. Ji et al., 2010). 

 

In conclusion, pain pathways comprise a complex sensory system, which also entails 

structural and functional changes in corticolimbic brain regions. These areas are involved 

in the affective component of chronic pain and may induce negative effective states, 

such as depression, anger and anxiety, which can also play an important role in the 

treatment of chronic pain.  

 

1.7 Current analgesic treatment 

The recipe for pain relief is one of the oldest pharmaceutical indications known to 

humanity. Hippocrates was the first to recommend chewing willow leaves as an 

analgesic for childbirth (Levesque & Lafont, 2000) and until today, willow-bark derived 

drugs are used as pain treatment. In fact, the two most common classes of analgesics – 

NSAIDs and opioids – are derived from antique therapies used more than 2000 years 

ago, such as willow-bark and poppy, respectively. The active ingredient of willow-bark is 

salicylic acid and following several chemical reactions, non-steroidal anti-inflammatory 

drugs (NSAIDs) were generated and are currently the first line of treatment for several 

painful conditions, such as rheumatoid arthritis (Crofford, 2013). NSAIDs directly target 

cyclooxygenases (COX-1 and COX-2) through the inhibition of the production of 

inflammatory mediators, such as prostaglandins (Ferreira, Moncada, & Vane, 1971). 

 

Analgesic antidepressants (e.g., nortriptyline hydrochloride and serotonin-

norepinephrine reuptake inhibitors such as duloxetine hydrochloride) and antiepileptic 

drugs (such as gabapentin and pregabalin) are also considered first-line of treatment of 

chronic pain conditions, especially for neuropathic pain. Antidepressants act upon the 
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reuptake of noradrenaline and serotonin in the brain and spinal cord and are often 

prescribed if other symptoms and their effect is likely mediated by the activation of 

descending aminergic pathways (Kremer, Salvat, Muller, Yalcin, & Barrot, 2016). In 

addition, the prescription of antiepilectic drugs is also common, such as gabapentin and 

pregabalin, which block alpha-2-delta subunits in voltage-gated calcium channels 

located in nerve terminals, thereby inhibiting the release of excitatory neurotransmitters 

which ultimately lead to analgesia (Patel & Dickenson, 2016). In addition, exogenous 

opioids, such as morphine or oxycodone are still considered as a line of treatment for 

any form of chronic pain.   These interact with opioid receptors and are capable of 

inducing analgesia, by modulating neuronal activity of post-synaptic neurons. Despite its 

efficacy in the initial phase of prescription, the use of opioids for pain has several side 

effects, including analgesic tolerance, nausea, constipation, and transition to addiction, 

etc. (Benyamin et al., 2008).  

 

While morphine and oxycodone are exogenous opioids, opioids are also found 

endogenously in the nervous system. There are four families of opioids in the nervous 

system: b-endorphins, enkephalins, dynorphins, and nociception (Corder, Castro, 

Bruchas, & Scherrer, 2018). These come packed in dense core vesicles and are 

released as volume transmitters, binding to their respective receptors. Their receptors 

are G-protein coupled receptors and there are 4 different subtypes: the mu, delta, kappa 

and nociception receptor. Their expression in multiple sites (both in the PNS and CNS) 

elucidates the plethora of side effects associated with these neuropeptides. Opioids 

suppress neuronal activity by activating GPCRs which contribute to the activation of K+ 

channels, such as GIRK, causing hyperpolarization and inhibit Ca2+ channels opening 

which, consequently, reduces neurotransmitter release.  Opioid binding to GPCRs 

activate the Gai/o pathway which inhibit adenylate cyclase and, consequently, lead to a 

reduction of cyclic AMP (Valentino & Volkow, 2018). However, this is not the only 

downstream mechanism that may occur after opioid binding. Arrestins mediate their 
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signalling through desensitisation and internalization of opioid receptors and initiate 

several downstream pathways, involving important kinases, such as the extracellular 

signal regulated kinase 1 and 2 (ERK1/2) (Al-Hasani & Bruchas, 2011). Depletion of b-

arrestin 2 in mice show increased morphine antinociception (Bohn et al., 2003), 

suggesting that the Gai/o pathway should be favoured in detriment of the arrestin pathway, 

not only to potentiate the effects of opioids but also to lower most respiratory and 

gastrointestinal side effects which are associated with arrestin signalling (Madariaga-

Mazon et al., 2017).  Despite the side effects, opioid prescription for the treatment of 

chronic pain reaches new records each year, especially in the US, where an epidemic 

of opioid addiction has been declared. Roughly 100000 died of opioid overdose in the 

US during 2021, according to the American Centres for Disease Control and Prevention 

(CDC). 

 

Collectively, current treatment and management for chronic pain remains partially 

effective, urging the need for the identification and screening of new biological targets. 

With new technologies being used, such as Crispr technology, and with the aid of 

transcriptomics (for instance, using information obtained from single nucleus RNA 

sequencing) and use of human tissue, it is no surprise that in the future, if these 

improvements are sufficient, to open the door for to the development of more effective 

and less provoking side effects treatments for chronic pain. 

 

1.8 ALZHEIMER’S DISEASE 

Alzheimer’s Disease (AD) is a neurodegenerative disorder which contributes to the 

degeneration of neuronal cells, leading to the development of several symptoms, such 

as cognitive decline. It is the most common type of dementia, diagnosed in up to 50 to 

70% of the individuals (Winblad et al., 2016). It affects especially the elderly – only 3% 

of individuals which are diagnosed with AD are aged below 65 years old whilst 
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approximately a third of individuals aged above 85 years old suffer from AD (Hebert, 

Weuve, Scherr, & Evans, 2013). Given that ageing is an AD risk factor and considering 

that life expectancy is expected to increase, it is with no surprise that in the next 20 years 

the predicted number of individuals suffering from AD will nearly duplicate (Prince et al., 

2013). In the UK, the total cost of care for people with dementia is around 24.2 billion 

pounds per year, pointing out the tremendous socio-economic impact this pathology 

causes to society (Wittenberg et al., 2019). As such, these data highlight the need for 

the identification and development of new therapeutic strategies that can ameliorate 

dementia symptoms but also a therapy that can help slow down or modify (disease-

modifying treatments) the pathology. 

 

Individuals diagnosed with AD manifest several symptoms that either change or worsen 

with time. One of the earliest symptoms to be associated with AD pathology and which 

allows its diagnosis, is cognitive dysfunction. Patients with AD struggle to remember 

recent events and as the pathology worsens, they display signs of disorientation, 

confusion, behavioural changes, etc. (Gale, Acar, & Daffner, 2018; Winblad et al., 2016). 

However, when these symptoms emerge, pathophysiological changes in the brain are 

already found in a late stage. Detecting AD at earlier stages remains imperative, although 

the identification of a reliable technology and peripheral biomarkers are challenging. 

However, the development of these have accelerated in the past few years and 

peripheral diagnostic tests assessing potential peripheral biomarkers are currently being 

developed (Klyucherev et al., 2022). One great example is the detection of plasma or 

serum amyloid-b42 or phosphorylated tau (p-tau) through the single molecular array 

(SiMoA) platform (D. Li & Mielke, 2019).  
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1.8.1 AD Neuropathology 

On the molecular level, AD is characterised by the presence of extracellular amyloid 

plaques – primarily constituted by the peptide fragment amyloid-b – and intracellular 

neurofibrillary tangles (NFTs), which are composed of tau proteins (Ferrari & Sorbi, 2021) 

(Fig.7). These two different structures allowed the diagnosis of AD which was first 

described by Alois Alzheimer in 1906 (Alzheimer, Forstl, & Levy, 1991). Other reports 

have suggested that AD is also potentiated by other phenomena, such as 

neuroinflammation, impaired autophagy and oxidative stress (Akiyama et al., 2000; 

Nilsson & Saido, 2014; Youssef et al., 2018).  

 

Figure 7: Main neuropathological features of AD.  

Dense hyperphosphorylated tau and amyloid or senile plaques (Ab) are, along with cerebral 

atrophy and neuronal degeneration, the hallmarks of the disease.  

 
1.8.2 Microtubule-associated protein Tau 

Like amyloid-b, microtubule-associated protein tau was identified in NFTs. Microtubules 

are part of the cytoskeleton of the cell and work to maintain constant assembly and 
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disassembly, functioning to maintain cell morphology (Barbier et al., 2019). Under AD 

conditions, tau becomes hyperphosphorylated, displaying a lower affinity for binding to 

microtubules, which potentiates the disassembly of microtubules (Alonso, Grundke-

Iqbal, & Iqbal, 1996). Changes in tau conformation as mentioned previously prevents 

neurons from acquiring their morphology and conduct their processes normally (Iqbal, 

Liu, Gong, & Grundke-Iqbal, 2010). Ultimately, tau hyperphosphorylation causes 

fibrillization and aggregation into NFTs (Grundke-Iqbal et al., 1986) (Fig.8). 

 

 

Figure 8: Functions of tau in healthy and pathological conditions.  

In normal conditions (a), tau plays a crucial role in microtubule dynamics. In pathological 
conditions, tau suffers several post-translational modifications, inducing microtubule 

disassembly and synaptic dysfunction. Alterations in tau protein also potentiate tau 
aggregation and seeding. Image collected from  (Y. Wang & Mandelkow, 2016) 

The presence of hyperphosphorylated tau and tangles follow a well-defined path in the 

brain. According to Braak staging, the progression of NFTs can be classified into six 

different stages. While Braak stage I and II are associated with NFTs being found 
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predominantly in the transentorhinal area and, respectively, in stages III NFTs are 

densely found in basal midbrain and forebrain areas. In stage IV, tangles can be 

observed in areas such as the amygdala and/or thalamus. Finally, in stages V and VI, 

NFTs form in neocortical areas, being completely invaded by these pathogenic 

structures in stage VI. The presence of extracellular amyloid-b plaques in the brain 

follows a similar pattern, although spreading is faster and not entirely identical (Fig.9).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Amyloid-b and Tau staging throughout the course of the pathology.  

Ab plaques are found throughout the isocortex in phase 1-2, while dramatic and intense 

presence of these deposits are observed not only in the isortex, but also in large abundance 

in brainstem areas and in the cerebellum in phase 5 (Hampel et al., 2021). On the other 

a 

b 
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hand, according to Braak staging, hyperphosphorylated tau is detected initially in the 

transentorhinal cortex, later affecting the entorhinal cortex (Braak stage III-IV) and being 
found in a much higher magnitude throughout the cortex in the last Braak stage (Braak, 

Alafuzoff, Arzberger, Kretzschmar, & Del Tredici, 2006).  

 

1.8.3 Amyloid-b  

Amyloid-b was first discovered in neuritic plaques in the eighties and it was initially 

described as a small peptide fragment (Glenner & Wong, 1984; Masters et al., 1985). It 

results from the cleavage of a membrane-bound protein called amyloid precursor protein 

(APP) (J. Kang et al., 1987). Its function is not entirely understood (Knowles, 

Vendruscolo, & Dobson, 2014), although there is evidence supporting its involvement  in 

cellular metabolism (Y. Guo, Wang, Chen, & Xu, 2021). APP cleavage originates 

amyloid-b, that can deposit in the brain and give rise to either diffuse (immature) or 

neuritic (mature/senile) (Dickson, 1997) deposits. The latter are extracellular and are 

made up of different insoluble amyloid-b peptide fragments, such as amyloid-b40 and 

amyloid-b42 (Long & Holtzman, 2019) which are in direct contact with dystrophic neurites 

and reactive glial cells (Condello, Yuan, Schain, & Grutzendler, 2015). Ab peptides are 

commonly found in the brain, but can be found outside the CNS, such as in the blood (K. 

F. Roberts et al., 2014). The vast majority of Ab is composed of Ab40, with a small 

percentage being of Ab42 origin. In physiological conditions, Ab is degraded and cleaved 

by different proteases, such as neprilysin (also involved cleavage of proenkephalin into 

enkephalin) (Saido & Leissring, 2012).  

 

In pathological conditions, Ab42 proportion increases comparatively to Ab40 (Naslund et 

al., 1994), which creates a more toxic environment due to Ab42 conformation. Increased 

hydrophobicity of Ab42  leads to an increased ability for aggregation and form amyloid 

fibrils (Butterfield, Swomley, & Sultana, 2013). Furthermore, the enzymatic activity and 

levels of neprilysin are significantly altered in the CSF of AD patients (H. Zhang et al., 
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2017), which may account for the increased presence of Ab in the brain parenchyma 

(Iwata et al., 2001). 

 

In early pre-clinical stages (phase 1-2), amyloid deposits in cortical areas. As pathology 

progresses, amyloid plaques are seen in allocortical and midbrain regions (phase 3-4). 

Finally, in phase 5, amyloid-b plaques are found in large abundance throughout the 

entire cortex and also present in the brainstem and cerebellum (Hampel et al., 2021).  

AD can be classified either as early-onset (or familial AD) or late-onset (or sporadic) 

(LOAD) disease. LOAD (>65 years old) is the predominant type affecting most of the 

patients diagnosed with AD. Several genes, through genome-wide association studies, 

have been linked with increased risk of being diagnosed with AD. One of these genes is 

the gene encoding for apolipoprotein E (APOE), in particular the isoform e4. In fact, 

people carrying two e4 alleles are twice more prone to develop the disease (Holtzman, 

Herz, & Bu, 2012; Van Cauwenberghe, Van Broeckhoven, & Sleegers, 2016). This gene 

is linked to lipid metabolism and transport while other genes identified play a role in 

inflammation (CR1, TREM2) (Carmona et al., 2018; Kucukkilic et al., 2018) or vesicular 

transport (phosphatidylinositiol-binding clathrin assembly protein – PICALM) (Harold et 

al., 2009). 

 

On the other hand, the early-onset type or familial AD (FAD) affects a small proportion 

of patients and is particularly prevalent in patients which are younger than 65 years. It is 

commonly linked with genetic mutations. These lead to alterations either in the genes 

encoding the amyloid precursor protein itself (APP) (Kowalska, 2003) or in the enzymes 

involved in the cleavage of APP into smaller fragments originating Ab peptides, such as 

g-secretase (De Strooper, Iwatsubo, & Wolfe, 2012).  
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1.8.3.1 The amyloid precursor protein (APP) 

Amyloid-b plaques are comprised of amyloid-b peptides generated through enzymatic 

cleavage (either by a-, b- and g-secretases) of amyloid precursor protein (APP). This 

protein has a molecular weight of 100 kDa and is a type I transmembrane protein formed 

by an extracellular domain and a short cytoplasmic fragment (Zheng & Koo, 2011). APP 

is found in eight isoforms, due to alternative splicing. The main isoform, APP695, is 

widely expressed in neurons while APP751 and APP770 are mainly found in microglia 

(Bayer, Cappai, Masters, Beyreuther, & Multhaup, 1999; O'Brien & Wong, 2011; Y. W. 

Zhang, Thompson, Zhang, & Xu, 2011).  

 

1.8.3.2 APP Processing 

APP processing can be cleaved via two different pathways: the more common, non-

pathogenic, the non-amyloidogenic pathway, or the pathogenic, the amyloidogenic 

pathway (Chow, Mattson, Wong, & Gleichmann, 2010) (Fig.10). In the non-

amyloidogenic pathway, APP is cleaved within the Ab domain by a-secretase (ADAM 

and zinc metalloproteases) instead soluble APPa is produced (Kojro & Fahrenholz, 

2005). This peptide has been associated with neuroprotection and neurogenesis. APP 

processing via this pathway also generates the membrane-bound fragment a (CTFa).  

In contrast, in the amyloidogenic pathway, APP is instead cleaved by b-secretase (the 

b-site APP cleaving enzyme 1, BACE1) at the start of Ab domain, generating soluble 

APPb and membrane-bound CTFb (X. Zhang & Song, 2013). The cleavage of the latter 

by g-secretase leads to the production of pathogenic Ab fragments (Wolfe, 2020).   
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Figure 10: Amyloidogenic and non-amyloidogenic pathways of APP processing.  

APP can either be cleaved by a-secretase or b-secretase. If cleaved by b-secretase, APP 

processing follows an amyloidogenic pathway and generates solube APPb along with Ab and 

AICD. If APP is break down by a-secretase, soluble APPa is formed along with p3 upon g-

secretase action. 

 

1.8.3.3 The amyloid cascade hypothesis 

In 1992, in line with the discoveries made by Glenner, Hardy and Higgins suggested that 

their hypothesis was “(…) that deposition of amyloid-b protein (AbP), the main 

component of the plaques, is the causative agent of Alzheimer’s pathology and that the 

neurofibrillary tangles, cell loss, vascular damage, and dementia follow as a direct result 

of this deposition”. This study laid out the amyloid cascade hypothesis for the first time, 

in which the deposition of amyloid-b in the brain was the main cause, and event, of AD 

(Hardy & Higgins, 1992). The occurrence of hyperphosphorylated tau and the presence 

of tangles would be a direct cause of Ab deposition. This theory has been the basis for 

most treatment strategies against AD. 
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This hypothesis appeared as a result of studies carried out on individuals diagnosed with 

early-onset AD (who carry the autosomal-dominant mutation). These patients display 

genetic mutations that can be either point mutations in the APP gene, interfering with the 

cleavage sites for Ab generation or alterations in the enzymatic activity and/or levels of 

secretase enzymes that generate Ab. Until today, several mutations have been 

associated with early-onset AD, with 32 mutations in the APP being reported in 85 

families (Bekris, Yu, Bird, & Tsuang, 2010).  However, mutations in the APP gene only 

account for a small number of mutations found in early-onset AD (Bird, 2008). On the 

other hand, mutations in the presenilin (PSEN) 1 and PSEN2 genes have also been 

found to contribute to early-onset AD (Lanoiselee et al., 2017). These facilitate Ab 

deposition through the stimulation of the amyloidogenic pathway. To date, around 350 

and 87 mutations have been reported for PSEN1 and PSEN2, respectively. These can 

be easily accessed at https://www.alzforum.org/mutations.  

 

Despite giving rise to many studies and therapies (with some still undergoing clinical 

trials), the amyloid cascade hypothesis has been challenged for several reasons. First, 

a great number of people with no cognitive impairment or dementia display amyloid 

plaques (Dickson, 1997). These observations prompted researchers to focus on more 

toxic species, such as Ab oligomers, rather than extracellular plaques (Haass & Selkoe, 

2007; J. Wang, Dickson, Trojanowski, & Lee, 1999). In fact, the presence of extracellular 

plaques where oligomers are not present does not have an impact on cognitive function 

(Lesne, Kotilinek, & Ashe, 2008). Nevertheless, this hypothesis is still backed by the 

evidence that Ab42 deposition in rodents induces Ab-mediated neuroinflammation, 

synaptic impairment and cognitive deficits, giving researchers and companies enough 

evidence for clinical trials to be carried out to test anti-amyloid drugs. 
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1.9 Neuroinflammation in AD 

In addition to amyloid and NFTs deposition, another line of AD research suggests the 

crucial role that neuroinflammation plays in AD. The first hint came out of a study in which 

patients with rheumatoid arthritis who were treated with anti-inflammatory drugs 

displayed a low prevalence of AD (Jenkinson, Bliss, Brain, & Scott, 1989). This led 

researchers to perform in vivo experiments where early treatment with anti-inflammatory 

drugs diminished AD pathology (Bachstetter et al., 2012). However, clinical trials using 

NSAIDS haven’t been successful to date, suggesting that while preventing inflammation 

may ameliorate AD pathology, hindering the inflammation process might also cause 

detrimental effects, such as clearance of Ab and, consequently, cognitive deficits (Price 

et al., 2008).  

 

The involvement of the immune system was further reinforced by genome-wide 

association (GWAS) studies in which several inflammation-related genes have been 

linked with AD, in particular, TREM2 (triggering receptor expressed on myeloid cells 2)  

and CD33 (sialic acid binding Ig-like lectin 3) (Bradshaw et al., 2013; Jonsson et al., 

2013). Most of these genes are expressed on myeloid immune cells and gain or loss of 

function mutations influence the likelihood of an individual developing AD. Many studies 

have implicated these genes in several immune cells, especially in microglia. During 

disease progression, microglia acquire a detrimental and toxic phenotype which, instead 

of maintaining homeostasis as it is observed in early stages of the pathology (W. Feng 

et al., 2020), facilitates inflammation (Streit, Khoshbouei, & Bechmann, 2020). Microglia 

inability to perform its own role, due to mutations affecting TREM2 and CD33 genes, 

impairs Ab clearance and accelerates tau hyperphosphorylation (Griciuc et al., 2019; 

Maphis et al., 2015; Mazaheri et al., 2017). While microglia have been extensively 

studied in the field of AD, astrocytes have received a low amount of attention. Like 

microglia, astrocytes are abundantly present in the CNS. Physiologically, astrocytes 

maintain and participate in synaptic homeostasis through the formation of synapses 
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(Allen & Eroglu, 2017) and are important in the formation of the Blood Brain Barrier (BBB) 

and neurovascular unit (L. R. Liu, Liu, Bao, Bai, & Wang, 2020). When in contact with 

Ab, astrocytes actively release pro-inflammatory mediators and aid in Ab clearance. 

Astrocytes highly express the APOE gene, which under mutations, favour the 

accumulation of amyloid in the brain (Preman, Alfonso-Triguero, Alberdi, Verkhratsky, & 

Arranz, 2021). Both microglia and astrocytes release pro-inflammatory cytokines once 

in contact with Ab, such as IL-1b and several other factors, such as CCL2 and IL-18 have 

been shown to be upregulated in AD (Lynch, 2015; Ojala et al., 2009; Sokolova et al., 

2009). In fact, polymorphisms found in the CCL2 or in the IL-18 gene have been tightly 

linked with an increased risk of developing the pathology (Xu, Dong, Xu, Zou, & Li, 2021; 

J. T. Yu et al., 2009). Altogether, this evidence proposes that AD pathogenesis is not 

restricted only to the neuronal compartment, but highly interacts with several other 

immunological mechanisms in the brain.  

 

1.10 Neurodegeneration and Synaptic Loss in AD 

In addition to alterations in the immune system, changes in neuronal function are also 

observed in AD. In fact, a study carried out by Lambert has shown that disruption in 

synaptic activity is observed before extracellular Ab is detected, suggesting that this 

event may be mediated by increased levels of Ab oligomers (Lambert et al., 1998). 

Synaptic loss, in the absence of extracellular Ab accumulation, is observed at early 

stages of AD and found in individuals with mild cognitive impairment (MCI), a transitional 

stage between healthy control and an individual diagnosed with AD. The presence of 

Ab oligomers interferes with NMDA-dependent long-term potentiation (LTP) and 

influences glutamatergic functions in both pre- and post- synaptic mechanisms (J. Marsh 

& Alifragis, 2018). Analogous to changes in glutamatergic transmission, interaction 

between Ab and a7-nicotinic acetylcholine receptors (a7-nACh) is also present, which 

potentiates Ab production and cholinergic synaptic loss (W. Wei et al., 2010). Targeting 
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this type of neurons has allowed the development of drugs, such as donepezil, which 

have proved to be effective in early stages of AD (Canter, Penney, & Tsai, 2016).  

Furthermore, Ab influences the balance between excitatory and inhibitory neuronal 

activity, especially modulating the activity of inhibitory interneurons. For instance, a 

reduction in the Nav1.1 sodium channel expression was verified in a mouse model of AD, 

which impairs the inhibitory function of parvalbumin-expressing neurons, which, in turn, 

reduces the release of GABA in the brain (Verret et al., 2012).  

As regards other signalling systems, impairment of monoaminergic (subdivided into 

serotonergic, noradrenergic, dopaminergic, and histaminergic systems) and opioidergic 

transmission has been documented in AD.  

In early stages of the pathology, dopaminergic neuronal degeneration was observed in 

several areas, such as in the striatum and cortex (Hanseeuw et al., 2019; Moreno-

Castilla et al., 2016). Changes in dopamine outflow are associated with cognitive 

dysfunction and alterations in reward processing (Nobili et al., 2017).  While changes in 

dopaminergic function haven’t been extensively explored, the effect of AD on the 

noradrenergic system has received great attention. In fact, roughly 70% of locus 

coeruleus (LC) noradrenergic neurons are lost throughout AD pathology (Bondareff, 

Mountjoy, & Roth, 1982). The LC projects to numerous areas of the brain, being the only 

noradrenergic nucleus with direct projections to the cortex and directly involved in 

cognitive function (Samuels & Szabadi, 2008). It also provides noradrenergic input to 

other centres, like the spinal cord (Nygren & Olson, 1977) integrating the noradrenergic 

descending mechanism involved in pain modulation.  

LC cell loss and abnormalities in noradrenergic signalling are observed in AD, which may 

account for the behavioural and psychological symptoms also reported in this pathology 

(Herrmann, Lanctot, & Khan, 2004). Besides to its neuronal role, noradrenaline 

stimulates several adrenoreceptors, some of which contribute to the process of 

autophagy (Wauson, Dbouk, Ghosh, & Cobb, 2014). Loss of LC neurons and, 
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consequent, reduction in noradrenaline release may therefore implicate a reduction in 

autophagy and removal of abnormal Ab and tau (Giorgi et al., 2017).    

Alterations in serotonergic transmission are also detected in AD. Loss of 5-HT2A 

receptors was reported through PET imaging (Marner et al., 2012) and this phenomenon 

was associated with psychosis, hallucinations and delusions (Trillo et al., 2013). 

Additionally, changes in another serotonergic receptor subtype (5-HT6) have been linked 

with AD. In fact, a study carried out using a serotonergic receptor against this receptor 

(SB-742457), has shown good efficacy and tolerability by patients (Maher-Edwards et 

al., 2010). However, while antagonists display cognitive enhancing properties, 5-HT6 

agonists also displayed a good safety profile and proved to be useful for the treatment 

of other non-cognitive related symptoms (Garcia-Alloza et al., 2004), proposing that 

more research is warranted to uncover the mechanisms underlying serotonergic 

impairment in AD.  

Finally, similarly to noradrenergic and serotonergic counterparts, the opioidergic system 

is also affected in AD.  Compelling evidence provided in the late nineties by Muhlbauer 

and co-workers suggested that enkephalin expression was increased in the 

hippocampus but was also found at higher levels in the CSF in an AD cohort of patients 

(Muhlbauer, Metcalf, Robertson, Fridland, & Desiderio, 1986). Similarly, studies carried 

out in rodents have shown identical outcome, with hAPP transgenic mice (AD transgenic 

mouse models outlined in chapter 2) revealing increased enkephalin expression in the 

brain (Meilandt et al., 2008). In fact, enkephalin signalling pathway can be altered by AD 

and directly influence cognitive impairment and behavioural abnormalities. This can be 

mediated through the enzyme neprilysin (or enkephalinase) which is believed to be 

reduced in early stages of AD development (Caccamo, Oddo, Sugarman, Akbari, & 

LaFerla, 2005). It plays a crucial role in cleaving enkephalin but also in degrading the 

monomeric and the oligomeric forms of Ab and in its absence this process is impaired 

(El-Amouri et al., 2007). On top of this, research carried out in animals lacking neprilysin 

display cognitive deficits and increased aggressive behaviour (H. S. Fischer et al., 2000). 
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On the other hand, overexpression of neprilysin in 5XFAD mice under the aCaMKII 

promoter improves AD pathology in animals (Devi & Ohno, 2015). Moreover, in addition 

to an increased expression of enkephalins,  opioid receptor binding capacity is altered in 

AD. Autoradiography studies have shown a decreased binding of opioid ligands to opioid 

receptors in several areas of the brain, such as the hippocampus and the amygdala (Cai 

& Ratka, 2012). Altogether this evidence suggests a possible involvement of 

endogenous opioids and opioid receptors in Alzheimer’s disease.   

 

1.11 PAIN MANAGEMENT IN AD 

Cognitive deficits are the most reported and observed symptoms in AD. However, AD is 

coupled with other comorbidities, ranging from musculoskeletal to long-term neuropathic 

pain conditions, like diabetes. These conditions likely contribute to pain, which remains 

underdiagnosed and undertreated in these individuals, which may lead to 

aggressiveness and to the agitated behaviour depicted in AD patients.  

 

Prevalence of pain in patients with dementia ranges from 35.3 to 63.5% (Achterberg, 

Lautenbacher, Husebo, Erdal, & Herr, 2020; Lin, Li, Chou, Chen, & Lin, 2018). Due to 

their inability to properly communicate pain as result of the pathology, pain assessment 

and management in these individuals remains largely unsatisfactory (Corbett et al., 

2012). The first studies implicating alterations in pain pathways were performed by 

Benedetti et al. In this study, he and his co-workers proposed that patients with AD 

displayed an increased tolerance to ischemic pain and noxious stimulation, despite no 

changes being observed in the detection of a noxious stimulus when compared to control 

groups (Benedetti et al., 1999). Rainero later suggested that an increased pain threshold 

resulted in a reduced pain experience in individuals with AD, suggesting that while AD 

patients reveal increased pain tolerance, these results indicate an intact sensory 

discriminative aspect of pain (Rainero, Vighetti, Bergamasco, Pinessi, & Benedetti, 
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2000). However, recent studies have supported the notion that some type of alteration 

may be at play in the sensory-discriminative component of pain in AD. Indeed, AD 

individuals reveal an altered response to noxious stimulation. Effectively, thermal 

stimulation applied to patients with AD showed a reduction in thermal sensitivity. These 

differences can be attributed to the presence of oligomeric and extracellular amyloid 

deposits and hyperphosphorylated tau in areas which are crucial for pain processing. 

These changes, along with cortical structural/anatomical changes observed in AD, can 

influence pain associated regions and contribute to altered pain perception/tolerance 

observed in AD (Monroe, Gore, Chen, Mion, & Cowan, 2012). Collectively, this evidence 

suggests that alterations in pain mechanisms are present in dementia, more specifically, 

in AD, evoking the need to better understand the mechanisms underlying these changes 

for better pain management.  
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1.12 GENERAL AIMS 

 

Owing to the altered pain processing documented in individuals diagnosed with AD and 

in transgenic animal models, this thesis focuses on identifying alterations in the 

mechanisms along the pain pathway using an animal model of AD, the TASTPM 

transgenic mouse model that can influence pain processing and modulation. Here, we 

hypothesised that under neurodegenerative and chronic pain conditions, pain sensitivity 

may be altered through opioidergic signalling. In order to test this hypothesis, we aimed 

to: 

 

1) Assess and characterise nociceptive thresholds in response to acute noxious 

mechanical stimulation using the TASTPM transgenic mouse model of AD and 

infer expression of several neuronal markers at the spinal cord level which are 

known to be involved in pain modulation – Chapter III 

 

2) Assess and characterise the development of neuropathic allodynia and 

determine alterations in the opioidergic tone in injured TASTPM transgenic mice 

compared to aged-matched controls. – Chapter IV 

 
 

3)  Detect alterations in peripheral opioidergic tone and infer about immune changes 

at the injury using TASTPM transgenic mice compared to aged-matched controls. 

– Chapter V 

 
 

4) Conduct an in vitro study to identify, through mimicking the injury site, the cellular 

phenotype of immune cells involved in response to a nerve injury and whether 

these would contribute to alterations observed in opioidergic neurotransmission 

– Chapter VI 
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Chapter II - MATERIAL AND METHODS 
 
2.1 Animals 
 
Experiments were performed on in 6-7 months old adult male and female heterozygous 

double mutant TASTPM transgenic mice. TASTPM mice (GlaxoSmithKline) express 

human mutant amyloid precursor protein (hAPP695swe) and presenilin-1 (M146V) under 

the control of the neuron specific Thy-1 promoter on a C57BL/6 background. Age and 

gender matched C57BL/6 obtained from Charles River Laboratories were used as 

controls (WT). All animals were housed in the Biological Services Unit, King’s College 

London and maintained in 12 hours day/night cycle with access to food and water ad 

libitum. All experiments were conducted according to the United Kingdom Animals 

(Scientific Procedures) Act 1986 and following the guidelines of the Committee for 

Research and Ethical Issues of the International Association for the Study of Pain (IASP). 

 

2.1.2 Spare Nerve Injury Animal Model 
 
Mice underwent SNI surgery under isoflurane anaesthesia (Decosterd & Woolf, 2000). 

Briefly, the skin and muscle of the left thigh were incised to expose the sciatic nerve and 

its three terminal branches. The common peroneal and tibial nerves (proximal to the 

trifurcation) were identified and 0.5 cm of the nerve (containing the peroneal and tibial 

nerves) were excised, while the sural nerve was left intact (Decosterd & Woolf, 2000). In 

sham-injured mice, the sciatic nerve was exposed but not excised. Mechanical 

thresholds (PWTs) were examined on 3 consecutive days prior to and on days 7, 14, 

and 21 after surgery. 

 

2.1.3  Generation of TASTPM Mouse Model of AD  

The TASTPM mouse model of AD was generated at GSK using TAS10 transgenic mice 

expressing the Swedish mutant human amyloid precursor protein (APP) (695-aa 

isoform) under the control of the murine Thy-1 promoter and transgenic mice over 
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expressing presenilin-1 (PS1) M146V mutation (TPM) driven through the murine Thy-1 

promoter (Howlett et al., 2004; J. C. Richardson et al., 2003). Briefly, the 5’ end of the 

APP coding sequence is preceded by a blunted HindIII site and a strong Kozak 

translation initiation sequence. The 5’ end of the human PS1 coding sequence is 

preceded by a blunted XbaI site and a strong Kozak translation initiation sequence. All 

modifications were made using standard cloning methods and PCR-based site- directed 

mutagenesis. Thy-1.APP and Thy1-PS1 gene fusions were dissolved in 10mM Tris and 

1mM EDTA (pH 8) to a final concentration of 10 µg/ml prior to injection. Transgenic lines 

were generated by pronuclear microinjection of this fragment, after removal of backbone 

plasmid sequence, into fertilised oocytes from either C57BL/6;C3H mice in the case of 

Thy-1.APP transgene, or into fertilised oocytes from pure C57BL/6 mice in the case of 

Thy1-PS1 transgene. TAS10 (Thy-1.APP695swe) mice were generated and 

backcrossed onto a pure C57BL/6 background before being crossed with TPM (Thy-

1.PS-1.M146V) mice to produce heterozygous double mutant TASTPM mice (Fig. 11) 

(Howlett et al., 2004). 

2.1.4 Breeding Strategy  

To obtain double heterozygous mutant TASTPM mice, homozygous mutant TASTPM 

mice females (result of crossing the TAS10 line with TPM line; Fig. 11A) were crossed 

with a non-transgenic WT male (Fig. 11B). Upon birth, animals were marked with an ear 

notch and given a unique identifier code. The skin excised during the ear notch 

procedure was utilised for genotyping with polymerase chain reaction (PCR). Offspring 

were weaned at 3 weeks of age and placed into single sex cages, with up to 5 littermates 

housed in one cage. Age- and sex-matched WT controls were also group housed in 

single sex cages.  
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Figure 11: TASTPM model of AD breeding strategy.  
 
The TASTPM (A) animal model results from crossing the TAS10 mouse line (carrying the 

hAPP695SWE mutation) with the TPM mouse line (carries the PS1 M146V mutation). (B) To 
generate the heterozygous litter, homozygous mice were crossed with non-transgenic wild 

type mice.  

 

 
2.1.5 Genotyping  
 
2.1.5.1  Genomic DNA Extraction 
 
To verify that TASTPM mice carry both the hAPP695SWE (TAS10) and presenilin-1 

M146V (TPM) transgenes genotyping was performed. Ear notch skin samples were 

incubated with 30μl lysis buffer (nuclease-free water (ddH2O) containing 150mM Tris-

HCl (pH 8.8); 100mM (Na4)2SO4; 100mM MgCl2; 0.5% (v/v) Triton X-100; 0.1% (v/v) β-

mercaptoethanol; and 0.04 mg/ml Proteinase K) for 60 minutes at 55°C which was 

followed by 5 minutes heat inactivation step at 95°C. Samples were then vortexed for 30 

seconds prior to being centrifuged at 12,000 RPM for 1 minute. The DNA containing 

supernatant was collected and DNA concentration of each sample was determined using 

the NanoDrop spectrometer. Samples were subsequently diluted in ddH2O to give a final 

concentration of 25ng/μl and stored at -20°C until use.  

TAS10 TPM 

A 

B 
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2.1.5.2 TASTPM Polymerase Chain Reaction (PCR)  

PCR was performed for each DNA sample to amplify genomic DNA. The PCR reaction 

was conducted using the Taq DNA polymerase kit (Qiagen). Individual PCR reactions 

were performed for TAS primers and TPM primers for each DNA sample. PCR 

amplification was carried out in reaction volumes of 25μl of PCR mixture containing 2μl 

of template DNA (25ng/μl) added to 23μl master mix consisting of 10% (v/v) 10× Coral 

Load PCR Buffer, 200μM of dNTP Mix, 0.625 units/reaction of Taq polymerase and 1μM 

of each of the oligonucleotide primers (Sigma) in ddH2O. Amplification was performed 

using the Applied Biosystems PCR System 9700 using the following primers: TAS 

(CAGCTGGTTGACCTGTAGCTTT and GTGTGCCAGTGAAGATGA) and TPM 

(CAGCTGGTTGACCTGTAGCTTT and ATGCTTGGCGCCATATTTCAATG). The 

reaction conditions were as follows: initial denaturation at 95°C for 10 minutes followed 

by 10 cycles of 95°C for 15 seconds (denaturation), 68°C for 15 seconds (annealing: 

temperature reduced by 1°C/cycle) and 72°C for 30 seconds (extension). Subsequently, 

samples were subjected to a final set of 25 cycles of 95°C for 15 seconds (denaturation), 

58°C for 15 seconds (annealing) and 72°C for 30 seconds (extension).  

2.1.5.3 Electrophoresis of PCR Products  

Gel electrophoresis was conducted to visualise PCR products obtained from previous 

PCR. Samples were loaded onto a 1.5% agarose gel (Sigma) containing 100μg/ml 

ethidium bromide (Sigma). A 1kB DNA ladder (Promega, UK) was also loaded onto each 

gel in order to allow the identification of the product sizes. Gels were run at 100V for 60 

minutes using the Power Pac 200. DNA fragments were visualised using a GeneGenius 

(Syngene, UK) UV transilluminator, and pictures were captured using GeneSnap 

software (Syngene, UK). The expected sizes of the end-products were 500bp for the 

TAS transgene and 350bp for the TPM transgene. 

2.1.5.4 Zygosity Testing 
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TASTPM mice zygosity was determined using DNA taken from animals that express both 

TAS10 and TPM transgenes. Real-time PCR was performed using the primers reported 

on table 2. In an Eppendorf microtube, a PCR Master mix was prepared: 7.5 μl qPCR 

MasterMix Plus (Eurogentec), 0.6 μl forward primer (10 μM), 0.6 μl reverse primer (10 

μM), 0.3 μl Taqman Probe-102 (5 μM), 4 μl H20 and 2 μl of DNA sample. The reaction 

was run on ABI StepOnePlus Instrument and the conditions were as follow: UNG Step 

(50ºC) for 2 minutes and Hot Start Activation (94ºC) for 10 minutes. Subsequently, 

samples were subjected to 40 cycles of denaturation (92ºC) for 30 seconds and 

annealing reaction at 60ºC for 1 minute. Relative quantification was performed using the 

2−DDCt  method. An animal would be considered heterozygous if both TAS10 and TPM 

genes relative quantification was equal to 1 (often between 0.8-1.3). An animal would be 

considered homozygous if TAS10 and TPM fold change ranged close to 2 (from 1.8-2.3-

fold copies).   

Table 2: List of primers used for zygosity testing. 

 

 

2.2   Behavioural Testing  

2.2.1 Von Frey 

Primers               
obtained from 

Metabion. 
Sequence 

TPM-PS1 - Forward ACG AGC TGC TGT CCA GGA A 

TPM-PS1 - Reverse CAA TCC AAG TTT TAC TCC CCT TTC 

Taqman Probe-103 5’-[6FAM]-CAG CAG TAT CCT CGC TGG TGA AGA CCC-[BHQ1]-3’ 

TAS10 - Forward GGT TGA CGC CGC TGT CA 

TAS10 – Reverse TGG ATT TTC GTA GCC GTT CTG 

Taqman Probe-102  
5’- [6FAM] - CAG AGG AGC GCC ACC TGT CCA AGA-[BHQ1]-3’ 
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Punctate mechanical withdrawal thresholds were assessed by application of calibrated 

von Frey monofilaments (0.008–1.0 g) to the hind paw plantar surface. Paw withdrawal 

threshold (PWT) (50%) was determined by increasing or decreasing stimulus and 

evaluated using the Dixon “up-down” method (Dixon, 1980). Mice were placed 

individually and acclimatised up to 30 minutes, prior testing, in acrylic cubicles on a wire 

mesh grid. Testing started with the application of a 0.07 g filament and each paw was 

assessed alternately between application of increasing stimulus intensity until a 

withdrawal response was achieved or application of 1.0 g filament failed to induce a 

response, in order to avoid tissue damage. All experiments were performed blind. 

2.2.2 Naloxone Hydrochloride/Methiodide Administration 
 

Naloxone hydrochloride (1 mg/kg; Sigma-Aldrich) and naloxone methiodide (1 mg/kg; 

Sigma-Aldrich) were dissolved in sterile saline. Naloxone hydrochloride or naloxone 

methiodide was administered intraperitoneally in injured TASTPM and WT animals at 

day 14 after injury. Baseline paw withdrawal thresholds were recorded before naloxone 

administration and assessed 30 minutes after drug administration.  

Punctate mechanical withdrawal thresholds were assessed by application of calibrated 

von Frey monofilaments (0.008–1.0 g) to the hind paw plantar surface. Paw withdrawal 

threshold  (50%) was determined by increasing or decreasing stimulus and evaluated 

using the Dixon “up-down” method (Dixon, 1980). Mice were placed individually and 

acclimatised up to 30 minutes, prior testing, in acrylic cubicles on a wire mesh grid. 

Testing started with the application of a 0.07 g filament and each paw was assessed 

alternately between application of increasing stimulus intensity until a withdrawal 

response was achieved or application of 1.0 g filament failed to induce a response, in 

order to avoid tissue damage. All experiments were performed blind. 

2.3  Histology 
2.3.1 Perfusion, Tissue Preparation and Sectioning  
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Naive WT (6 - 7 months old) and TASTPM (6 - 7 months and 12 months old) mice were 

terminally anaesthetised with an overdose of sodium pentobarbital (Euthatal®, 

~150mg/kg body weight) and perfused transcardially with PBS, followed by 4% 

paraformaldehyde fixative solution in phosphate buffer (PBS, 0.1M, pH 7.4) (Invitrogen). 

Spinal cords (L3-L6) and brains were removed and immersion-fixed in 4% 

paraformaldehyde fixative solution 24 hours at 4°C. Subsequently, spinal cords and 

brains were cryoprotected in a solution of 30% sucrose in PB at 4°C for at least 24 hours 

and later embedded in optimum cutting temperature (OCT, VWR, UK) medium and 

posteriorly snap-frozen using liquid nitrogen and stored at -80°C. Transverse spinal cord 

and coronal brain sections were cut (20μm thick) using a cryostat and thaw mounted 

onto Superfrost Plus microscope slides (VWR, UK).  

2.3.2 Immunofluorescence 

Frozen slide-mounted sections were washed three times (5 minutes each) with PBS, 

blocked with 3% (w/v) bovine serum albumin (BSA, Sigma, UK) in 0.1% Triton X-100 

(Sigma Aldrich, UK) in PBS for 1 hour, and incubated overnight at 4ºC for single staining 

with rabbit anti-met enkephalin (ENK) and mouse anti-β-amyloid 1-16 (Biolegend, 6E10). 

Details of the source and dilution of the primary antibodies are provided in Table 3 

Table 3: List of Primary antibodies used for Immunofluorescence 

 

The following day sections were three times (5 minutes each) with PBS and were 

subsequently incubated for two hours with the appropriate Alexa Fluor 488- or 568- 

Antibody Species Dilution Source 

6E10 Mouse 1:1000 Biolegend 

Met-ENK Rabbit 1:1000 ImmunoStar 

Iba-1 Rabbit 1:1000 Wako 
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conjugated antibody (Table 4). Sections were then washed three times with PBS (5 

minutes each) and incubated for 5 minutes with Hoechst (Invitrogen) and coverslipped 

with Vectashield Mounting Medium (Merck). 

Table 4: List of Secondary antibodies used for Immunofluorescence. 

 

2.3.3 Quantification of immunofluorescence staining 
2.3.3.1 Incidence of met-ENK intensity in superficial laminae of the spinal cord 

Quantitative assessment of met-ENK immunoreactivity was calculated by determining 

immunofluorescence intensity within 4 × 104 μm2 boxes placed onto areas of the lateral, 

central, and medial dorsal horn laminae I-III using the confocal microscope Zeiss 

LSM710 and images were acquired using the LSM software (Zeiss, UK) as represented 

in figure 12. Background fluorescence intensity of each tissue section was also 

determined and subtracted from the values obtained. Three L3-L5 sections from each 

animal were randomly selected from at least four animals per experimental group. To 

detect unspecific binding of these antibodies, sections were incubated with secondary 

antibodies only (Fig. 12B). The experimenter was blinded to treatment groups during 

image analysis. 

Antibody Dilution Source 

Goat Anti-Rabbit IgG-Conjugated Alexa Fluor 488TM 1:1000 Invitrogen 

Goat Anti-Mouse IgG-Conjugated Alexa Fluor 568TM 1:1000 Invitrogen 



 85 

Figure 12: Schematic Representation of Immunofluorescence Quantification.  

Immunofluorescence intensities within three 4×104 μm2 boxes placed onto areas of the 

lateral, central and medial dorsal horn laminae I-III (yellow, Figure 12A). No non-specific 
binding nor background was observed in spinal cord sections only stained with secondary 
antibody control (Alexa Fluor 488 antibody). Scale bar is 100 μm. 

 

2.3.4 Quantification of immunofluorescence staining 
2.3.4.1 Incidence of microglia (Iba+DAPI+) labelling 

Immunoreactivity from tissue sections stained with Iba1 were quantified by counting 

positive profiles within three fixed boxes (4 x 104 μm2) placed within medial, central, and 

lateral portions of the superficial dorsal horn using the confocal microscope Zeiss 

LSM710 and images were acquired using the LSM software (Zeiss, UK) (as shown in 

Fig.13). For all immunohistochemistry analyses, DAPI staining was used to confirm 

cellular staining. Three L3-L5 sections from each animal were randomly selected from at 

least four animals per experimental group. To detect unspecific binding of these 
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antibodies, sections were incubated with secondary antibodies only (Fig. 13B). The 

experimenter also was blinded to treatment groups during image analysis.  

Figure 13: Schematic Representation of Immunofluorescence Quantification. 

Immunofluorescence frequency was quantified within three 4×104 μm2 (200x200 μm) boxes 

placed onto areas of the lateral, central and medial dorsal horn laminae I-III as observed in 
Figure 13A. To exclude non-specific binding, spinal cord sections were stained with 

secondary control antibody only (Alexa Fluor 488 antibody). As observed, no binding nor 
background is observed in this control (Figure 13B). Scale bar is 100 μm. 

2.4 Real-time quantitative Reverse Transcription Polymerase Chain Reaction 
(RT-qPCR)  

Dorsal lumbar segments (L3-L5) of the spinal cord and contralateral brainstem were 

dissected and snap-frozen in liquid nitrogen. Total RNA was then isolated from minced 

dorsal horn tissue using TRIzolTM Reagent (ThermoFisher) and transferred into a 1.5 mL 

RNA/DNA-free Eppendorf tube. To the homogenised sample, chloroform (VWR 

Chemicals) was added to the cell suspension. Tubes were shaken vigorously for 15 

seconds and centrifuged for 15 minutes at 4ºC at 12000 x g. Following centrifugation, 

the upper aqueous phase was collected into a new Eppendorf tube. Isopropanol 

(ThermoFisher) was added to the tube and the aqueous phase was precipitated by 

pipetting up and down gently. Samples underwent another centrifugation for 10 minutes 
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at 4ºC at 12000 x g. The supernatant was discarded and the RNA was washed through 

an ethanol gradient (70% and 100% ethanol) followed by centrifugations of 10 minutes 

at 4ºC at 12000 x g. Upon removal of supernatants, RNA pellets were allowed to air dry 

for 20 minutes. The RNA pellet was re-suspended in 20 µl of nuclease-free water and 

RNA quantity/purity was measured using the NanoDrop ND-100 Spectrophotometer 

(ThermoFischer). Total RNA (100-1000ng) was used to synthesise first strand cDNA, 

using QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer’s 

protocol. qPCR for PENK (NM_001002927, Qiagen), Gad1 (NM_008077, Qiagen), Gad2 

(NM_008078, Qiagen), Slc17a7 (NM_182993, Qiagen), Slc17a6 (NM_080853) was 

performed using LightCycler 480 SYBR Green I Master kit (Roche) in a LightCycler 480 

(Roche). Primer sequences are reported in the table below. Duplicate CTs were 

averaged and were analysed following the 2− ΔΔCT method using 18S (NR_003278, 

Qiagen) or Actb (NM_007393, Qiagen) as a housekeeper gene. 

 

2.5 Tissue processing for flow cytometry 

2.5.1 Sciatic Nerve 

Mice were administered an intraperitoneal overdose of pentobarbital (Euthatal; Merial, 

Duluth, GA) and perfused with phosphate-buffer saline (PBS) to prevent peripheral blood 

contamination. The sciatic nerve was exposed and injury site identified. One centimetre 

of the injury site was cut and placed into a Petri dish containing F12 medium (Gibco, 

New York, NY). Samples were transferred into 1.5 mL Eppendorf tube and processed 

using 50 µl of digestion mix: F12 with 0.125% collagenase type IV (Sigma-Aldrich); 3 

mg/mL dispase II (Roche) and 200 U/mL DNAse I (Roche). Tissue suspension was 

placed at 37º C for 45 min with gentle agitation (≤ 300 RPM). Cell suspension underwent 

mechanical dissociation and later incubated for an additional period of 15 min at 37ºC 

with gentle agitation (≤ 300 RPM). Samples were centrifuged twice at 300 x g for 5 min 
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at 4ºC and pellet resuspended in 500 µl PBS after first centrifugation and in 100 µl PBS 

in the last centrifugation. 

 

2.5.2 Peripheral Blood 

Mice were administered an intraperitoneal overdose of pentobarbital (Euthatal; Merial, 

Duluth, GA) and blood was removed using a 23G needle attached to a 1 mL syringe. A 

cardiac puncture was performed and approximately 0.5 mL of blood was withdrawn from 

each animal. The blood sample was transferred into EDTA tubes (ThermoFisher). 

 

2.5.3 Spleen 

Mice were administered an intraperitoneal overdose of pentobarbital (Euthatal; Merial, 

Duluth, GA) and perfused with phosphate-buffer saline (PBS) to prevent from peripheral 

blood contamination. The spleen was exposed, removed and placed in a 12-well plate 

containing PBS. Samples were homogenised in PBS and transferred into a 70 µm nylon 

filter (ThermoFisher), posteriorly washed with 10 mL of PBS on ice. From total 

suspension, a final volume of 100 µL was removed and added into a 96 v-bottom well 

plate.   

 

2.5.4 Bone Marrow 

Mice were administered an intraperitoneal overdose of pentobarbital (Euthatal; Merial, 

Duluth, GA) and perfused with phosphate-buffer saline (PBS) to prevent from peripheral 

blood contamination. Hematopoietic stem cells were isolated from the femur and tibia 

bones and placed in a 50 mL Falcon tube. Samples were flushed through a 70 µm nylon 

filter (ThermoFisher), posteriorly washed with 10 mL of PBS on ice. From total 

suspension, a final volume of 200 µL was removed and added into a 96 v-bottom well 

plate.   
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2.5.5 Staining for flow cytometry  

2.5.5.1 Sciatic nerve, spleen and bone marrow 

Cell suspensions were incubated with Zombie NIR™ Fixable Viability kit (BioLegend) for 

15 minutes and cell suspensions were centrifuged for 5 min at 300 x g at 4ºC. 

Suspensions were further incubated on ice for 15 minutes with anti-mouse CD16/CD32 

(Clone 93; BioLegend) to block Fc receptors in 100 µl FACS buffer (filter-sterilised PBS 

with 0.5% BSA (Sigma Aldrich) and 2 mM EDTA (ThermoFisher)) and followed by 

incubation for 30 minutes, on ice, with a mix of fluorochrome-conjugated anti-mouse 

antibodies protected from light (table 3). Following centrifugation, the staining was 

washed and cells were diluted in 200 µl eBioscienceTM IC Fixation Buffer (ThermoFisher) 

containing 20 µl of Precision Count BeadsTM (BioLegend) before being analysed. 

 

2.5.5.2 Peripheral blood 

Blood samples (50 µl) were transferred onto a 96-well v-bottom plate and immediately 

incubated with Zombie NIR™ Fixable Viability kit (BioLegend) for 15 minutes and cell 

suspensions were centrifuged for 5 min at 300 x g at 4ºC. The pellet was re-suspended 

and further incubated on ice for 15 minutes with anti-mouse CD16/CD32 (Clone 93; 

BioLegend) to block Fc receptors in FACS and followed by incubation for 30 minutes, on 

ice, with a mix of fluorochrome-conjugated anti-mouse antibodies protected from light 

(table 5). After centrifugation for 5 min at 300 x g at 4ºC, the pellet was resuspended in 

red blood lysing buffer (1:10) (BDTM FACS Lysing Solution, BD Biosciences) in the dark 

at room temperature for 15 minutes and followed by centrifugation for 5 min at 300 x g 

at 4ºC. The previous red blood lysing step was repeated one more time for 10 minutes 

(incubation period) to achieve successful red blood cells lysis.  Following centrifugations, 

pellet was resuspended in FACS buffer.  

 

 



 90 

Table 5: Antibodies used for flow cytometry staining. 

 

Marker 

 

Fluorochrome 

 

Clone Dilution 

 

Sample 

 

Manufacturer 

CD11b BV421 M1/70 1:100 SN, S, BM BioLegend 

CD11b APC M1/70 1:100 B eBioscience 

F4/80 APC BM8 1:100 SN,S,BM BioLegend 

MHC-II PerCPCy5.5 AF6-120.1 1:100 SN BioLegend 

CD206 PE C068C2 1:100 SN BioLegend 

Ly6C FITC HK1.4 1:100 B,SN,S,BM BioLegend 

Ly6G PE IA8 1:250 B,SN,S,BM eBioscience 

CD3 AF700 17A2 1:100 SN, S, BM eBioscience 

CD4 BV605 GK1.5 1:100 B, SN BioLegend 

CD8 PerCP5.5 53-6.7 1:100 B,SN BioLegend 

SN=sciatic nerve; S=spleen; BM=bone marrow; B=blood 

 

2.5.5.7 Analysis 

Unstained cells and single staining control beads (UltraComp eBeadsTM Compensation 

Beads, ThermoFisher) were used for compensation. Fluorescence-minus one controls 

were recorded and used for gating. Samples were analysed through a LSRFortessaTM 

cell Analyzer (BD Bioscience) and raw data was analysed with FlowJo software (v10.7.1, 

BD Biosciences). 

 

2.6  Blood monocytes isolation 

From the whole blood collected, monocytes were isolated by depletion of non-target 

cells, using the monocyte isolation kit (Miltenyi Biotec) according to manufacturer’s 

instructions. Briefly, non-target cells were magnetically labelled with a cocktail of biotin-

conjugated monoclonal antibodies, as a primary labelling reagent, and anti-biotin 

monoclonal antibodies conjugated to MicroBeads as a secondary labelling reagent. 
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Labeled non-target cells were retained in a MACS Column (Miltenyi Biotec) in the 

magnetic field of a MACS Separator, whilst monocytes were allowed to pass through the 

column.   

 

2.6.1 Isolation Purity 

Positive and negative fractions were collected to investigate isolation purity. Succinctly, 

the negative fraction (unlabelled cells - monocytes) were collected and posteriorly, the 

positive fraction (labelled cells – non-target cells attached to column) were collected, 

upon insertion of a column plunger. Both fractions were centrifuged for 5 min at 350 x g 

at 4ºC and diluted in PBS. 

 

2.6.2 Staining for flow cytometry 

Cell suspensions were incubated with Zombie NIR™ Fixable Viability kit (BioLegend) for 

15 minutes and cell suspensions were centrifuged for 5 min at 300 x g at 4ºC. 

Suspensions were further incubated on ice for 15 minutes with anti-mouse CD16/CD32 

(Clone 93; BioLegend) to block Fc receptors in 100 µl FACS buffer (filter-sterilised PBS 

with 0.5% BSA (Sigma Aldrich) and 2 mM EDTA (ThermoFisher)) and followed by 

incubation for 30 minutes, on ice, with a mix of fluorochrome-conjugated anti-mouse 

antibodies to detect monocytes: CD11b-BV421, Ly6C-FITC and Ly6G-PE. Following 

centrifugation, the staining was washed, and cells were diluted in 200 µl eBioscienceTM 

IC Fixation Buffer (ThermoFisher) before being analysed. Raw data was analysed as 

referred on method 2.3.3. For the isolation to be successful, isolation purity should be 

³70%. 

 

2.6.3  Isolated monocytes Real Time (RT) qPCR 

Considering the low yield of monocytes obtained from peripheral blood, to isolate RNA 

we used the PicoPureTM RNA Isolation kit (ThermoFisher) according to the 
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manufacturer’s instructions. The RNA pellet was re-suspended in 20 µl of nuclease-free 

water and RNA quantity/purity was measured using the NanoDrop ND-100 

Spectrophotometer (ThermoFischer). For RNA detection, RNA was converted into cDNA 

using the QuantiTect Reverse Transcription Kit (Qiagen), according to manufacturers’ 

instructions. qPCR for PENK (NM_001002927, Qiagen), Cx3cr1 (NM_009987, Qiagen) 

and Ccr2 (NM_009915) was performed using a LightCycler 480 SYBR Green I Master 

kit (Roche) in a LightCycler 480 (Roche). Primer sequences are reported in the table 

below. Duplicate CTs were averaged and were analysed following the 2− ΔCT method 

using 18S (NR_003278, Qiagen) as a housekeeper gene. 

 

2.7 Cellular debris and myelin extract purification  

Extracts were obtained according to Erwig et al (Erwig et al., 2019). Briefly, freshly 

dissected brains from WT and TASTPM mice were homogenised separately with 5 mL 

0.32 M sucrose (Sigma Aldrich) in precooled Beckman centrifuge tubes using a Dounce 

homogeniser. To an additional Beckman centrifuge tube, 6 mL 0.85 M sucrose solution 

was added and the homogenate was layered carefully on top. Tube was centrifuged 

75,000 x g for 30 min at 4ºC. The interface obtained was collected and washed twice 

with ddH2O. The process was repeated twice and after several ultracentrifugations, the 

pellet was re-suspended in PBS, transferred into a sterile tube and stored at -80ºC.   

 

2.7.1 Human APP/Ab detection in Extracts by Western Blot  

WT and TASTPM extracts were homogenised in RIPA buffer (Sigma Aldrich) containing 

protease inhibitor cocktail tablets (Roche) and maintained on ice for 15 minutes. 

Following incubation, lysates were centrifuged at 13000 RPM for 20 minutes at 4ºC. 

Supernatant was removed and protein concentration was determined using the PierceTM 

BCA Protein Assay kit (Invitrogen), according to manufacturers’ instructions.  

Equal protein concentrations (20 µg) were added to 4x Laemmli sample buffer, boiled 

for 5 minutes, and subjected to a 10% SDS-PAGE gel. Wet transfer was performed into 
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PVDF membranes using the Trans-Blot Turbo Transfer System (BioRad). The PVDF 

membrane was immersed in warmed PBS for 5 minutes, according to antibody 

manufacturer’s instructions. The membrane was incubated with 5% non-fat-dried milk in 

TBS-T (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.1% Tween 20) for 1 hour at room 

temperature and followed by incubation overnight with primary antibodies: anti-mouse b- 

amyloid (6E10, 1:1000, BioLegend) and anti-rabbit GAPDH (ThermoScientific) at 4ºC 

under constant gentle shaking. Results were visualised with horseradish peroxidase-

coupled anti-mouse or anti-rabbit immunoglobulin (1:1000, Dako) using enhanced 

chemiluminescence detection reagents (ECL, EMD Milipore). Protein band densities 

were visualised by ImageLabTM (BioRad).  

 

2.7.2 Cellular debris and myelin extracts Labelling 

WT and TASTPM myelin extracts (20 µg) were labelled with CellTraceTM Far Red Cell 

Proliferation Kit (Invitrogen) according to manufacturer’s instructions. Briefly, myelin 

extracts were incubated with 1 µ l Cell Trace for 20 minutes at 37ºC protected from light. 

To remove any free dye remaining from the solution, five times more the original volume 

was added to the samples and incubated for 5 minutes. Suspensions were centrifuged 

for 5 minutes at 300 x g and re-suspended in PBS. Following re-suspending, samples 

were incubated for 10 minutes at 37ºC before use.  

 
2.7.3 Bone Marrow-Derived Macrophages (BMDM) culture and Cellular debris 

and myelin Extract Stimulation 

 
Hematopoietic stem cells were isolated from the femur and tibia bones of  WT and 

TASTPM mice and allowed to differentiate into macrophages for 7 days at 37ºC 

95%O2/5% CO2 conditions in high glucose Dulbecco's modified Eagle Media (DMEM) 

supplemented with 10% head inactivated fetal bovine serum (FBS, Sigma Aldrich), 1% 

penicillin/streptomycin (P/S, ThermoFisher) and 10% supernatant derived from L929 

fibroblast culture as a source of macrophage colony-stimulating factor (Englen, Valdez, 
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Lehnert, & Lehnert, 1995) in 100mm Petri dishes (Thermo Fisher). On day 5, additional 

5 mL of fresh medium was added. On day 7, cells were gently dislodged using a cell 

scrapper and centrifuged for collection (5 min at 300g at 4ºC). Cells were plated at 

1x106/well density in a 12 well-plate and left to set overnight in DMEM supplemented 

with 1% FBS (Sigma Aldrich) and 1% P/S (ThermoFisher). For LPS treated cultures, 

BMDM were stimulated for 16 hours with LPS (100 ng/mL) (Thermofisher), on day 7, 

before extract stimulation.  

The next day cells were incubated with 20 µg APC-labelled cellular debris and myelin 

extracts from WT and TASTPM mice and incubated for 2 hours at 37ºC under 95%O2/5% 

CO2 conditions.  

 
2.7.4 BMDM Flow Cytometry  

Following stimulation, supernatants were collected and remaining adherent cells were 

washed with PBS. Cells were carefully scrapped using 10 mL of PBS on ice and later 

centrifuged for 5 min at 300g at 4ºC. Cells were incubated with Zombie NIR™ Fixable 

Viability kit (BioLegend) for 15 minutes and cell suspensions were centrifuged for 5 min 

at 300 x g at 4ºC. The pellet was re-suspended and further incubated on ice for 15 

minutes with anti-mouse CD16/CD32 (Clone 93; BioLegend) to block Fc receptors in 

FACS buffer and followed by incubation for 30 minutes, on ice, with a mix of 

fluorochrome-conjugated anti-mouse antibodies always protected from light:  CD11b-

Bv421 (Clone M1/70, BioLegend), F4/80-PE (Clone BM8, BioLegend), CD206-PECy7 

(Clone C068C2, BioLegend) and MHCII-PerCPCy5.5 (Clone AF6-120.1, BioLegend). 

After washes and centrifugations, cells were re-suspended in eBioscienceTM IC Fixation 

Buffer (ThermoFisher) containing 20 µl of Precision Count BeadsTM (Biolegend) before 

being analysed through a LSRFortessaTM cell Analyzer (BD Bioscience). Unstained cells 

and single staining control beads (UltraComp eBeadsTM Compensation Beads, 

ThermoFisher) were used for compensation. Fluorescence-minus one controls were 
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recorded and used for gating. Raw data was analysed with FlowJo software (v10.7.1, 

BD Biosciences). 

 

2.7.5  Real-Time qPCR 

Following stimulation, cells were lysed with TRIzolTM Reagent (ThermoFisher) and 

transferred into a 1.5 mL RNA/DNA-free Eppendorf tube. To the homogenised sample, 

chloroform (VWR Chemicals) was added to the cell suspension. Tubes were shaken 

vigorously for 15 seconds and centrifuged for 15 minutes at 4ºC at 12000 x g. Following 

centrifugation, the upper aqueous phase was collected into a new Eppendorf tube. 

Isopropanol (ThermoFisher) was added to the tube and the aqueous phase was 

precipitated by pipetting up and down gently. Samples underwent another centrifugation 

for 10 minutes at 4ºC at 12000 x g. The supernatant was discarded and the RNA was 

washed through an ethanol gradient (70% and 100% ethanol) followed by centrifugations 

of 10 minutes at 4ºC at 12000 x g. Upon removal of supernatants, RNA pellets were 

allowed to air dry for 20 minutes. The RNA pellet was re-suspended in 20 µl of nuclease-

free water and RNA quantity/purity was measured using the NanoDrop ND-100 

Spectrophotometer (ThermoFischer). For RNA detection, from 400-1000 ng of RNA 

were converted into cDNA using the QuantiTect Reverse Transcription Kit (Qiagen), 

according to manufacturers’ instructions. qPCR for PENK (NM_001002927, Qiagen), il6 

(NM_031168, Qiagen), Tnfa (NM_001159392, Qiagen), Il1b (NM_008361, Qiagen), 

Ccr2 (NM_009915) and Tgfb (NM_011577,Qiagen) was performed using a LightCycler 

480 SYBR Green I Master kit (Roche) in a LightCycler 480 (Roche). Duplicate CTs were 

averaged and were analysed following the 2− ΔΔCT method using 18S (NR_003278, 

Qiagen) or Actb (NM_007393, Qiagen) as a housekeeper gene. 

 

2.7.8 Immunohistochemistry 

For immunohistochemistry, cells (both non- and myelin stimulated BMDM) were plated 

at 1x106/well in glass coverslips and fixed after myelin stimulation with 4% 
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Paraformaldehyde in PBS (ThermoScientific) for 10 minutes. After fixation, cells were 

washed three times with PBS containing 0.1% Triton X (Sigma Aldrich).  Cells were 

blocked with PBS containing 2% BSA (Sigma Aldrich) and 0.1 Triton X (Sigma Aldrich) 

for 2 hours at room temperature. Following blocking, cells were incubated with the 

primary antibody goat anti-rabbit Iba1 (1:1000, Wako) in PBS containing 0.1% Triton X 

overnight at 4ºC. Cells were washed several times before incubating with the secondary 

antibody goat anti-rabbit Alexa Fluor 488 (1:1000, ThermoFisher) and Hoechst (1:1000, 

Invitrogen) for 1 hour at room temperature. Coverslips were mounted in SuperFrost Plus 

microscope slides (VWR) and visualised using a Zeiss LSM710 confocal microscope 

and images were acquired using the LSM software (Zeiss, UK).  

Four coverslips for group were analysed using ImageJ version 1.51 (NIH) to calculate 

the proportion of Iba1+ cells containing myelin to the total number of cells.  

 

2.7.9 ELISA 

Enkephalins concentration was determined using supernatants from non- and myelin 

stimulated BMDMs from WT and TASTPM mice and was performed according to ELISA 

manufacturer’s instructions (Abbexa). 

 

2.8 Data and Statistics 

Statistical analysis was performed with Graph-Pad Prism (v.9.0.1, Graph-Pad Software). 

All data are presented as means ± S.E.M. and were analysed using Student’s t test (two 

groups), one-way ANOVA followed by Tukey’s multiple comparison test (more than two 

groups) or two-way ANOVA followed by Tukey test for behavioural data. Differences 

between means were considered statistically significant when P < 0.05.  
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CHAPTER III 
 
3.1 INTRODUCTION 
 
Pain is an important defence mechanism in mammals, alongside harmful environments 

or behaviours, that helps them survive. Several pathologies can compromise this alert 

system which is activated upon acute painful stimulation. It is critical for the individual’s 

existence to preserve the integrity of this sensory and emotional experience (Basbaum 

et al., 2009). 

 

Individuals with cognitive disorders such as Alzheimer’s Disease (AD) are a susceptible 

population in which pain is frequently difficult to diagnose. The earliest clinical symptom 

is a gradual loss of working memory, with the hippocampus being one of the first 

structures to be compromised, leaving the affected unable to live independently. 

Executive function, mood, psychosis, seizures, hypertonia, and incontinence all worsen 

as the disease develops, lowering the patients’ quality of life considerably (Khandelwal, 

Herman, & Moussa, 2011). The occurrence of these symptoms is suggested to be 

multifactorial, based on several observations at the structural and transmitter level in the 

nervous system (Husebo, Achterberg, & Flo, 2016). Also, untreated pain is a key trigger 

for behavioural and neuropsychiatric symptoms of dementia, which constitute a serious 

challenge for correct treatment leading to under- or over-prescription of drugs (Bauer et 

al., 2016; Erdal et al., 2018). 

 
Pain processing is altered in AD, owing to the several neuropathological and biochemical 

changes that well characterize the pathology. However, how these changes influence 

pain processing and how it interferes with pain pathways remains controversial. Some 

have reported that pain thresholds are increased (Benedetti et al., 1999; Cole et al., 
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2006) or comparable when compared to cognitive intact controls (Jensen-Dahm et al., 

2016). Others have found that pain tolerance varies amongst patients – however, no 

consensus has been reached, with pain tolerance being found to be higher (Rainero et 

al., 2000), unchanged (Kunz, Mylius, Scharmann, Schepelman, & Lautenbacher, 2009), 

or lower (Beach, Huck, Miranda, & Bozoki, 2015; Borg et al., 2021) when compared to 

healthy controls. This lack of consensus could be attributed to differences in disease 

stage progression, as well as different rating/assessment tools employed in clinical 

research. The perception of chronic pain is altered in patients with AD because of the 

diseases’ neuropathology, which may damage or block pain pathways. In fact, the 

presence of amyloid plaques and intracellular hyperphosphorylated tau have been 

observed in areas involved in pain processing such as thalamic intralaminar nuclei (E. J. 

Scherder, Sergeant, & Swaab, 2003) and spinal cord (M. L. Schmidt et al., 2001), 

respectively. In addition, patients with AD have altered functional connectivity between 

the dorsolateral prefrontal cortex and the anterior midcingulate cortex, periaqueductal 

grey matter, thalamus, hypothalamus, and many motor areas than controls (Cole et al., 

2006; Cole et al., 2011).  Therefore, a better understanding of how pain processing is 

altered in AD at a mechanist level is crucial for effective clinical management and to 

facilitate therapeutic development.  

 

3.1.1 Pharmacotherapy  

It is widely acknowledged that the assessment and treatment of acute and persistent 

pain is complex and challenging. Poor pain management for people with dementia has 

been largely restricted to formal care setting such as nursing homes and reports have 

shown that these patients are often treated differently compared to those without 

dementia (Bauer et al., 2016). 

Several studies have found that these patients are given more paracetamol than people 

without dementia (Haasum, Fastbom, Fratiglioni, Kareholt, & Johnell, 2011), yet far less 

NSAIDs and weak opioids are prescribed (Hamina et al., 2017). However, when 
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compared to the control group, the annual prevalence of strong opioid use was greater 

among community-dwelling dementia patients (S. J. Bell et al., 2011; Jensen-Dahm, 

Gasse, Astrup, Mortensen, & Waldemar, 2015). The prevalent use of fentanyl and 

buprenorphine poses a potentially problematic risk to patient safety, especially to the 

elderly and those with cognitive impairment, as they are the most susceptible to serious 

adverse events or death. 

For a better understanding of pathogenesis and to assess how the presence of disease 

hallmarks can affect pain processing, experimental models of AD are critical. To now, 

most experimental models have been animal models, nearly entirely comprised of 

transgenic mice expressing human genes that cause amyloid plaques or neurofibrillary 

tangles to form.  

 

3.1.2 Animal Models of Alzheimer’s Disease     

The discovery of rare variants of early onset Familial Alzheimer’s disease (FAD) 

emphasised the importance of genetic elements in the disease’s development (Tang & 

Gershon, 2003). The first mutations associated with amyloid-β were identified in several 

families (London, Dutch, Swedish and Flemish mutations) in the gene for Amyloid 

Precursor Protein (APP). Concomitant to APP mutations, mutations in the gene for 

presenilin 1 (PSEN1) and presenilin 2 (PSEN2) were also observed in AD families. The 

identification of these genetic mutations, together with the detection of post-mortem 

amyloid-b plaques in AD brains, established the “amyloid cascade hypothesis”. As such, 

the first animal models to be generated, while not fully replicating the human disease, 

show several distinctive histologic abnormalities (amyloid plaques, neurofibrillary tangles 

and neuronal loss) as well as the major symptom of AD: cognitive decline.  

Growing interest and understanding in the mechanism that catalyses the synthesis of 

amyloid-beta lead to the development of animal models with APP and PSEN1 mutations 

that favoured amyloid beta overproduction. Some of the most widely used APP/PS1 

animal models are described below in figure 14. In its initial form, the amyloid cascade 
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hypothesis proposed that amyloid-β plaques were neurotoxic and lead to the formation 

of neurofibrillary tangles (NFTs), which eventually  leads to neuronal death and dementia 

(Hardy & Higgins, 1992).  
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Figure 14: APP and PSEN1 transgenic mouse models of AD. 
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The information shown in the figure above was obtained from primary papers such as (1) 

(Jawhar, Trawicka, Jenneckens, Bayer, & Wirths, 2012), (2) (Richard et al., 2015), (3) 

(Howlett et al., 2004) and (4) (Radde et al., 2006). 

 

The APP/PSEN1 models have the disadvantage of not developing NFTs, which are 

another characteristic of AD pathogenesis. Several animal models were developed, to 

express the human MAPT mutation (hMAPT) and prevent the murine equivalent in order 

to lead NFT formation (A. Myers & McGonigle, 2019) (Fig.15).  Most of the models 

carrying hMAPT mutation reveal robust NFT pathology, it should be noted that these 

FTD-associated mutations are not associated with AD. Moreover, these models also fail 

to exhibit amyloid-β deposition. 

To complement the long list of animal models of AD to study amyloid-β deposition or 

NFTs formation independently, several other animal models were developed. These 

combine hAPP/PS1 and MAPT mutations simultaneously. The transgenic model most 

well-characterised which contains 3 mutations (APP Swedish, MAPT P301L and PSEN1 

M146V) is known as the 3xTg model. This model displays both plaque (as early as 3 

months of age) and tangle (by 12 months of age) pathology (Oddo et al., 2003). Several 

other multi-transgenic mouse models can be observed in figure 16.  

 

3.1.3 Nociception in AD animal models  

Given that pain experience integrates sensory, cognitive and affective processes, it is 

not surprising that AD animal models may respond to painful stimulation in an unique 

way. Pamplona and co-workers described increased pain tolerance after injecting 

amyloid-β fragments (1-40) i.c.v. into 3 months old male Swiss mice (Pamplona, 

Pandolfo, Duarte, Takahashi, & Prediger, 2010). A decrease in pain mediators (such as 

CGRP, etc.) and pain sensitivity was also observed in CFA-injected CRND8 mice, 

suggesting that APP and amyloid-β alter nociception and inflammatory pain (Shukla, 

Quirion, & Ma, 2013). Our own work has also shown that TASTPM mice, which have 
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APP and PSEN1 mutations, have increased tolerance to heat noxious stimulation at 6 

months of age and that these alterations are  seen due to an increased spinal opioidergic 

tone (Aman, Pitcher, Simeoli, Ballard, & Malcangio, 2016). More recently, in ICR mice 

treated with amyloid-β, chemical and mechanical nociception has been observed to be 

affected, through the suppression of p-CREB and p-ERK (J. H. Feng, Lee, Sim, Shende, 

& Suh, 2020). Mice carrying familial AD mutations, such as the hAPP mouse model, 

exhibited an age-dependent reduction in nociceptive responses at baseline conditions 

and capsaicin (Z. F. Lee, Huang, Chen, & Cheng, 2021).  
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Figure 15: MAPT transgenic mouse models of AD.    

The information shown in the figure above was obtained from primary papers such as (1) 

(Yoshiyama et al., 2007), (2) (Ramsden et al., 2005) and (3) (Andorfer et al., 2003). 
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Figure 16: Multi transgenic mouse models of AD. 

The information shown in the figure above was obtained from primary papers such as (1) 

(Oddo et al., 2003), (2) (Saito et al., 2019) and (3) (Hoover et al., 2010). 
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Nociceptive thresholds have also been assessed in tau transgenic mice models. In the 

P301S-hTau mouse model, altered nociception is likewise detected; however, in contrast 

to what has been reported in APP/PSEN1 mouse models, mutant animals’ latency to 

respond to heat stimulation is reduced (Takeuchi et al., 2011). These findings could be 

impacted by animals’ hyperactivity which is characteristic of this hTau model. However, 

further research utilising the same animal model has produced inconsistent results. 

Reduced mechanosensory response was observed in the P301S-hTau model, with a 

stronger noxious stimulation needed to elicit a withdrawal response in this model. No 

changes in thermal sensory modality were observed (Mellone et al., 2013).  

No variations in pain responses were observed using a multi-transgenic mouse model, 

the 3xTg, that comprises both disease hallmarks such as extracellular amyloid plaques 

and neurofibrillary tangles (Canete & Gimenez-Llort, 2021; Filali et al., 2012).  

Overall, these preclinical findings point to changes in nociceptive sensitivity in animal 

models of AD.  The mechanisms underlying these changes are yet unknown, and further 

preclinical research is warranted.   

 

3.1.4 Alterations at the first pain synapse observed in AD mice models 

The majority of the focus in Alzheimer’s Disease has been on brain pathology, however 

some studies have found amyloid-β deposition and hyperphosphorylated tau in the 

spinal cord, which has also been seen in AD patients (Y. Guo et al., 2016; Ogomori et 

al., 1989). The spinal cord serves as an extension of the brain, and it is where the first 

pain synapse occurs. Structural and functional changes at the spinal cord occur and this 

may be a useful platform to study mechanisms by which pain responses are altered in 

AD. 

 

Amyloid-β plaques accumulate in grey and white matter in 5xFAD mice spinal cord 

around 27 weeks old animals, primarily located in the ventral horn of the spinal cord (Chu 

et al., 2017). This was further validated by another study using the TgCRND8 mice where 
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the occurrence of amyloid-β plaques are visible in the spinal cord around 7 months of 

age in areas innervated by the corticospinal tract (CST) (Yuan et al., 2019), which has 

been implicated in direct cortical modulation of normal and pathological tactile sensory 

processing in the spinal cord (Y. Liu et al., 2018). We have also identified intraneuronal 

amyloid-β in the spinal cord of 6- to 7- months old TASTPM mice and evident occurrence 

of extracellular amyloid plaques around 12-month-old mice. These deposits were 

accompanied by barriers formed by microglia and astrocytes (Aman et al., 2016). An 

increase in inflammation has also been observed in the spinal cord of APP/PS1KI mice 

(Wirths et al., 2010). Furthermore, neuronal changes in the spinal cord have also been 

described in animal models of AD. Research done in the transgenic mouse Tg2576 has 

shown neuronal loss at the spinal level and motor deficits, despite the absence of 

amyloid-β deposits in the spinal cord. Surprisingly, extracellular amyloid-β plaques were 

abundantly seen in the brain at 14.5 months of age, but evidence for neuronal loss was 

not present (Seo et al., 2010). Axonal transport abnormalities are seen early in 

transgenic tau animal model, followed by axonal degeneration in the spinal cord. In this 

tauopathy animal model, astrocyte- and microglia-mediated neuroinflammation were 

also seen (Yoshiyama et al., 2007).  
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3.2 CHAPTER AIMS  
 

 
In the present chapter, we use the TASTPM mouse model of AD, which carries mutant 

variants of APP (APPswe) and PSEN1 (PSEN1.M146V) associated with familial forms of 

the disease (Howlett et al., 2004). This animal model resembles some of the features of 

Alzheimer’s Disease, showing deposition of extracellular amyloid-beta in many brain 

areas, such as the thalamus, and functional cognitive alterations by six months of age. 

Furthermore, alterations in pain processing and modulation have been observed in this 

animal model, with thermal hyposensitivity being previously described in this animal 

model (Aman et al., 2016; Howlett et al., 2004). 

As such, the aims of chapter III were to: 

1) Confirm that TASTPM mice display histological hallmarks of AD by 6 months of 

age in the spinal cord and brain; 

2) Examine possible alterations in excitatory and inhibitory markers at the spinal 

level. 
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3.3 RESULTS 
 
The present chapter aims to uncover whether nociception is altered in a double- mutant 

TASTPM mouse model of AD by 6 months of age. To investigate this purpose, we 

prompted ourselves to explore the presence of some characteristic hallmarks of the 

pathology in key pain-related areas such as the spinal cord. We have searched for 

differences in excitatory and inhibitory markers in the dorsal spinal cord before inferring 

the importance of AD-associated features and changes at spinal level on nociceptive 

thresholds in response to acute mechanical noxious stimulation.  

 

3.3.1  TASTPM mice express Human Mutant APP and PS1 
 
As previously described, human mutant APP and PS1 genes are expressed in the 

TASTPM mouse model of AD (Howlett et al., 2004; J. C. Richardson et al., 2003). The 

generation of the TASTPM model results from crossing the TAS mouse line with the TPM 

mouse line – as such, animals containing only the TAS or TPM transgene were also 

observed (Fig. 17A, 17D). To confirm the presence of both transgenes and thereby 

confirm the generation of the TASTPM mouse line, genotyping was performed. As 

observed in Figure 17, APP and PS1 transcripts were detected in TASTPM (Fig. 17C) 

but not in WT (Fig. 17B).   
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Figure 17: TASTPM express human APP and PS1 genes. 
Amplified PCR transcripts from TAS (A), WT (B), TASTPM (C) and WT (D) mice are 

visualised in an agarose gel. Human APP (TAS, 500bp) and PS1 (350bp) were both detected 
in TASTPM mice (C). 

 
Zygosity was determined in animals which contain both TAS and TPM transgene – 

heterozygous animals were used in all experiments.  

 
3.3.2 Extracellular Amyloid-b plaques are observed in the hippocampus of 6 
Months Old TASTPM  

 
To further ascertain the presence of some AD-like pathology in heterozygous TASTPM 

mouse generated (e.g. presence of amyloid-b plaques) previously reported by our lab 

and by Howlett et al, brain coronal sections containing the hippocampus (Fig. 18A) from 

6 months of age TASTPM mice revealed presence of extracellular amyloid-b plaques 

(Fig. 18C, white arrows) which was absent in aged-matched controls (Fig. 18B).  

Figure 18: TASTPM mice display extracellular amyloid deposits in the hippocampus. 
 

Representative images from immunohistochemical staining of brain coronal sections (20 µm) 

depicting the hippocampus (A) show absence of aggregated amyloid-b (Ab:6E10) in WT 

controls (B) and reveals amyloid deposits in TASTPM hippocampus by 6 months of age (C). 

Scale bar = 200 µm. Figure A was obtained from the Allen Brain Atlas. 
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3.3.3 Extracellular Amyloid-b plaques are not observed in the spinal cord of 6 
Months Old TASTPM  
 
To investigate if TASTPM mice display extracellular amyloid plaques, transverse lumbar 

spinal cord sections (Fig. 19A) from heterozygous TASTPM and WT underwent 

immunohistochemical staining. As expected, WT mice do not show positive signal for 

amyloid-b (Fig. 19B). Surprisingly, TASTPM do not display extracellular amyloid plaques, 

however, some intracellular staining can be observed in neurons, especially in the 

ventral side of the spinal cord (Fig. 19C). 
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Figure 19: TASTPM display intracellular APP/Ab mainly localised in the ventral spinal 

cord. 
Representative images from immunohistochemical staining of transverse lumbar spinal cord 

sections (20 µm) (A) show absence of amyloid-b plaques (Ab:6E10) in WT controls (c) and 

TASTPM mice by 6 months of age (D). Absence of non-specific binding is observed in 

sections stained with secondary antibody control only (B). Intracellular APP/ Ab can be 

observed in neurons located in the ventral side of the spinal cord (D). Scale bar = 200 µm. 

Figure A was obtained from the Allen Brain Atlas. 
 

3.4 Alterations at the spinal level 
 

Despite no alterations were observed in mechanical sensitivity in TASTPM mice by 6 

months of age, we have previously detected differences in withdrawal latencies when 

animals were placed in a Hot Plate set up (Aman et al., 2016). Considering our previous 

observations, the presence of AD pathology in the spinal cord, where the first sensory 

synapse occurs, was examined.  Like what we have noted before, we couldn’t observe 

extracellular amyloid plaques in the dorsal or ventral spinal cord (Fig. 19) contrary to 

what we observed in the brain (Fig. 18). However, the presence of oligomeric and 

intracellular amyloid-beta peptides and respective interaction with the spinal cord cannot 

be ruled out. In line with this and considering our previous observations, we assessed 

levels of mRNA expression in the dorsal side of the spinal cord. 

 
3.4.1 Increased mRNA expression of PENK in the 6 Months Old TASTPM Spinal 
Cord 
 

To test the hypothesis that there are changes at spinal level that would explain previous 

differences observed in thermal sensory modality, we have collected the dorsal part of 

the spinal cord in order to assess the messenger RNA expression of known excitatory 

(Slc17a6 which encodes for VGLUT2 and Slc17a7 encodes for VGLUT1) and inhibitory 

(Gad1 which encodes for Gad67, Gad2 which encodes for Gad65 and PENK (Pro-

enkephalin)) markers in the spinal cord of 6 months old TASTPM and WT mice (Fig. 20).  
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Figure 20: Messenger RNA expression of Slc17a6 (A), Slc17a7 (B), Gad1 (C), Gad2 

(D) and PENK (E) in the dorsal horn of the spinal cord in the TASTPM and WT mice.  

TASTPM mice show an increased PENK (C) expression at spinal level compared to aged-

matched WT controls (*p < 0.05, Unpaired Student’s t-test). Data are expressed as mean ± 

SEM (n= 4-6 per experimental group). 
 

We have observed a significant increase in PENK mRNA (1.29 ± 0.1 fold change)  

expression in the TASTPM mice when compared to WT controls, reinforcing our previous 

observations (Fig. 20C) (Aman et al., 2016). Concerning the other excitatory and 

inhibitory markers, we couldn’t detect any differences between TASTPM and WT mice 

(Fig. 20A, B, D, E, F). 
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3.4.2 Increased expression of Enkephalins in the 6 Months Old TASTPM Spinal 
Cord 
 
Considering the increased PENK mRNA expression in the TASTPM mice, we carried 

out an immunohistochemical study to investigate the expression of enkephalins at the 

spinal level, specifically in lamina I and II of the dorsal horn of 6 months old TASTPM 

mice (Fig.21A). We observed an increased expression of enkephalins in the TASTPM 

mice compared to WT controls (Fig. 21B), pointing to an increased opioidergic tone in 

this animal model of AD. 
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Figure 21: Enkephalin expression is upregulated in the lumbar dorsal horn of the 

spinal cord of the TASTPM mice. 

TASTPM mice show an increased expression of enkephalins at spinal level compared to 
aged-matched WT controls (* p < 0.05, Unpaired Student’s t-test). Data are expressed as 

mean ± SEM (n= 6 per experimental group). 

 
 
 
3.5 Mechanical sensitivity is not altered in TASTPM mice, and it is gender 
independent. 

 
To investigate whether the presence of extracellular amyloid-b would interfere with 

mechanical thresholds upon acute noxious mechanical stimulation, we assessed 

mechanical sensitivity by performing the von Frey test. TASTPM hindpaw withdrawal 

thresholds (0.81 ± 0.04) were comparable between WT mice (0.86 ± 0.03) at the age of 

6 months (Fig. 22A). Similarly, no gender differences were observed in nociceptive 

thresholds between female and male mice from the different genotypes used (Fig. 22B). 

 

Figure 22: TASTPM mice show similar paw withdrawal thresholds compared to WT 

mice and no differences are observed between genders.  

TASTPM mice showed comparable nociceptive mechanical thresholds to WT mice in 
response to noxious mechanical stimulation at the age of 6 months of age. Data are 

expressed as mean ± SEM (n=24 per experimental group). Unpaired Student’s t-test was 

performed. (B) Mechanical sensitivity was also comparable between different genders at 6 
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months of age. Data are expressed as mean ± SEM (n=24 per experimental group). one-

way ANOVA repeated measures followed by Tukey’s multiple comparison test.   
       

3.5.1 Naloxone Hydrochloride reveals an increased opioidergic tone in TASTPM 
mice. 
To confirm our hypothesis of an increased opioidergic tone, we systemically injected the 

opioid receptor antagonist naloxone hydrochloride (1 mg/kg, i.p.) into 6 months old 

TASTPM and age-matched controls and measured mechanical withdrawal thresholds 

before and 30 minutes post-injection. TASTPM mice (before injection: 0.73 ± 0.12) which 

received naloxone showed increased mechanical sensitivity following administration 

(0.22 ± 0.11), confirming that 6 months of age TASTPM mice reveal an increased 

opioidergic tone. However, naloxone has not altered the nociceptive thresholds in WT 

mice (Fig. 23). 

 

 

 
 

 
 

 
 
 
Figure 23: Naloxone reveals an increased opioidergic tone in the TASTPM mice. 

Administration of naloxone (1 mg/kg, i.p.), an opioid receptor antagonist, reduces paw 

withdrawal thresholds in TASTPM mice after injection compared with baseline (before 
injection, * p < 0.05) using two-way ANOVA followed by Šídák's multiple comparison test. 

Data is presented as mean ± SEM (n=4-5 animals per experimental group). 
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3.6 Chapter Key Findings 
 
We present evidence for the following points in this chapter: 

- AD-related pathology in the form of amyloid-beta deposits in the hippocampus 

and intraneuronal accumulation of APP/Ab in the spinal cord in TASTPM model 

of AD at the age of 6 months old. 

- Increased PENK mRNA expression in the spinal cord dorsal horn and ENK 

immunoreactivity in superficial laminae of the spinal cord in TASTPM mice. 

These data point out for an increased basal inhibitory tone, further reinforced by 

administration of naloxone hydrochloride.  

- Mechanical thresholds were not altered in TASTPM mice at 6 months of age and 

were not sex dependent.  

 

Our data suggest that the TASTPM mice show an increased spinal inhibitory tone that 

may contribute to alterations in nociceptive thresholds, potentially affecting mechanical 

sensitivity when animals are older than 6 months.  
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3.7 DISCUSSION 
 

The present chapter investigates the presence of AD hallmarks (such as amyloid-b) in 

the spinal cord and brain of the double-mutant TASTPM mouse model of AD. The 

presence of extracellular amyloid plaques was observed in the hippocampus of 6 months 

old transgenic TASTPM mouse model. These deposits have also been detected in other 

supraspinal areas involved in pain processing such as in the thalamus and cortex  

(Howlett et al., 2004). The presence of plaques was similarly linked to age-related 

cognitive deficits observed in the novel object recognition test (Aman et al., 2016). These 

data indicate that TASTPM mice resemble some key features of AD and is an 

appropriate model to study the effects of the initial rise of amyloid-b in the brain, which 

is potentially one of the earliest events in all forms of the disease.  Likewise, we found 

intraneuronal accumulation of APP/Ab in the spinal cord, primarily in the ventral grey 

matter but also present in the dorsal horn, which could indicate early AD-like pathology 

in the TASTPM mice spinal cord. The “inside-out” theory hypothesises that intraneuronal 

Ab remaining after neuronal apoptosis might precede and aid extracellular deposition of 

amyloid plaques (D'Andrea, Nagele, Wang, Peterson, & Lee, 2001). Furthermore, 

despite the absence of extracellular plaques, one cannot rule out the presence of soluble 

amyloid-b oligomers (AbOs) in the spinal cord at 6 months of age. These can be 

converted into fibrils (and posteriorly into amyloid plaques) or interact alone with 

neurons. These are widely regarded as the most toxic and pathogenic form of Ab which 

are known to instigate neuronal damage (Cline, Bicca, Viola, & Klein, 2018). Neuronal 

damage at the spinal level can interfere with mechanisms that govern ascending and 

descending pain pathways and consequently interfere on how pain is perceived and/or 

processed.  
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Amyloid-b induce neurotoxic and synaptotoxic effects probably through binding to 

several important receptors in the CNS. It is well known the interaction between soluble 

oligomeric Ab and glutamatergic receptors of the NMDA type and proteins responsible 

for maintaining glutamate homeostasis such as uptake and release (Olajide & Chapman, 

2021). Modifications of these receptors leave synaptic function compromised leading to 

excitotoxic neurodegeneration and cognitive deficits at the supraspinal level. Also, 

changes in central glutamatergic system have been reported to affect acute and chronic 

pain (Fundytus, 2001). In the spinal cord, VGLUT1 is primarily expressed in the ventral 

side and in deeper laminas of the dorsal horn spinal cord. On the other hand, VGLUT2 

is expressed throughout the grey spinal matter and was shown to irradiate into/from the 

white matter (Brumovsky, Watanabe, & Hokfelt, 2007). Absence of these receptors on 

VGLUT1 and VGLUT2 mutants have not shown differences in mechanical thresholds 

(Leo, Moechars, Callaerts-Vegh, D'Hooge, & Meert, 2009). Considering the role that 

glutamatergic signalling plays in nociception, we investigated the expression of 

messenger RNA of Slc17a7 and Slc17a6 which encode for VGLUT1 and VGLUT2 in the 

spinal cord dorsal horn, respectively. Unexpectedly, differences in Slc17a7 and Slc17a6 

mRNA expression were not detected using an unilateral side of spinal cord dorsal horn 

in the TASTPM mice. We have previously shown decreased VGLUT2 receptor 

expression in the TASTPM spinal cord (Aman et al., 2016) – however, we couldn’t 

observe differences in Slc17a6 mRNA expression.  The underlying reason for the 

discrepancies between the two outcomes could possibly be due to low correlation 

between transcriptome and proteome, suggesting that post-transcriptional processes 

might interfere with receptor expression. Furthermore, for mRNA detection the entire 

unilateral spinal cord dorsal horn was used for quantification whilst for 

immunofluorescence intensity detection, VGLUT2 expression was assessed locally in 

the spinal superficial lamina (lamina I-III) and deeper laminas (IV-V). These can be 

responsible for the divergences observed.  
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Adequate pain sensitivity requires a delicate balance between excitation and inhibition 

in the dorsal horn of the spinal cord. Another principal neurotransmitter of the central 

nervous system that is known to play a role in neuronal function and, consequently, on 

this balance, is GABA. In the adult CNS, GABA is predominantly inhibitory and its 

respective polarity control is dependent on the chloride transporter KCC2 (Rivera et al., 

1999). Like in the glutamatergic signalling, soluble Ab peptides also impair GABA 

inhibition by influencing KCC2 levels in young APP/PS1 mice (Y. Zhou et al., 2021). To 

understand if the GABAergic inhibitory signalling was altered, we assessed the mRNA 

expression of Gad1 and Gad2, which encode for GAD67 and GAD65 isoforms, 

respectively, in the spinal cord dorsal horn. GAD65- and GAD67- positive axons are 

predominantly found in laminae I-III with moderate to low presence in the medial part of 

laminae IV-VI and lamina X (Mackie, Hughes, Maxwell, Tillakaratne, & Todd, 2003) and 

weaking of the inhibitory GABAergic circuit contribute in generating chronic pain states. 

Although no significant differences were observed between TASTPM and control mice, 

other inhibitory markers were assessed to verify their role in the phenotype observed in 

TASTPM mice. 

 

Previous immunohistochemical investigations have shown that neurons in the superficial 

dorsal horn which express enkephalin also co-express GAD67 in lamina I-II (Fukushima, 

Tsuda, Kofuji, & Hori, 2011). These data suggests that the release of enkephalin or 

potentially both factors (enkephalin and GABA) can be achieved upon activation of these 

neurons at the spinal cord (Corder et al., 2018). Previous data from our lab prompt us to 

look into the mRNA expression of enkephalin in the spinal cord. According to our data, 

PENK mRNA expression was increased in the spinal cord dorsal horn of TASTPM mice 

when compared to control mice. To further ascertain and confirm our result at protein 

level, we performed immunofluorescence using a met-enkephalin antibody and 

quantified its relative expression in the superficial laminae of the spinal cord. Most 

immunoreactivity was seen in superficial laminae I and II, and in laminae V-VII of the 
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deep dorsal horn as described by others (Ruda, Bennett, & Dubner, 1986).  We detected 

increased intensity of met-enkephalin in the spinal cord of TASTPM mice, suggestive of 

an increased opioidergic tone in this animal model. Enkephalin has been intensively 

investigated and is known to modulate spinal nociception through binding to opioid 

receptors which inhibit primary afferents and, consequently, spinal nociceptive neurons.  

Considering our results showcasing an increased opioidergic tone in the TASTPM mice, 

we decided to investigate whether this animal model displayed any sensory deficit by 

using the von Frey filaments. Nociceptive thresholds between both genotypes (WT vs 

TASTPM) mice were similar, indicating that an increased opioidergic tone at 6 months 

of age in the TASTPM mice is not sufficient to alter the response to punctate mechanical 

stimulation. On the other hand, at 6 months of age, TASTPM mice reveal increased 

latency to noxious thermal stimulation when compared to WT mice, possibly due to the 

elevated opioidergic tone which is affecting the nociceptive responses to heat sensory 

input (Aman et al., 2016). This difference in both responses may be due to the different 

location of mu-opioid (MOR) and delta-opioid (DOR) receptors, to which enkephalin non-

selectively binds to (Corder et al., 2018). In basal conditions, the pattern expression of 

opioid receptors in the DRGs is very diverse: MOR receptors are expressed 

predominantly in unmyelinated peptidergic nociceptors (mainly co-express in TRPV1+ 

neurons) and in lamina II spinal neurons whilst DOR predominates in myelinated 

mechanoreceptors and unmyelinated non-peptidergic nociceptors (Scherrer et al., 

2009). DOR receptors can also be found in lamina II excitatory somatostatin-positive 

neurons, by which it controls neuronal excitability of these excitatory interneurons and 

influences selectively mechanical sensitivity (D. Wang et al., 2018).  Having in mind the 

distinct localization of these receptors, different nociceptor activation and respective 

spinal neuron, is dependent on the sensory modality – TRPV1+ nociceptors are activated 

upon thermal stimulation whilst myelinated mechanoreceptors which express DOR are 

activated upon mechanical stimulation (Scherrer et al., 2009). TASTPM mice reveal 

increased PENK mRNA expression, ENK expression at the superficial laminae of the 
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spinal cord and increased latency upon noxious heat stimulation at 6 months of age and 

no differences in mechanical nociceptive thresholds, only at 12 months of age, when 

TASTPM mice reveal decreased sensitivity to noxious mechanical stimulation 

(unpublished data).  ENK is a non-selective opioid peptide known to bind to MOR and 

DOR – considering our results one could speculate that, upon heat stimulation, ENK 

binds to MOR receptors located in TRPV1+ nociceptors and lamina I-II MOR-expressing 

spinal interneurons leading to thermal hypoalgesia. In regards to absence of differences 

in mechanical stimulation, it is known that DOP agonists, such as endogenous 

enkephalins, have weak analgesic potency due to low level of expression at the neuron 

plasma membrane in normal conditions (Cahill, Holdridge, & Morinville, 2007). DOP 

receptor agonists play an important role in antinociception when the receptor density 

increases at the spinal neuronal plasma membrane as seen when using a model of 

inflammation (e.g. induced by complete Freud’s adjuvant (CFA)) (Cahill, Morinville, 

Hoffert, O'Donnell, & Beaudet, 2003) or upon prolonged morphine treatment (Cahill et 

al., 2001).  

 

To further understand whether sex would affect mechanical sensitivity, we performed 

this behavioural test in males and females separately. Despite the amount APP/Ab 

deposits reported in the brain being higher in female TASTPM mice (Howlett et al., 2004), 

mechanical withdrawal thresholds remained identical and were genotype- and sex- 

independent.  

 

To infer whether the TASTPM mice reveal an increased opioidergic tone we decided to 

administer systemically naloxone hydrochloride, a CNS-penetrant non-selective opioid 

receptor antagonist. We observed a significant reduction in paw withdrawal thresholds 

in TASTPM mice 30 minutes after naloxone administration, confirming an increased 

opioidergic tone in the TASTPM mice. Naloxone administration has also been shown to 

induce recovery of thermal thresholds in TASTPM mice (Aman et al., 2016), suggesting 



 124 

that increased endogenous opioids levels in the TASTPM mice are driving the behaviour 

observed. Increased levels of opioids in the CSF have been reported in AD patients 

(Muhlbauer et al., 1986). 

 

Overall, these findings in a transgenic mouse of AD show presence of amyloid-b deposits 

in the hippocampus (and other reported pain-related areas, such as the thalamus) and 

absence of extracellular dense amyloid plaques in the spinal cord in the TASTPM mice 

at 6 months of age. Some intraneuronal APP/Ab can be observed in the spinal cord 

which might be associated with changes in neuronal excitatory and inhibitory markers.  

In the TASTPM spinal cord dorsal horn, a significant increase in PENK mRNA expression 

was observed. This was also coupled with an increase in ENK immunoreactivity in the 

superficial laminae of the spinal cord. Despite these differences in the location where the 

first pain synapse occurs, increased opioid levels in the TASTPM mice do not directly 

interfere with basal mechanical nociceptive thresholds. Nevertheless, TASTPM mice 

reveal increased latency to respond upon noxious thermal stimulation when compared 

to aged-matched controls which are likely to be influenced by the inhibitory tone 

mediated by enkephalins (Aman et al., 2016). These results suggest that the influence 

of enkephalins in evoked pain-like behaviours may be modality specific in normal 

conditions and potentially require inflammation or pathological conditions to influence 

mechanical sensitivity as reported by others (Cahill et al., 2003).  Furthermore, basal 

mechanical nociceptive thresholds were not sex dependent. Finally, the presence of an 

increased endogenous opioidergic tone was completely abolished upon administration 

of naloxone, which substantially reduces mechanical thresholds in the TASTPM mice, 

and which might influence pain behaviour development in chronic pain conditions, such 

as neuropathic pain.  
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3.8 Future Direction Leading to Chapter IV 
 
Based on our data, TASTPM mice reveal an increased spinal opioidergic tone at 6 

months of age. However, the presence of this tone does not affect basal mechanical 

nociception whose presence may become important under chronic pain conditions.  

Furthermore, in AD, pain experience is rarely found on its own and it is often associated 

with other aged-related comorbidities, such as diabetes and musculoskeletal disorders. 

Chapter IV focused in exploring whether changes observed in the TASTPM mice 

influence how neuropathic pain develops in this clinically relevant animal model. 
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Chapter IV  
 

Development of neuropathic pain  
in an animal model of AD 
(TASTPM mouse model) 
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CHAPTER IV 

4.1 INTRODUCTION 
 
Neuropathic pain is defined by the International Association for the Study of Pain (IASP) 

“as a direct consequence of a lesion or diseases affecting the somatosensory system”. 

It can arise because of a lesion to a nerve or disease (e.g, sciatic nerve pain or diabetic-

related neuropathy) which consequently leads to several peripheral and central changes 

in nociceptive systems. Neuropathic pain is highly prevalent with epidemiological studies 

showing that it affects up to 8% of the general population, corresponding to a quarter of 

the patients diagnosed with chronic pain (Bouhassira, 2019). Traditionally, patients 

display a variety of symptoms including spontaneous pain and evoked pain. Patients 

describe neuropathic pain as “burning pain” and “electric shock-like pain” and they may 

also present dysesthesia, paraesthesia and brush allodynia (Attal, Bouhassira, & Baron, 

2018). Current treatment for neuropathic pain symptoms relies heavily on drug therapy 

– being Tricyclic Antidepressants (TCAs), Serotonin-Noradrenaline reuptake inhibitors 

(SNRIs), and gabapentinoids the first line of treatment for peripheral and central 

neuropathic pain. Prescription of lidocaine patches and/or tramadol (an opioid with 

monoamine reuptake inhibitor effects) are recommended as the second line of treatment 

for peripheral neuropathic treatment. Lastly, strong opioids and botulinum toxin-A might 

be prescribed as the third line of treatment, but these show weak recommendations due 

to potential substance abuse and infection at the injury site after botulinum toxin A 

injection (Attal & Bouhassira, 2021; Colloca et al., 2017; Finnerup et al., 2015; Moisset 

et al., 2020). Many of these treatments show moderate efficacy (as measured by the 

number needed to treat – NNF); (Finnerup et al., 2015), with less than 50% effectiveness 

in chronic pain sufferers. These are also linked to several negative side effects that may 

jeopardize their therapeutic effectiveness. 
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4.1.1 Disease-based Classification 
 
According to the new ICD11 classification, neuropathic pain can be categorized as 

peripheral and central neuropathic pain. Pain is classified among these groups based on 

the underlying condition that causes it (Scholz et al., 2019). Trigeminal neuralgia and 

peripheral nerve injury lead to peripheral neuropathic pain whilst spinal cord injury and 

stroke give rise to central neuropathic pain (Finnerup et al., 2021).  

 

4.1.2 Neuropathic Pain Following Peripheral Nerve Injury 
 
The group of patients belonging to this category is commonly heterogeneous and this 

condition is commonly caused by a lesion of a peripheral nerve (e.g. surgery; nerve 

trauma). One of the main mechanisms known to contribute to this type of pain are ectopic 

neuronal discharges at the site of injury or at the DRG level. These can be caused by 

increased levels of sodium channels which can cause hyperexcitability and, thereby, 

ectopic firing (D. L. Bennett et al., 2019). Furthermore, the presence of an inflammatory 

environment and cytokines/chemokines may contribute to such abnormal firing rate and 

potentiate neuropathic pain symptoms (Held et al., 2019). Increased activity of primary 

afferents due to peripheral nerve injury also leads to spinal reorganization, which is later 

translated into central sensitisation that also plays a role in the development of 

neuropathic pain. Central sensitisation contributes to an abnormal state of 

responsiveness that alters the way the CNS responds to sensory stimulation (Cervero, 

Laird, & Garcia-Nicas, 2003; Latremoliere & Woolf, 2009; Ochoa & Yarnitsky, 1993). In 

addition to spinal neuroplasticity, glial cells proliferate in the spinal cord releasing 

mediators that interact with neurons, potentially contributing to the reduction of spinal 

inhibitory currents (Coull et al., 2005; Silva & Malcangio, 2021; Staniland et al., 2010). 

Changes are also observed in brain connectivity in neuropathic pain patients. Functional 

alterations within the brainstem endogenous pain-modulation circuitry are also observed 
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(Mills et al., 2018), suggesting that these supraspinal areas play a key role in the 

initiation/maintenance of human chronic pain conditions. 

 

4.1.3 Rodent models of peripheral nerve injury 
 
The first rodent animal model developed to study peripheral neuropathic pain was 

introduced by Wall and Gutnick. This model, in which the sciatic nerve was completely 

cut and a neuroma resulted from the transection, led to the generation of ectopic 

neuronal impulses (Wall & Gutnick, 1974). A major advance came out of these 

experiments, as for the first time, injury to peripheral nerve led to pathophysiological 

mechanisms, different from those observed upon acute noxious stimulation. Patrick 

Wall’s lab later generated two extra models, which included either full transection of 

sciatic nerve at mid-thigh level or complete ligation of sciatic nerve.  
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Figure 24: Rodent models of peripheral nerve injuries to reproduce neuropathic pain. 

Adapted from Pilowsky et al (2013). 

However, both models led to development of autotomy and to lack of nociceptive 

responses upon stimulation which was due to complete fibre deafferentation (Wall et al., 

1979). To create more reproducible and clinically relevant models, subsequent animal 

models preserved some axons and, consequently, maintained hindlimb sensation. To 

achieve this and enable pharmacological interventions for neuropathic pain treatment, 

several rodent animal models were optimised. The most used models are represented 

in figure 24, namely, chronic constriction injury (CCI), spared nerve injury (SNI), spinal 

nerve ligation (SNL), and partial sciatic nerve ligation (PSNL). Most of these murine 

models differ in injury location and how the latter is performed. Nevertheless, rodents 

display spontaneous pain-like behaviours and develop mechanical allodynia, both 

cardinal features of neuropathic pain in humans. Specific features of these models are 

outlined in table 6 (G. J. Bennett & Xie, 1988; Decosterd & Woolf, 2000; Ho Kim & Mo 

Chung, 1992; Pilowsky, Farnham, & Fong, 2013; Seltzer, Dubner, & Shir, 1990).  
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Table 6: Characteristics of rodent animal models of peripheral nerve injury. 

Rodent Neuropathic Pain Model Location Lesion 

Spared Nerve Injury (SNI) 
Developed by Decosterd and Woolf 

Distal do the sciatic trifurcation Axotomy of the tibial and 
common peroneal nerve; 
sural nerve is left intact 

Chronic Constriction Injury (CCI) 
Developed by Bennett and Xie 

Proximal to the sciatic 
trifurcation 

Placement of 4 (rat) or 2-3 
(mice) ligatures around the 
sciatic nerve (occlude but not 
arrest nerve blood flow) 

Partial Nerve Ligation (PSNL) 
Developed by Seltzer 

Proximal to the sciatic 
trifurcation 

Tight ligation of one third or 
half of the sciatic nerve just 
distally to the Posterior 
Biceps – Semitendinosus 
Nerve (PBSN) 

L5/L6 Spinal Nerve Ligation (SNL) 
Developed by Kim and Chung 
  

Proximal to L5 and L6 spinal 
nerve 

Ligation of both L5 and L6 
spinal nerves sparing the L4 
nerve 

Rodent Neuropathic Pain Model Outcomes 
Potential problems arising 

from executing these 
models 

Spared Nerve Injury (SNI) Spontaneous pain; 
Mechanical allodynia and cold 
hypersensitivity that last for 
more than 7 months 

Complete axotomy of the 
sciatic nerve (all branches) 
leads to autotomy. 

Chronic Constriction Injury (CCI) Mechanical allodynia and 
thermal hyperalgesia; 
Spontaneous pain observed; 
“Guarding” posture of the 
injured paw 

Suture overtightening might 
lead to variability; 
Autotomy and absence of 
behavioural deficits; 

Partial Nerve Ligation (PSNL) Damage to 
myelinated/unmyelinated fibers 
performed in the same extent; 
Spontaneous pain observed; 
Mechanical allodynia and 
thermal hyperalgesia. 

Increased technical difficulty 
to ensure same number of 
fibers are severed in all 
animals. 

L5/L6 Spinal Nerve Ligation (SNL) All sciatic nerve fibers derived 
from L5/L6 nerves are 
denervated; 
Spontaneous pain observed; 
Mechanical allodynia and 
thermal hyperalgesia. 

Invasive surgery compared to 
the other models. 
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4.1.4 Spared Nerve Injury (SNI) as a model of neuropathic pain 
 
The spared nerve injury surgical procedure is relatively easier compared to other animal 

models, such as CCI or SNL, which are more prone to variability. By sparing one of the 

nerves from the sciatic nerve, behavioural testing is performed on a non-injured area 

(traditionally adjacent to denervated areas).  It leads to more intense and prolonged 

(recently shown to last up to nine months (Gangadharan et al., 2022)) mechanical 

hypersensitivity ipsilateral to the injury site. This is in line with what is observed clinically, 

allowing to employ chronic therapeutics (several weeks to months) after onset of 

symptoms and diagnosis. This injury leads to several behavioural changes which are 

associated with maladaptive plasticity of the nervous system, with prominent alterations 

observed in the periphery (detailed in Chapter V) as well as in spinal and supraspinal 

areas where communication between immune and neurons occurs. In fact, the 

interaction between inflammation and pain fields has been intensively studied and it is 

known to be bidirectional. In response to nerve injury, glial cells in the CNS release 

inflammatory/anti-inflammatory mediators which may enhance or dampen pain (Clark, 

Yip, et al., 2007; Silva & Malcangio, 2021; Uceyler, Topuzoglu, Schiesser, Hahnenkamp, 

& Sommer, 2011). On the other hand, activation of neuronal circuits can also regulate 

neuroinflammation in the CNS (Xanthos & Sandkuhler, 2014). The role of non-neuronal 

cells of the CNS in the initiation and maintenance of neuropathic pain following peripheral 

nerve injury have been well established (R. R. Ji, Chamessian, & Zhang, 2016).  

 
4.1.5 Immune interactions in the spinal cord after SNI: the role of microglia 
 
The first reports regarding an increased number of non-neuronal cells (later defined as 

microglia) in the spinal cord following SNI, were recorded in the late 1970s (Gilmore & 

Skinner, 1979). In 2003, a study referring to the microglial upregulation of P2X 

purinoceptor 4 (P2X4) and p38 mitogen-activated protein kinases (p38 MAPKs) 

highlighted the importance of this cell type for the pathogenesis of neuropathic pain after 

SNI (Jin et al., 2003; Tsuda et al., 2003). Furthermore, upon injury, microglial processes 



 133 

are shorter, shifting from a normal ramified phenotype to a reactive hypertrophic shape 

(N. Gu, U. B. Eyo, et al., 2016). Stimulating spinal microglia on its own is sufficient to 

induce pain hypersensitivity (Clark, Yip, et al., 2007; Zhuang et al., 2007). Indeed, an 

active role for microglia in neuropathic pain pathogenesis has been reported through 

pharmacological and genetic methods, which prevent microglial function (Inoue & Tsuda, 

2018).  

As mentioned, microgliosis is observed in the spinal cord dorsal horn where the 

proliferation of resident microglia occurs. This event is characteristic of nerve injury 

(traditionally absent in rodent inflammatory pain models), implying that injured primary 

afferents are involved in microglial proliferation in the spinal cord. Particular interest has 

been given to colony-stimulating factor 1 (CSF1) which is de novo expressed by injured 

neurons  – in its absence, microgliosis is substantially reduced after SNI (Guan et al., 

2016). In addition, spinal microglial transcriptome analysis following SNI has identified 

several genes which display altered expression. Interferon regulatory factor 8 (IRF8) is 

a major regulator of gene expression in microglia. This gene is linked to a number of 

important microglial receptors (such as CX3C-chemokine receptor 1 (Cx3cr1)) and 

diffusible factors (such as cathepsin S (Ctss)). Lowering IRF8 expression, reduces the 

expression of these genes as well as pain hypersensitivity (Masuda et al., 2012). 

Accumulating body of literature has provided compelling evidence for the study of 

microglia and its involvement in neuropathic pain states. It does imply that this cell type 

is actively involved, not only in surveillance of the spinal cord parenchyma in normal 

conditions but they also communicate with spinal neural networks, which may contribute 

to the genesis of neuropathic pain.   

 

4.1.6 Neuronal changes in the spinal cord after SNI 
 
Following SNI, abnormal primary afferent firing is prevalent and commonly leads to 

central sensitisation. Frequently, algogenic mediators and neurotransmitters are 
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released, such as ATP, prostaglandins and NGF (Gangadharan & Kuner, 2013; Hamilton 

& McMahon, 2000), in response to injury and interact with post-synaptic silent NMDA 

receptors. By stimulating calcium influx and boosting neuronal depolarisation, synaptic 

strength between a primary afferent and a spinal projection neuron is amplified, 

increasing the excitability of the output neuron and enhancing dramatically the response 

to a noxious stimulation (Basbaum et al., 2009).  

Loss of inhibition is also depicted following injury and directs us immediately to the 

longstanding gate control theory, which was first described by Melzack and Wall in 1965 

(Melzack & Wall, 1965). Reduction or loss of function of spinal inhibitory interneurons 

results in increased pain and, in fact, intrathecal injection of GABA receptor antagonists, 

such as bicuculline, exerts pronociceptive effects (Sivilotti & Woolf, 1994). Overall 

reduction in inhibitory tone at spinal level, results in enhanced depolarisation and 

excitation of projection neurons, consequently leading to an increased response to 

painful stimulation (Torsney & MacDermott, 2006). In fact, restoring spinal inhibition 

following peripheral nerve injury through targeting specific GABAergic receptors 

subtypes and modulating Cl- was sufficient to promote analgesia in neuropathic pain 

conditions (Lorenzo et al., 2020).  

It has been long appreciated that peripheral nerve injury not only affects the spinal cord 

but also supraspinal areas. More specifically, descending pathways from the midbrain 

and brainstem influence the processing of nociceptive input in the spinal cord. Upon 

injury and pain chronicity, descending inhibitory noradrenergic/serotonergic output 

coming from the brainstem is not sufficient to counteract descending serotonergic 

facilitatory pathways, leading to an imbalanced spinal inhibitory and excitatory drive 

(Boadas-Vaello et al., 2016). In addition, GABAergic projections from the RVM to a 

subgroup of GABAergic/Enkephalinergic neurons located in the spinal cord also appear 

to play a role in spinal disinhibition, which improves spinal nociceptive transmission 

(Francois et al., 2017). Other descending pathways have been implicated in having direct 

impact in excitatory and inhibitory neuronal cell types in the spinal cord which are 
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independent of supraspinal areas located in the midbrain and brainstem. Stimulation of 

the anterior cingulate cortex (ACC) potentiates spinal excitatory transmission and 

peripheral nerve injury leads to similar outcome. Lesions in this cortical area significantly 

block pain facilitation of a spinal nociceptive reflex (T. Chen et al., 2018).  

Taken together, there is a large degree of dynamism on the neural circuitry of 

neuropathic pain, with active engagement of the periphery, spinal and supraspinal areas.  

 

4.1.7 Neuropathic Pain in Patients with Alzheimer’s Disease 
 
Diagnosis of pain in AD is extremely complex as individuals with AD develop changes in 

their physical and mental function due to multiple comorbidities which may also influence 

and contribute for acute and/or neuropathic pain. Furthermore, the main 

neuropathological hallmarks of AD are observed in the brain and commonly lead to 

lesions in the white matter. These can cause central neuropathic pain, like what is 

observed in patients following stroke, by disrupting the pain circuitry (Baron, Binder, & 

Wasner, 2010; E. Scherder et al., 2005).  

 

The study of pain in patients with AD and inference about its prevalence and causes is 

still very limited. To make matters more problematic, the inability to effectively articulate 

pain in AD is a major barrier for a correct diagnosis and treatment. As such, current 

reports on incidence of neuropathic pain prevalence in AD are very scarce, despite 

neuropathic pain being extensively diagnosed in elderly population (Tinnirello, 

Mazzoleni, & Santi, 2021). Studies performed in Finland, among community-dwelling 

older people, shows that half of the patients in the study were diagnosed with neuropathic 

pain, mainly due to radiculopathy, peripheral nerve trauma and peripheral nerve 

entrapment (Rapo-Pylkko, Haanpaa, & Liira, 2015).  

Altogether, the high prevalence of neuropathic pain in the elderly, the high probability of 

developing dementia at later stages in life and the often poly-medication this population 
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receive, highlights the need to understand how neuropathic pain develops under 

neurodegenerative conditions. 
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4.2 Chapter Aims 
 
In this chapter, we investigated the development of neuropathic pain in our model of 

Alzheimer’s disease, the TASTPM mice, following spared nerve injury (SNI).  

 

As reported in chapter III, TASTPM mice display high expression of enkephalins in dorsal 

horn, and in behavioural test they show susceptibility to a pro-nociceptive effect of 

naloxone. We interpret this evidence as indicative of an increased opioidergic tone and 

investigated whether such an inhibitory tone could affect the development of neuropathic 

pain. To address this hypothesis in TASTPM and WT mice the aims of this chapter were 

as follows: 

 

1) To examine the development of neuropathic pain after SNI; 

2) To assess possible changes of excitatory and inhibitory markers at the spinal 

cord level following SNI. 
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4.3 RESULTS 
 

4.3.1 TASTPM mice did not develop mechanical allodynia after peripheral nerve 
injury. 
 
With the aim to reproduce neuropathic pain after nerve trauma, we used the spared 

nerve injury (SNI) model. As expected, at 7 days following SNI, application of mechanical 

stimuli to the non-denervated area of the paw (sural territory), revealed a reduction of 

paw withdrawal thresholds (0.21 ± 0.05) (PWT) from baseline thresholds in the ipsilateral 

paw of wild-type mice (Fig.25A). In fact, PWT of injured WT mice showed a reduction of 

more than 50% 7 days following injury compared to respective basal levels. However, 

mechanical hypersensitivity was also observed in WT sham at 7 days after surgery (0.53 

± 0.08) which later resolved. This might be indicative of tissue injury, a process that 

commonly occurs after sham surgery. Increased mechanical sensitivity was maintained 

up to day 21 in WT SNI animals, confirming the establishment of mechanical neuropathic 

allodynia, a common feature of neuropathic pain. 

 

Similarly, SNI TASTPM mice displayed a reduction in paw withdrawal thresholds after 

nerve injury (Fig.25B). However, differently from WT, such a reduction of mechanical 

thresholds was less pronounced at day 7 in TASTPM mice (0.30 ± 0.07), day 14 (0.27 ± 

0.09) and day 21 (0.30 ± 0.08). Like in WT Sham group, we observed a reduction in 

mechanical thresholds in the TASTPM Sham group (0.47 ± 0.07) at day 7 which only 

slightly improved by day 21 (0.55 ± 0.10). Thus, mechanical thresholds in sham and SNI 

TASTPM were comparable, suggesting that TASTPM mice fail to develop mechanical 

allodynia after nerve injury (Fig.25B). In addition, this suggestion was reinforced when 

area under the curve (AUC) were calculated as whilst WT SNI group clearly shows a 

reduced AUC indicative of increased mechanical hypersensitivity to mechanical 
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stimulation when compared to WT Sham group (Fig.25C), no alterations are observed 

between the two TASTPM groups (Fig.25D). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25: Development of mechanical allodynia after SNI is attenuated in TASTPM 

mice. 

(A, C) Injured wild-type mice reveal a reduction on paw withdrawal thresholds (PWT) and 
show increased mechanical sensitivity to mechanical stimulation for 21 days. (B, D) TASTPM 

mice display attenuated mechanical allodynia following injury. Data are presented as mean 
± SEM (n = 12 mice per group, mixed gender). *p <0.05 and ***p <0.001 compared to 

corresponding sham group, two-way ANOVA repeated measures followed by Tukey’s test or 
Student’s t-test (when only two groups were present). 

 

Having in mind the importance of sex as a biological variable in preclinical models (Mogil, 

2020), we investigated whether these could be observed in our experimental groups. For 

that, we plotted paw withdrawal thresholds from females and males separately (Fig.26).  
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4.3.2 Sex differences do not influence mechanical sensitivity. 
 
Despite a dramatic reduction in thresholds in female WT Sham at 7 days after SNI 

(Fig.26A), mechanical thresholds remained similar between sexes, and both female and 

male injured WT mice developed mechanical allodynia (Fig.26A-B). Regarding TASTPM 

genotype, the clear development of mechanical allodynia observed in WT mice was not 

observed in either sexes (Fig. 26C-D). In fact, female and male TASTPM paw withdrawal 

thresholds were comparable with a clear attenuation of mechanical hypersensitivity 

development in TASTPM mice. Our data reveal no sex-differences regarding mechanical 

allodynia in WT and TASTPM mice.  
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Figure 26: No sex-differences in development of SNI allodynia are observed in TASTPM 

and WT mice. 

(A, B) Nerve- injured female and male wild-type mice reveal a reduction on paw withdrawal 
thresholds (PWT) and show increased mechanical sensitivity to mechanical stimulation for 

21 days. A significant decrease in mechanical thresholds is observed in female WT Sham 
mice at day 7 (C, D) TASTPM mice display attenuated mechanical allodynia following injury 

which is not sex dependent. Data are presented as mean ± SEM (n = 5-7 mice per group). 
**p <0.01 and ***p <0.001 compared to corresponding sham group, two-way ANOVA 

repeated measures followed by Tukey’s test. 

 

Nowadays, it is well accepted that non-neuronal cells exert a pronociceptive role as they 

facilitate noxious signalling in the dorsal horn of the spinal cord after peripheral nerve 

injury. In fact, damage to peripheral nerves alters homeostatic microglia through the 

release of multiple molecules such as chemokines (CCL2, CCL21, CXCL1), signalling 

molecules (CSF1), and proteases (MMP-9) (G. Chen, Zhang, Qadri, Serhan, & Ji, 2018; 

Guan et al., 2016). These contribute to microglia proliferation which are mostly found 

near the central terminals of damaged sensory neurons. Indeed, microgliosis and 

expression of markers such a p-p38 MAPK in microglia are considered as surrogate 

measure of central sensitisation (Kronschlager et al., 2016; L. J. Zhou & Liu, 2017). 

Increase in microglial profiles can be observed within few days following injury (G. Chen 

et al., 2018) and microglia is a crucial player in the development of neuropathic pain in 

rodents, since lack of maturation of these cells in young animals prevents the 

development of tactile allodynia until 4 weeks old rats (Moss et al., 2007).  

Therefore, considering that TASTPM failed to develop neuropathic allodynia, we 

examined the microglial response in dorsal horn at 7 and 21 days following SNI. 

 

4.3.3 TASTPM injured mice do not reveal microgliosis following SNI. 
 

To evaluate microgliosis, one of the characteristic events following peripheral nerve 

injury, in the superficial laminae of the dorsal horn spinal cord, we performed 
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immunohistochemical studies using Iba1 as microglial marker by counting the number of 

positive Iba+ cells in the spinal cord. Expectedly, spared nerve injury was associated with 

an increase of Iba1+ cells in the ipsilateral dorsal horn at 7 but not 21 days after SNI in 

WT mice, as can be observed in Fig.27A-C. However, we couldn’t observe the same 

pattern in the TASTPM SNI group, in comparison to sham group (Fig.27A-C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 27: Microgliosis is not observed in dorsal horn of nerve injured TASTPM in 

contrast to WT dorsal horn. 

(A) Representative images of Iba1 immunostaining (green cells) in lumbar dorsal horn (B, C) 
Quantification of Iba1+ cells at day 7 (B) and day 21 (C) Data are presented as mean ± SEM 
(n = 3-5 mice per group). *p <0.05, one-way ANOVA repeated measures followed by Tukey’s 

test. 
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This set of data highlighted that in TASTPM the absence of mechanical allodynia is 

accompanied by lack of microgliosis in the ipsilateral dorsal horn and that microgliosis 

does not interfere with neuropathic pain development at later timepoints. Thus, we 

wondered whether in TASTPM mice alterations in excitatory and inhibitory markers 

would be present at spinal level. As such, we decided to examine levels of mRNA 

expression of markers mentioned previously in chapter III. Specifically, to assess 

excitatory function, we analysed two different genes, Slc17a6 and Slc17a7, which 

encode for VGLUT2 and VGLUT1, respectively. To determine levels of mRNA 

expression of inhibitory markers, we assessed Gad1 and Gad2 expression. In addition, 

we also investigated mRNA levels of PENK by performing qPCR, considering that we 

observed higher enkephalin expression in TASTPM spinal cord.  

 
4.3.4 TASTPM injured mice reveal a decrease in spinal Slc17a7 mRNA levels 21 

days after injury. 
 
 
We evaluated mRNA expression of excitatory markers Slc17a7 and Slc17a6 in the 

ipsilateral dorsal horn 7 and 21 days after injury (Fig.28) and we observed that at day 7 

SNI, neither Slc17a7 nor Slc17a6 expression was changed in WT and TASTPM 

(Fig.28A, C). 

 

However, changes become apparent at day 21, when levels of Slc17a7 mRNA 

expression are upregulated in WT SNI dorsal horn (2.64 ± 0.73-fold increase) but not in 

TASTPM SNI dorsal horn (1.09 ± 0.64) (Fig.28B). However, expression of Slc17a6 gene, 

which encodes for VGLUT2, was comparable in all groups at 21-day SNI (Fig.28D). 
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Figure 28: Slc17a7 and Slc17a6 mRNA fold change in the ipsilateral lumbar dorsal 

spinal cord at day 7 (A, C) and day 21 post-injury (B, D). 
Quantification of mRNA levels which were normalised to levels of housekeeping gene 

(β-actin). Data are expressed as mean ± SEM (n = 4-5 per experimental group). **p < 

0.01, one-way ANOVA followed by Tukey’s multiple comparisons test.  

 

To detect possible differences in the inhibitory tone at TASTPM spinal cord level, we 

decided, using the same approach, to assessed mRNA expression of inhibitory markers, 
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such as Gad1 and Gad2 genes. We previously observed no indication for an increase in 

basal expression of Gad1 and Gad2 (Chapter III), however this was accompanied by an 

increased PENK expression at the spinal cord level in the TASTPM mice. We employed 

the same technique and quantified the expression of these genes 7 and 21 days after 

injury. 

 

4.3.5 TASTPM mice show an increase in spinal PENK mRNA levels 21 days 
after injury.  

 
Seven days after injury, we observed an upregulation of spinal Gad1 and Gad2 mRNA 

in non-nerve injured TASTPM (2.31 ± 0.76) in comparison to WT (1.04 ± 0.36) (Fig.29A, 

C) and no further increase in dorsal horn at 7 days post-injury (Fig.29B, D).  

Concerning PENK expression, whilst we couldn’t observe any differences at day 7 

(Fig.29E) between WT and TASTPM, we detected a 3-fold increase at day 21, when 

comparing PENK mRNA expression in TASTPM SNI (3.74 ± 2.57) and WT SNI (1.00 ± 

0.61) (Fig.29F). 

  

These results suggest the occurrence of excitatory and inhibitory marker changes that 

may contribute to the absence of mechanical allodynia observed after peripheral nerve 

injury in the transgenic TASTPM mouse model of AD. 
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Figure 29: Gad1 (A, B), Gad2 (C, D) and Proenkephalin (PENK) (E, F) mRNA fold 

change in the ipsilateral lumbar dorsal spinal cord. 

Quantification of Gad1 (A, B), Gad2 (C, D) and PENK (E, F) mRNA expression normalised 
to housekeeping gene (β-actin). *p < 0.05, ** p < 0.01 compared to WT Sham group, *p < 

0.05 compared to WT SNI group, one-way ANOVA followed by Tukey’s multiple comparisons 
test). Data are expressed as mean ± SEM (n=4-6 per experimental group).  

 
Then, to examine whether increased PENK mRNA expression was followed by an 

increased in protein expression (more specifically, in met-enkephalin), we performed 

immunohistochemical studies in which we quantified ENK intensity in the superficial 

laminae of the spinal cord at day 7 and day 21. 

 

4.3.6 TASTPM mice show an increase in spinal enkephalin expression 21 days 
after injury. 

 

Seven days following injury, we couldn’t observe any difference in enkephalin expression 

in the dorsal horn in either sham or SNI in WT and TASTPM. (Fig.30A). However, we 

observed a significant increase of enkephalin (ENK) in lamina I and II of the dorsal horn 

of TASTPM compared to WT at 21 days after injury (Fig.30B).  
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Figure 30: Expression of enkephalins in the dorsal horn of the spinal cord. 

(A) Representative immunostaining images of met-ENK in the ipsilateral dorsal horn (A, day 
7 and B, day 21). (B, C) Qualitative analysis of met-ENK intensity in the dorsal horn of 
TASTPM SNI compared with WT SNI (** p < 0.01) and TASTPM Sham (*p < 0.05) 21 days 

post-SNI. Values are expressed as mean ± SEM. n= 3-4. One-way ANOVA followed by 
Tukey’s multiple comparison test.  

 

To further bolster our data which indicated the presence of a higher express of 

endogenous opioids and suggested the presence of an increased opioidergic tone in 

TASTPM, we administered naloxone hydrochloride, a CNS penetrant non-selective 

opioid antagonist systemically at 14 days after injury and measured nociceptive 

thresholds.  
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4.3.7 TASTPM mice reveal an increased opioidergic tone.  
 
Animals received a single injection of naloxone hydrochloride (1 mg/kg, i.p.) 14 days 

after injury and mechanical sensitivity was assessed 30 minutes later due to naloxone’s 

short half-life. Before injection, we observed that WT SNI mice (0.07 ± 0.02) showed 

indeed a dramatic reduction in paw withdrawal thresholds, indicative of the development 

of neuropathic mechanical allodynia (Fig. 31). This reduction was not detected in 

TASTPM SNI mice (0.35 ± 0.06), which showed development of attenuated mechanical 

allodynia. 

Following naloxone injection, paw withdrawal thresholds were substantially reduced in 

both sham and SNI TASTPM (Sham: from 0.74 ± 0.10 to 0.17 ± 0.08; SNI: from 0.35 ± 

0.06 to 0.05 ± 0.04) (Fig.31). We could also observe a significant reduction in mechanical 

sensitivity in WT Sham mice after naloxone administration (Fig. 31) relevantly, a trend 

for this reduction in WT Sham animals can also be observed after saline administration 

(Fig. 32).  

 
 
 
 

 

 
 
 

 
 

 

Figure 31: TASTPM mice reveal an increased opioidergic tone.  

Single systemic injection of naloxone hydrochloride (1mg/kg) at day 21 in both nerve-injured 

and non-injured WT and TASTPM mice. Mechanical thresholds are reduced in injured 
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TASTPM mice 30 minutes after naloxone hydrochloride (*p < 0.05) and TASTPM Sham 

following injection (*** p <0.001). Subtle reduction is observed in WT Sham following 
injection, indicative of an endogenous opioidergic tone. Values are presented as mean ± 

SEM (n = 5-8 mice per group, two-way ANOVA repeated measures followed by Sidak’s test.  

 
 

 
 
 

 
 
 
 

 
Figure 32: Saline administration does not alter paw withdrawal thresholds. 

 Single systemic injection of saline solution at day 14 in injured and non-injured WT and 
TASTPM mice. Suttle reduction is observed in WT Sham following injection. Values are 

presented as mean ± SEM (n = 3-5 mice per group, two-way ANOVA repeated measures 
followed by Sidak’s test.  

 
 
These data show that naloxone can re-establish allodynic thresholds in neuropathic 

TASTPM mice, and reinforce the notion that an increased opioidergic tone is responsible 

for the attenuated mechanical sensitivity observed in the TASTPM mouse model of AD. 

 

Considering our results, we further wondered which mechanism could be underlying this 

increase in opioidergic tone. Our attention focused on a descending supraspinal pathway 

that projects from the rostral ventromedial medulla (RVM) and directly synapses in the 

superficial lamina of the spinal cord. These neurons located in the caudal brainstem are 

mainly GABAergic neurons, which in painful conditions, inhibit spinal enkephalinergic 

neurons and augment primary afferent firing and, consequently, contribute to pain-like 
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behaviours (Francois et al., 2017). To infer whether an impairment in this supraspinal 

area would be present, we decided to collect the contralateral side of the brainstem 

(which contains the RVM) and investigate whether expression of GABAergic markers 

would be upregulated in this area.  

 

4.3.8 No alterations are observed in GABAergic mRNA levels in the brainstem. 

We determined gene expression by performing RT-qPCR after isolating the contralateral 

side of the brainstem (contralateral to the injury site). Contrary to our expectations, we 

could not detect any differences regarding Gad1 and Gad2 mRNA expression in the 

contralateral brainstem (Fig. 33A, B) in all the experimental groups. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33: Gad1 (A) and Gad2 (B) mRNA fold change in contralateral brainstem. 

Gad1 (A) and Gad2 (B) mRNA expression is not altered in TASTPM animals compared to 

WT groups 21 following surgery. One-way ANOVA followed by Tukey’s multiple comparisons 
test). Normalised to housekeeping gene (β-actin). Data are expressed as mean ± SEM (n =  

4-5 per experimental group).  
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These results suggest that no alterations are observed in the brainstem and potentially 

this supraspinal pathway may not contribute to the altered pain-like behaviours we have 

observed in injured TASTPM mice. 
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4.4 Chapter Key Findings 
 

We present evidence for the following points in the chapter: 

- Attenuated development of mechanical allodynia was observed following peripheral 

nerve injury for 21 days in 6 months old TASTPM mice. Mechanical sensitivity was 

not sex-dependent in both genotypes. 

 

- Attenuation of mechanical hypersensitivity in injured TASTPM mice is accompanied 

by diminished SNI-induced spinal microgliosis. 

 

- Persistence of SNI-associated mechanical allodynia was disrupted by an 

augmented endogenous opioidergic system in the TASTPM model of AD. 

 

- Peripheral nerve injury did not influence brainstem mRNA levels of Gad1 and Gad2 

in both WT and TASTPM groups, potentially indicating absence of inhibitory 

changes in this area which could explain behavioural and molecular outcomes. 
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4.5 DISCUSSION 
 
We were keen to evaluate whether mechanical sensitivity would be altered in the 

TASTPM mice following peripheral injury, as basal nociceptive behaviours were similar 

between both mice genotypes. Due to the high reproducibility of the spared nerve injury 

model, injured control animals display rapid punctate allodynia upon von Frey filament 

stimulation. This increased sensitivity of the sural (spared) territory to mechanical 

stimulation is maintained for long periods, often surpassing 42 weeks after injury 

(Gangadharan et al., 2022). In our hands, 6 months of age control mice showed 

mechanical hypersensitivity as expected, which was maintained for a period of 21 days. 

In contrast, injured TASTPM mice revealed an attenuated development of mechanical 

allodynia when compared to respective sham groups, suggesting that pain development 

may be influenced by AD pathology. This attenuation was accompanied by an increase 

in mechanical sensitivity in TASTPM Sham animals which was observed during most of 

the duration of the experiment, with only a slight improvement being observed 21 days 

following surgery. These results may suggest that TASTPM mice develop sensitivity to 

soft tissue injury and this phenomenon may take longer to resolve than it does in wild-

type animals. This suggests that the reduction in paw withdrawal thresholds observed in 

injured TASTPM mice may also be partially caused by the soft tissue injury. In some 

extent, spared nerve injury lowers mechanical thresholds but not as significantly as it 

does in wild-type animals. Increasing the duration of the experiment may be pivotal to 

understand if the behaviour observed due to tissue injury persists for longer periods and, 

in case it resolves, whether both sham and injured TASTPM recover up to baseline 

levels.  

 

Furthermore, we chose to assess mechanical sensitivity considering its prevalence 

following peripheral nerve injury. While we limited our assessment only to the mechanical 

modality due to time constraints, changes in other sensory modalities are also observed, 

such as cold hypersensitivity (Gustafsson & Sandin, 2009). Assessment of thermal 
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modalities might provide further conclusions regarding sensory dysfunction in the 

TASTPM mouse model of AD. 

 

To exclude sex variability from our results, we verified a transient reduction in mechanical 

thresholds in the WT sham group in female mice. This subtle reduction in mechanical 

sensitivity can be attributed to the robust hypothalamic-pituitary-adrenal axis (HPA) 

response observed in females during stressful events. These can lead to the low 

mechanical threshold observed (Oyola & Handa, 2017). Furthermore, several reports 

have suggested that female TASTPM mice are more prone to amyloid-β deposition than 

males (Howlett et al., 2004). Despite these differences, we couldn’t verify any alterations 

regarding mechanical sensitivity between females and males. Furthermore, dysfunction 

of HPA axis has been detected in AD animal models, such as in the TASTPM mice (Hu 

et al., 2012; Milligan Armstrong et al., 2021), explaining the absence of changes in 

females TASTPM Sham, as those observed in WT Sham conditions (Ahmad, Fatima, & 

Mondal, 2019). 

 

Consistently, after injury, the spinal cord exhibits an enhanced proliferation of microglial 

cells, instigated by damaged primary afferents central terminals. Injured primary 

afferents facilitate the release of pro-inflammatory mediators (like IL-1b), chemokines 

and other molecules, such as CSF1 (Guan et al., 2016) which results in significant 

microgliosis in the medial and central portions of the spinal cord dorsal horn in control 

conditions (Tsuda, 2016). We have observed similar outcome in our injured WT mice 

after performing immunohistochemical studies to detect microglia expression in the 

spinal cord. However, we did not detect microgliosis in TASTPM SNI mice neither 7 nor 

21 days following surgery, which correlates with the attenuated mechanical allodynia 

observed in the injured TASTPM mice. In fact, spinal glial proliferation was shown to 

correlate with the development of mechanical allodynia following injury, since therapies 

to target directly microglia have shown to reduce neuropathic pain (Clark, Gentry, et al., 
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2007; N. Gu, J. Peng, et al., 2016). Furthermore, microglia are highly relevant for central 

sensitisation, playing an active role in spinal long-term potentiation and, consequently, 

in chronic pain states  (G. Chen et al., 2018; Inoue & Tsuda, 2018; L. J. Zhou et al., 

2019). The presence of an opioidergic tone may be contributing to such alterations in 

microglia proliferation. The increase in endogenous opioids may block nociceptive 

transmission via multiple mechanisms (including actions on the mu-opioid receptors in 

the periphery and spinal cord) and interfere with the classical microglial recruitment in 

the spinal cord characteristic of peripheral nerve injury. Therefore, lack of microglial 

response in the TASTPM dorsal horn following injury suggests alterations in spinal 

mechanisms that influence neuropathic pain and central sensitisation. Understanding 

the effects of opioids on microglia is crucial to understand how these regulate microglial 

proliferation following injury.  

 

Reports showcasing the interaction between microglia and spinal cord dorsal horn 

neurons are not recent (L. J. Zhou et al., 2019). In fact, activated microglia release 

several known mediators, such as cytokines, chemokines or other signalling molecules 

like ATP which influence neuronal function. For instance, ATP-stimulated microglia 

influence lamina I spinal neurons firing properties, through Brain-Derived Neurotrophic 

Factor (BDNF) release, interfering with their neuronal anion gradient and contributing to 

neuropathic pain (Coull et al., 2005). Similarly, microglial activation enhances 

nociceptive transmission through NMDA receptors also via BDNF release (W. Chen et 

al., 2014).  

VGLUTs (or vesicular glutamate transporters) are widely expressed in the CNS and 

known to control the storage and release of glutamate, which ultimately plays an 

important role in pain processing. VGLUT1 and VGLUT2 are also anatomically located 

in different laminae of the spinal cord. Whilst VGLUT1 immunoreactivity is more present 

in lamina III-V, VGLUT2 expression is more prevalent within lamina I and outer lamina 

II, where excitatory glutamatergic interneurons can also be found (J. L. Li, Fujiyama, 



 157 

Kaneko, & Mizuno, 2003; Todd et al., 2003). Evidence provided by others has shown 

that 50% depletion of VGLUT2 is sufficient to abolish mechanical allodynia after nerve 

injury (Moechars et al., 2006), as well as chemogenetic activation of VGLUT2-expressing 

dorsal horn neurons is sufficient to evoke mechanical sensitivity under physiological and 

pathological conditions (L. Wang et al., 2018). Therefore, under neuropathic pain 

conditions, we were expecting to see an upregulation of VGLUT2 in our injured WT mice 

and an increase in spinal mRNA expression of Slc17a6 following SNI. However, contrary 

to expected, mRNA levels of this gene remained similar between all experimental 

groups, either 7 or 21 days after injury. One cannot exclude though, post-translational 

modifications that can give rise to increased VGLUT2 expression. On the other hand, we 

also assessed spinal Slc17a7 gene expression. As stated, Slc17a7 encodes for VGLUT1 

and it is mainly found in central terminals of mechanoreceptive afferents located in 

deeper laminae of the spinal cord, such as lamina III. This receptor is known to be 

expressed by low-threshold mechanoreceptors (LTMRs) (Abraira & Ginty, 2013) and 

hardly ever overlap with CGRP- or IB4- afferents, considering its laminar distribution. 

VGLUT1 is also expressed by proprioceptors, remarkably upregulated in muscle spindle 

afferent endings. Our results showed a trend for an increased mRNA expression in the 

WT SNI group 7 days post-injury which became significant 21 days after surgery when 

compared to WT sham group. In addition, this upregulation is not observed in the 

TASTPM SNI group; in fact, Slc17a7 mRNA expression was downregulated in the 

injured TASTPM, when compared to injured WT mice. Despite these interesting results, 

recent studies have shown that VGLUT1 only by itself is not sufficient to induce pain-like 

behaviours – in fact, cutaneous optogenetic activation of Slc17a7 Aβ-LTMRs does not 

elicit nociceptive responses (Chamessian et al., 2019), suggesting that recruitment of 

other Aβ-LTMRs is necessary for pain-like behaviours to be observed. In order to 

improve our understanding on whether these changes would be interfering with the 

behavioural changes observed in TASTPM mice, it would be of great interest to examine 

if these alterations or lack of them would lead to changes in receptor expression in the 
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spinal cord, specifically in laminae where VGLUT1 and VGLUT2 are enriched and 

whether these would correlate with decreased mechanical hypersensitivity in the 

TASTPM mice.  

 

Both GAD65 and GAD67 are important glutamic acid decarboxylases that lead to the 

synthesis of GABA. Whilst GAD65 is crucial for inhibitory interneurons to release GABA, 

GAD67 is in charge of more than 90% of basal GABA synthesis. In addition, their laminar 

distribution is also distinct – while GAD65 is present in superficial lamina I-II, GAD67 is 

abundantly expressed in deeper laminae (Mackie et al., 2003).  

The role of the inhibitory neurotransmitter GABA in nerve injury has been extensively 

explored. In fact, reduction of spinal cord inhibition is expected to occur for increased 

mechanical hypersensitivity to be observed. However, the events which underlie the 

changes observed in spinal inhibition have been controversial. Whilst some reports 

support that GABAergic interneuron death occurs after peripheral nerve injury (Scholz et 

al., 2005), others fail to detect it (Polgar, Gray, Riddell, & Todd, 2004; Polgar et al., 2005). 

Furthermore, decreased spinal inhibition can be potentiated by the loss of its receptors, 

such as GABAA ionotropic receptors. In fact, spinal injection of bicuculline (GABAA 

antagonist) is sufficient to induce transient allodynia (Malan, Mata, & Porreca, 2002). As 

such, we wondered whether we would observe differences in the GABAergic mRNA 

levels by looking at Gad1 and Gad2 mRNA levels in the ipsilateral spinal cord dorsal 

horn. 

Our data have shown upregulation of spinal Gad1 and Gad2 mRNA expression in the 

TASTPM Sham 7 days after injury when compared to WT Sham mice. This increased 

expression is not present 21 days after injury. Upregulation of this gene may suggest an 

increased basal GABAergic inhibitory tone in the spinal cord of TASTPM mice, which 

may influence how neuropathic pain develops and how spinal inhibitory function is 

sustained upon nerve injury. In addition, increased levels of GABA play a role in 

regulating glial tone through binding to GABA receptors to modulate interleukin release 
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(Kuhn et al., 2004). Surprisingly, we could not detect a reduction in Gad1 and Gad2 

mRNA levels in the WT SNI group either at day 7 or day 21 following injury. To fully grasp 

these results, it would be very interesting to perform immunohistochemical approaches, 

such as in situ hybridization, to detect local Gad1 and Gad2 expression, and to quantify 

its local expression at the spinal cord dorsal horn level, in addition to assessment of gene 

expression.  

 

We have shown in chapter III, a significant upregulation of PENK mRNA levels in the 

TASTPM mice. PENK leads to the production of an endogenous opioid peptide called 

enkephalin. Its action is highly limited by peptidases, which degrade enkephalin into 

inactive fragments. One of these peptidases is neprilysin, also known as enkephalinase. 

Administration of an enkephalinase inhibitor, such as RB101, prevented enkephalin 

cleavage and, consequently, increased enkephalin concentration. It also upregulated 

thermal latency to heat noxious stimulation (Noble, Benturquia, Bilkei-Gorzo, Zimmer, & 

Roques, 2008). Similar was observed when human opiorphin was administered which 

provided potent analgesic activity (Wisner et al., 2006). As such, an increase in 

enkephalins in the spinal cord may promote anti-nociception.  

 

We did not depict any differences in PENK mRNA expression 7 days after injury, 

however, this gene was upregulated in the spinal cord 21 days following injury. Previous 

reports have shown no differences in spinal PENK mRNA after peripheral nerve injury in 

wild-type conditions (Delander, Schott, Brodin, & Fredholm, 1997) as we did, but others 

have reported a significant reduction 28 days following SNL (Sapio et al., 2020). On the 

other hand, PENK mRNA expression is upregulated in models of inflammatory pain, 

such as in a rodent model of CFA (Jiang et al., 2015). These reports suggest that PENK 

mRNA expression and enkephalin expression might be tightly associated with the animal 

model used.  
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Injured TASTPM mice displayed increased enkephalin expression which was coupled 

with increased levels of PENK mRNA expression in the dorsal spinal cord. These data 

suggested that in presence of nerve injury, TASTPM mice revealed an increased 

expression of enkephalins which may contribute to the differences observed in 

mechanical sensitivity and susceptibility to display pain-like behaviours. We 

administered naloxone hydrochloride, a well-known non-selective opioid receptor 

antagonist, which unmasked the increased paw withdrawal thresholds, increasing 

dramatically mechanical sensitivity. Our data reinforced our hypothesis that an increased 

opioidergic tone is observed in the TASTPM mice. In fact, mechanical thresholds in the 

injured TASTPM group reduced up to allodynic levels observed in the WT SNI mice, 

clearly suggesting the involvement of the opioidergic tone in the pain-like behaviour 

observed. Moreover, we could not rule out the effect of other opioid peptides playing a 

role here considering the non-selective nature of naloxone hydrochloride. In addition to 

enkephalin, levels of β-endorphin were upregulated in the plasma of TASTPM mice that 

received an intra-articular injection of monosodium iodoacetate (MIA) (Aman, Pitcher, 

Ballard, & Malcangio, 2019). 

 

According to our data, TASTPM mice revealed an attenuation of pain-like behaviours, 

lacking the development of mechanical allodynia which is present in injured wild type 

animals. These results are coupled with diminished spinal microgliosis, and opioid 

antagonism was able to unmask SNI-induced mechanical allodynia. Our data suggests 

that an increase of endogenous opioid peptides may underlie behavioural outcomes 

obtained following peripheral nerve injury, and these may influence spinal key 

mechanisms, such as microgliosis, a surrogate marker of central sensitisation. 

 

Considering the increased spinal opioid peptide expression detected and abundance of 

amyloid plaques observed in the brain of TASTPM mice (Aman et al., 2016), we 

wondered which supraspinal pathway would be mediating such increase, and 
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consequently, contributing to the impaired opioidergic tone we observed at the spinal 

cord. Our attention turned towards a supraspinal pathway which arise from the brainstem 

and projects directly to the spinal cord, that has been shown to modulate local enkephalin 

expression (Francois et al., 2017). In this study, Francois et al suggested that GABAergic 

neurons from the rostral ventromedial medulla (RVM) inhibit spinal enkephalinergic 

neurons under painful conditions leading to pain exacerbation. In certain conditions, 

these supraspinal inhibitory neurons are disinhibited and, consequently, leaving those 

spinal enkephalinergic neurons prone to fire, contributing to increased pre- and post-

synaptic inhibition through binding to opioid receptors and reduction of pain-like 

behaviours (Francois et al., 2017). On the other hand, another study has shown that a 

group of derived dual GABAergic/enkephalinergic descending neurons located in the 

RVM can directly target primary afferents through release of GABA and enkephalins 

through binding to respective receptors, known to be highly predominant in both primary 

afferents and on many sensory neurons (Arvidsson et al., 1995; Besse, Lombard, & 

Besson, 1991). As such, considering the relevance of this pathway to promote anti-

nociception, we wondered whether disinhibition of these supraspinal GABAergic neurons 

would be the responsible for the increased amount of enkephalin we observed in the 

spinal cord. However, our hypothesis was not corroborated by our data, as GABAergic 

neurotransmission looked unaffected in the brainstem. However, having in mind that the 

RVM is in the caudal part of the brainstem, performing RT-qPCR from the entire 

brainstem area might dilute the expression of these genes, leading to confounding 

results.  

 

To overcome these issues and to dissect the RVM role in the results showcased so far, 

it would be of interest to perform in situ hybridization and detect neuronal activity in 

GABAergic neurons within the RVM. Data obtained from these experiments would 

enable us to understand whether GABAergic neurons within the RVM are less active, 

allowing us to speculate that decreased activation of these neurons would lead to 
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increased expression of spinal enkephalins in the superficial dorsal horn and, 

consequently, to the attenuated pain-like behaviours observed in the TASTPM mice. 
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4.6 Future Direction Leading to Chapter V 
 

Our data shows that injured TASTPM mice show increased expression of enkephalins 

21 days following injury, associated with an increased opioidergic tone which is 

sustaining the reduced mechanical sensitivity observed in the TASTPM SNI group. 

However, we couldn’t link this opioidergic tone with a supraspinal pathway that could 

explain our results.  

 

Opioids are not only released by spinal enkephalinergic interneurons in the CNS, which 

are commonly located in spinal layers I, II and V (Antal, Petko, Polgar, Heizmann, & 

Storm-Mathisen, 1996; Mason & Fields, 1989). In fact, these are also actively released 

in the periphery. Enkephalins are secreted by immune cells, such as from macrophages, 

T-cells and neutrophils, which bind to opioid receptors located in peripheral sensory 

neurons (Plein & Rittner, 2018). Considering the influence of the peripheral immune 

system in neuropathic pain and in peripheral opioid analgesia, we wondered whether 

this increased opioidergic tone could be observed in the periphery. We have previously 

shown that TASTPM mice which received an intra-articular injection of monosodium 

iodoacetate (MIA) revealed increased plasma levels of β-endorphin, hinting for a 

dysregulated opioidergic system that is also present in the PNS (Aman et al., 2019).  

 

Chapter V focused in exploring whether a peripheral opioidergic tone was observed in 

injured TASTPM mice and whether it was coupled with changes in peripheral immune 

system. 
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The involvement of the 
  peripheral immune system  
      in an animal model of AD  

     under neuropathic conditions 
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Chapter V 
 
5.1 INTRODUCTION 
 
Exogenous opioids are effective drugs for pain management prescribed preferentially as 

second-line medication, however their adverse side effects (such as respiratory 

depression and/or constipation, etc.) hamper their use. In the spinal cord, endogenous 

opioids are mainly released by spinal interneurons, namely enkephalinergic neurons 

(Francois et al., 2017). In the PNS, these are secreted by immune cells, such as blood 

splenic cells, lymphocytes, macrophages, and neutrophils (Plein & Rittner, 2018). The 

action of these opioid peptides on their cognate receptors has an important role in 

attenuating nociception. For instance, adoptive transfer of M2-like macrophages leads 

to decreased mechanical sensitivity following peripheral nerve injury (Pannell et al., 

2016). Furthermore, T-cells also produce and secrete opioids which through binding to 

μ and δ receptors on sensory neurons dampen pain signalling (Labuz, Schreiter, 

Schmidt, Brack, & Machelska, 2010; C. Stein, Schafer, & Machelska, 2003) 

  

5.1.1 The Peripheral Immune System 
 
The immune system, along with other structural and chemical barriers, prevents us from 

suffering from infections orchestrated by pathogens (such as bacteria, fungi and 

parasites). Simplistically, it is known to be described as having two “lines of defence”: 

innate immunity and adaptive immunity (Fig.34). Innate immunity is the first line of 

defence against invading pathogens and it is an antigen-independent mechanism and 

no immunologic memory (Marshall, Warrington, Watson, & Kim, 2018). On the other 

hand, adaptive immunity is acquired throughout an individual’s life, and it is antigen-

specific and antigen-dependent. It promotes specific and targeted responses acquired 

upon exposure to a threat, in which immune cells “acquire” memory, which allows the 

host to induce a much more potent immune response upon subsequent exposure.   
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Figure 34: The Peripheral Immune System. 

After maturation, myeloid progenitors’ cells give rise to cells involved in innate immunity, 
whilst lymphoid progenitor cells differentiate into immune cells responsible for adaptive 

immunity. 
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5.1.2 Innate Immune System 

The key mechanism of innate immunity lies in the rapid recruitment of immune cells to 

sites of infection and inflammation, through the release of cytokines and chemokines, 

especially through monocytes and neutrophils. In vertebrates, it largely relies on myeloid 

cells: cells highly proficient in engulfing and destroying pathogens. Myeloid cells can 

either be mononuclear phagocytes, such as macrophages and dendritic cells, 

traditionally derived from blood monocytes, or polymorphonuclear phagocytes which 

include neutrophils, basophils, and eosinophils, which originate from the bone marrow. 

The bone marrow is a well-organised centre, composed of a hematopoietic component 

(parenchyma) and a vascular component (stroma). While the parenchyma contains the 

hematopoietic stem cells (HSCs) and hematopoietic progenitor cells, the bone marrow 

stroma contains the non-hematopoietic progenitor cells, which differentiate into most of 

the mesenchymal cell types, such as osteoblasts (Kopp, Avecilla, Hooper, & Rafii, 2005). 

Myeloid progenitor cells are the precursor of granulocytes and monocytes and 

differentiate into mature myeloid cells under physiological conditions. Under pathological 

conditions, these are expanded and increased efflux of these cells into the blood is 

observed, with macrophages and neutrophils infiltrating inflammation/injury sites. Here, 

they mature and perform phagocytosis and release of mediators which orchestrate an 

initial inflammatory immune response to the insult (Zhao et al., 2012). 

   

Evidence that monocytes migrate from blood vessels and differentiate into macrophages 

in tissues appeared in 1939 as reported by Ebert and Florey. Monocyte recruitment to 

peripheral sites is motivated by immune, pro-inflammatory and metabolic stimuli, 

followed by differentiation into macrophages once it reaches target tissues (Van Furth, 

Diesselhoff-den Dulk, & Mattie, 1973). Monocyte and macrophage differentiation 

requires the presence of cytokine and hematopoietic growth factor receptor Csf1r (c-fms, 

M-CSFR, CD115) (Sasmono et al., 2003).  
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In humans, peripheral-blood monocytes express CD14 and CD16, allowing monocytes 

to be categorized into at least two different subsets: CD14highCD16- cells, commonly 

known as classical monocytes, and CD14dimCD16+ cells often called non-classical 

monocytes.  Different chemokine-receptor expression profiles characterise these 

subsets – for instance, CC-chemokine receptor 5 (CCR5) is highly expressed in non-

classical monocytes, whilst CC-chemokine receptor 2 (CCR2) is mainly found in classical 

monocytes.  

In mice, monocytes are divided according to their CCR2 and CX3C-chemokine receptor 

1 (CX3CR1) expression. The CCR2+ monocyte subset migrates towards the CC-

chemokine ligand 2 (CCL2) released by endothelial cells and this interaction allows the 

recruitment of monocytes to inflammatory lesions. In addition, this monocyte subset 

highly expresses Ly6C (part of the epitope of GR1) (Geissmann, Jung, & Littman, 2003). 

Non-classical monocytes (Ly6Clow) are known blood vessel patrollers, and their 

extravasation rate is very low in a steady state.  Ly6Clow monocytes produce a transient 

inflammatory response (Auffray et al., 2007) during infection. These monocytes initiate 

a typical macrophage differentiation and display transcription factors and genes which 

Are characteristic of alternative macrophage differentiation such as Arginase and/or IL-

4Ra (M. Stein, Keshav, Harris, & Gordon, 1992), especially in inflammatory diseases.  

In summary, blood monocytes consist of several functional subsets, and reports have 

shown that Ly6Chigh and Ly6Clow monocytes are distinctly recruited from the blood 

(Landsman, Varol, & Jung, 2007; Nahrendorf et al., 2007). 

 

Monocytes infiltration is a key feature of inflammation. Depending on the location and 

microenvironment, they differentiate into dendritic cells and tissue macrophages and can 

adopt different morphologies, perform distinct activities, and camouflage within their 

respective resident population. Macrophages are specialized immune cells that can 

differentiate between self and non-self, detect tissue damage and attack invading 

pathogens. Macrophages are found throughout the body (brain, lung, and liver, etc.) and 
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can acquire specialized functions (e.g. Kupffer macrophages which are exclusively found 

in the liver). This cell type commonly exists in two distinct subsets: 1) classically activated 

(or M1-like macrophages) which are pro-inflammatory and produce pro-inflammatory 

cytokines such as interleukin-1b (IL-1b) and 2) alternatively activated (or M2-like 

macrophages), which are anti-inflammatory which release cytokines such as IL-10 and 

TGFb (Fig.35). Their phagocytic capacity is remarkable, but their function goes far 

beyond eliminating foreign bodies and threats. These cells actively regulate the innate 

and adaptive immune system responses by releasing chemotactic chemokines to 

facilitate other myeloid cell type recruitment. Also, they actively participate in recruiting 

the adaptive immune response by presenting antigens to CD4+ T cells (Geissmann et 

al., 2010).  

Figure 35: Macrophage polarization and cytokine release profile and associated 
functions. 
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5.1.3 Adaptive Immune System 

The adaptive immune system comprises T and B cells, both playing major roles against 

infectious pathogens. T cells develop in the thymus from bone marrow-derived 

progenitor cells which eventually give rise to naïve CD4 and CD8 T cells which display 

a diverse repertoire of unique T cell receptors (TCRs) on their cell surface (Love & 

Bhandoola, 2011). Maturation of naïve T-Cells occurs early but their activation only 

happens when these cells are presented to specific antigens. These circulate through 

lymphoid organs and once they interact with an antigen, their activation occurs and, 

consequently, differentiate into effector T cells. Traditionally, these cells recognize Major 

Histocompatibility Complex (MHC-I and MHC-II). Upon antigen presentation via 

macrophages and/or microglia, MHC-II is recognized by CD4+ T cells, which when 

activated can differentiate into TH1, TH2, TH17 and T regulatory effector cells (Galvin & 

C, 2021). Depending on their cytokine profiles, these cell subsets can promote different 

types of inflammatory responses.  

 

When CD4+ T-cells differentiate into TH1 or TH17 they exert mainly a proinflammatory 

response through the release of interferon-gamma (IFNg) or interleukin 17, respectively. 

The release and action of these chemokines lead to the recruitment and polarisation of 

macrophages into a proinflammatory phenotype (cell-mediated response). On the other 

hand, when T-cells differentiate into TH2 or T-regs, their cytokine profile is mainly anti-

inflammatory, through the release of IL-4 and IL-10. TH2 responses trigger a humoral 

response, marked by an anti-inflammatory response through the release of anti-

inflammatory cytokines. Furthermore, Tregs are receiving a lot of attention – these play 

an important role in suppressing and acting on other immune cells, regulating their 

activity. This is possible through the release of IL-10 and TGFb. 
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In addition, another T-cell subtype is produced by the immune system: the CD8+ T-cell. 

This cell type can suppress the immune response and kill targeted cells. These 

differentiate into cytotoxic and suppressor/regulatory T-cells. During an infection, CD8+ 

T-cells are activated after contact with antigen-presenting cells (APCs) and recognize 

MHC-I in secondary lymphoid organs, such as lymph nodes and spleen. Once recruited 

to peripheral site of infection, these cells continue to interact with other hematopoietic 

cells to guide respective terminal differentiation. CD8+ effector T cells release IFN 

gamma once they reach inflamed tissue (N. Zhang & Bevan, 2011). 

 

5.1.4 The Peripheral Immune System and Neuropathic Pain 
 
The bidirectional signalling between the sensory and immune systems was shown to 

contribute to the development and maintenance of chronic pain (Austin & Moalem-

Taylor, 2010; Grace, Hutchinson, Maier, & Watkins, 2014; Malcangio, 2019) (Fig.36). In 

fact, peripheral immune cells have been closely associated with peripheral neuropathic 

pain by influencing nociceptive processing.  
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Figure 36: Bidirectional communication between macrophages and sensory neurons.  

Under neuropathic pain conditions, macrophages polarize preferentially towards a M1-like 

phenotype contributing to the release of proinflammatory mediators such as IL-1b, TNFa, 

NGF, CXCL1, CCL2, PGE2, IL-6, HMGB1, CXCL12 and H2S, which will bind to respective 

receptors located in sensory neurons. These will activate several pathways such as the cyclic 
AMP (cAMP)/protein kinase A (PKA) and phosphatidylinositol-3 kinase (PI3K) which can 

interact and cause TRPA1, TRPV1 and Cav3.2 channel upregulation. On the other hand, 
neuronal transmission is halted by M2-like macrophage-derived IL-10 and opioid peptides 

(such as enkephalins and b-endorphin). Substance P (SP) and miR-21 polarize 
macrophages to a M1-like phenotype, whilst miR-124 skews macrophages into a M2-like 

phenotype. 

 

As mentioned previously, the innate immune response is the first one to be observed. 

Upon peripheral nerve injury, neutrophils are rapidly recruited to the injury site. Here, 

they release proinflammatory mediators to attract and activate other inflammatory cell 

types, such as macrophages (Faurschou & Borregaard, 2003) (Su, Gao, Kaur, & Wang, 

2020).  

 
Nerve resident macrophages result from macrophage infiltration in the late embryonic 

development (Amann & Prinz, 2020) and are the main pool of macrophages in the nerve 

in healthy conditions. In response to injury, either local expansion of resident 

macrophages occurs and/or monocytes leave the bloodstream, migrate to the injury site 

and differentiate into macrophages (Ydens et al., 2020). Both pool of macrophages are 

recruited to phagocyte injured tissue and/or dying leukocytes (efferocytosis) and actively 

aid in Wallerian degeneration. Besides, macrophages are outstanding antigen 

presenting cells, closely bridging together both innate and adaptive immune responses. 

Macrophages persist for long periods post-injury, peaking generally about 14 days after 

injury (Mueller et al., 2003), but this may be model-dependent (Perry, Brown, & Gordon, 

1987; Stratton et al., 2018).  
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In the various model of neuropathic pain, such as CCI, SNL and SNI, macrophage 

function and recruitment have been extensively studied. Several studies have 

demonstrated that by inhibiting macrophage activation and promoting an anti-

inflammatory phenotype (for instance, by boosting IL-10 levels through PPAR-g agonists 

administration) leads to a reduction in mechanical hypersensitivity (Hasegawa-Moriyama 

et al., 2012). Furthermore, different subtypes of macrophages can be found at the injury 

site, with most of these being M1-like macrophages at earlier stages following injury, 

expressing many proinflammatory markers, such as iNOS (Komori, Morikawa, Inada, 

Hisaoka, & Senba, 2011). However, this population of M1-like macrophages is later 

shifted towards a M2-like phenotype, which indicates that macrophages are continuously 

influenced by a blend of cues from their microenvironment, suggesting that their own 

phenotype is not fixed and is, indeed, highly plastic. In fact, a study has shown that by 

day 3 following injury, many macrophages within injured nerves expressed CD86+ 

CD206- phenotype, consistent with a proinflammatory profile. However, by day 14, most 

macrophages were either expressing both receptors and not expressing any at all, 

suggesting the presence of a hybrid population at the specific timepoint (S. Lee, Shi, 

Fan, West, & Zhang, 2018). There is also evidence for neuron-to-macrophage 

communication through extracellular vesicles after nerve injury. In fact, following injury, 

an upregulation of miR-21 occurs in the DRG and respective release from nociceptors 

results in phagocytosis mediated by macrophages. Internalization of these microRNAs 

leads to neuropathic pain exacerbation, through the polarisation of macrophages into 

their M1-like type (Simeoli et al., 2017). These data highlight the active macrophage-

sensory neuron interaction and sheds light on the role of macrophages as peripheral 

pain regulators. 

   

Adaptive immune differences are observed in models of neuropathic pain. T-cells, 

especially those which promote a TH1 response, release interferon-g and may actively 
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contribute to pain responses (Costigan et al., 2009). Genetically ablating T-cells leads to 

a reduction in pain sensitivity compared to controls following nerve injury, indicating that 

T-cells, under neuropathic conditions, contribute to pain-like behaviours (Costigan et al., 

2009; Vicuna et al., 2015). T-cell infiltration of the sciatic nerve in rodents peaks at 21-

28 days following injury, with minimal detection 3 days after CCI (Moalem, Xu, & Yu, 

2004). Their presence after injury represents almost 10% of the infiltrating immune cells 

(Labuz et al., 2009), however, for this to occur, innate immune cells need to infiltrate the 

injured nerve beforehand and be antigen-presenting cells to recruit these cells (Y. 

Kobayashi et al., 2015). Neutralization or depletion of CD4+T-cells influences 

neuropathic pain development following PSNL (Y. Kobayashi et al., 2015). 

Administration of CD4+T-cells in nude mice (with both ablation of T and B cells) rescues 

mechanical hypersensitivity (Cao & DeLeo, 2008) suggesting that T-cells are important 

mediators for the development of mechanical allodynia. Despite these results 

showcasing a detrimental of T-cells in neuropathic pain, the effect of these populations 

highly depended on the type of T-cell response. Tregs, a particular T-cell subtype, were 

recently shown to have a beneficial effect on suppressing neuropathic pain (Austin, Kim, 

Perera, & Moalem-Taylor, 2012) through inhibiting TH1 response at the site of peripheral 

nerve injury and through release of IL-10 (Davoli-Ferreira et al., 2020). Furthermore, 

depleting this cell type leads to increased mechanical hypersensitivity and modulates 

systemic cytokine levels, which may act to influence neuropathic pain (Lees et al., 2015). 

 

In summary, there is ample evidence for an interplay between the peripheral immune 

system and neuropathic pain development (as well as with the nociceptive system) which 

may provide new strategies through neuroimmune manipulation for the treatment of 

chronic neuropathic pain. 
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5.1.5 The Peripheral Immune System and Alzheimer’s Disease 
 

Initial studies in the AD field using rodent models suggested that peripheral immune cells 

infiltrate the CNS and are observed near the areas of pathology (Fiala et al., 2002; 

Merlini, Kirabali, Kulic, Nitsch, & Ferretti, 2018). In fact, some reports demonstrated an 

augmented presence of grafted monocytes in close contact with amyloid plaques in 

chimeric mice models, whose amyloid clearance was highly dependent on CCR2+ cells 

(Naert & Rivest, 2012b).  

Nevertheless, recent evidence resulting from ablating bone-marrow derived microglia or 

dendritic cells in AD  models led to increased amyloid plaques deposition and worsened 

cognitive function (Butovsky, Kunis, Koronyo-Hamaoui, & Schwartz, 2007; Simard, 

Soulet, Gowing, Julien, & Rivest, 2006).  The recruitment of peripheral immune cells into 

the brain has been extensively studied, however, amyloid-b peptides are also detected 

in the blood of AD patients (Risacher et al., 2019) and AD mice  (Yoo et al., 2017). The 

vascular aggregated forms of Ab are influenced by Ab efflux across the BBB (G. F. Chen 

et al., 2017; K. F. Roberts et al., 2014). Evidence that brain-derived Ab is physiologically 

catabolized in the periphery was observed through analysing Ab content in different 

arteries and veins (Xiang et al., 2015). As such, it wouldn’t be surprising that circulating 

blood cells and respective mechanisms would be influenced by the presence of these 

pathological peptides. Effectively, Ab1-42 uptake by blood monocytes from AD patients 

was shown to be reduced, potentially due to impaired Ab recognition by monocytes (S. 

H. Chen et al., 2020). In contrast, another study observed that basal phagocytic ability 

of human monocytes from AD patients was increased (B. J. Gu et al., 2016). As such, 

further studies on peripheral monocytes are warranted to open insights into the 

mechanisms of Ab clearance and accumulation.  

 

Along with monocytes, neutrophils are also important components of the innate immune 

system. A recent study using AD transgenic mice and microPET revealed neutrophil 
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accumulation in the AD brain which, consequently, contributed to the activation of 

microglia (Kong et al., 2020; Zenaro et al., 2015).  

 

Despite being highly implicated in recent GWAS studies, the role of the adaptive immune 

system remains controversial (S. E. Marsh et al., 2016; Spani et al., 2015). The first 

active immunotherapy strategy for Alzheimer’s disease (AN1792) caused severe side 

effects to a small cohort of patients in phase II, leading to meningoencephalitis 

(Monsonego et al., 2006; Orgogozo et al., 2003). This pathology developed because of 

the vaccine-induced T-cell responses, suggesting a negative effect of amyloid-b on T-

cells. T-cells in  brain parenchyma are found  in post-mortem brains of AD patients (Togo 

et al., 2002) and AD mice  (Browne et al., 2013). The effect of T-cells, namely CD4+ T-

cells, is highly dependent on the type of effector:  a TH1 response results in increased 

amyloid-b clearance and encephalitis , whereas a CD4+ T-Cell TH2 mediated response 

improves cognitive function and prevent synaptic degeneration (Ghosh et al., 2021). In 

addition, increased presence of Tregs (CD4+Foxp3+ cells) correlates with 

immunosuppressive activities in AD patients (Torres et al., 2013). However, whether T 

cell responses play a beneficial or detrimental role in AD remains puzzling. While some 

evidence suggests they exert neuroprotective effects on the disease pathology (Baek et 

al., 2016; Dansokho et al., 2016), others report aggravating effects (Baruch et al., 2015). 

For what concerns CD8+ T-Cells, a recent study found an upregulation of this cell type in 

peripheral blood, and this upregulation was negatively correlated with cognitive function 

(Gate et al., 2020). Also, this T-cell subtype once it infiltrates the brain can contribute to 

neuronal dysfunction and impairment of synaptic plasticity (Unger et al., 2020).  

 

Differences are also detected in the humoral immune response mediated by B cells. The 

discovery that peripheral blood B cells from an AD patient could secrete antibodies that 

specifically recognize amyloid-b peptides (Gaskin, Finley, Fang, Xu, & Fu, 1993) 
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showcased the potential of using Ab-specific antibody clones to slow down AD 

pathology, without engaging T-cells, and avoiding previously observed side effects with 

antibodies developed lacking the T-lymphocyte epitope. In addition, peripheral 

immunoglobulin (IgGs) subsets are dysregulated in AD. IgGs which were nonresponsive 

to amyloid were elevated in 5xFAD mice and upon migration into the brain, these were 

capable of enhancing microglial phagocytosis and promote  amyloid-b clearance (S. E. 

Marsh et al., 2016). In contrast, another study has shown detrimental effects mediated 

by B-cells. Accordingly, the absence of B cells is sufficient to reduce Ab plaque burden 

and microglial activation (K. Kim et al., 2021). 

 

Taken together, these findings support the notion that under AD neurodegenerative 

conditions recruitment of immune cells to the CNS occurs to mitigate and/or to 

exacerbate neuroinflammatory responses. Furthermore, the efflux of amyloid-b peptides 

into the periphery may mediate changes in blood peripheral immune cells and influence 

their phenotype and mechanism of action. 
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5.2 Chapter Aims 
 
We wondered whether an increased peripheral opioidergic tone would attenuate the 

severity of neuropathic allodynia in TASTPM mice. Therefore, considering that peripheral 

immune cells such as macrophages invade the injured sciatic nerve and M2-like 

macrophages can secrete opioids peptides, we proposed to address the following 

objectives in TASTPM mice:  

1) Examine whether administration of naloxone methiodide which does not cross 

the BBB affects neuropathic allodynia. 

2)  Assess the peripheral immune response at the site of injury in SNI. 

3)  Determine whether TASTPM macrophages express met-enkephalin. 
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5.3 RESULTS 
 
 
Our previous results outlined in chapter II and III suggest the occurrence of an increased 

opioidergic tone coupled to attenuated development of allodynia in nerve injured 

TASTPM mice. Considering that we did not gather significant results to support a 

supraspinal opioid mechanism in the RVM, we wondered whether such an opioidergic 

tone would be maintained by peripheral mechanisms. 

 

5.3.1 TASTPM show reduction in paw withdrawal thresholds after naloxone 
methiodide administration revealing an increased peripheral opioidergic 
tone. 

 
To evaluate possible opioid-mediated peripheral mechanisms in TASTPM, mice 

received a systemic injection of naloxone methiodide (1 mg/kg) 14 days following injury. 

Before naloxone methiodide injection, a decreased mechanical sensitivity could be 

observed in TASTPM SNI (0.27 ± 0.17) when compared to the WT SNI group (0.07 ± 

0.05), clearly indicating development of mechanical allodynia in the control group, which 

was attenuated in the nerve injured TASTPM group (Fig.37). After injection, both 

TASTPM Sham and SNI groups displayed significant reduction in paw withdrawal 

thresholds. In fact, TASTPM SNI thresholds (0.04 ± 0.03) matched WT allodynic 

thresholds (0.04 ± 0.03), suggesting that endogenous opioids in the periphery exert 

antinociceptive effects in TASTPM.   
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Figure 37:  Mechanical allodynia in TASTPM mice in SNI is exacerbated by a 

peripheralized opioid receptor antagonist.  
 
Single systemic injection of naloxone methiodide (1mg/kg) at day 14 after SNI in WT and 

TASTPM mice. Mechanical thresholds are reduced in injured (*p < 0.05) and sham (**p < 
0.01) TASTPM mice 30 minutes after naloxone methiodide. Values are presented as mean 
± SEM (n = 7-12 mice per group for naloxone methiodide administration), two-way ANOVA 

repeated measures followed by Tukey’s test.  

 

Evidence indicates that at the injury site, dedifferentiation of resident Schwann cells 

occurs along with a dynamic infiltration of systemic immune cells (Rotshenker, 2011). 

Immune cells, such as macrophages and/or T-cells, are known to release opioid peptides 

(Machelska & Stein, 2002; Rittner et al., 2001). These bind to opioid receptors located 

in primary sensory neurons which reduce neuronal electrical activity and, consequently, 

show anti-nociceptive properties.  
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5.4  Macrophages (F4/80+ cells) and CD4+ T-cells are upregulated in the sciatic 
nerve of injured TASTPM mice. 

 
Seven days following injury, we detected significant changes in macrophage (CD11b+ 

F4/80+ cells) and CD4+, but not CD8+ T-cell numbers in WT and TASTPM injured sciatic 

nerve (Fig.38A-E). Specifically, macrophage numbers were increased in injured nerve of 

WT and TASTPM compared to sham controls, but numbers were comparable between 

WT and TASTPM injured nerves (Fig.38A, C). However, neither CD4+ nor CD8+ T-cell 

number increase reached significance in WT and TASTPM nerves (Fig.38D, E).  

 

 Thus, at day 7 SNI, macrophages populate both WT and TASTPM injured nerve. 

Therefore, we moved attention to day 14 and day 21 SNI.   
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Figure 38: Macrophages (CD11b+ F4/80+ cells) and CD4+ T cells populate injured sciatic 

nerve of TASTPM mice at day 7 after SNI.  
 
Representative scatterplots of macrophages (A) and CD4+/CD8+ T cells (B) in the sciatic 
nerve of TASTPM and WT mice 7 days following injury. Quantification of macrophage 
(CD11b+ F480+ cells) (C), CD4+ T Cell (D), CD8+ T cell (E) numbers. Data are 

mean ± S.E.M., N=4-5 each group. *p < 0.05, **p <0.01 and ***p <0.001, one-way ANOVA 
repeated measures followed by Tukey’s multiple comparison test. 
 

5.4.1 CD3+ T-cells and Macrophages (F4/80+ cells) are upregulated in the sciatic 
nerve of injured TASTPM mice 14 days following injury. 

 
To verify whether these cell populations were altered in the sciatic nerve 14- and 21-

days following injury, flow cytometry was conducted and F4/80+ CD11b+ cells 
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(macrophages and used CD3 marker for T cells as this is a defining feature of the T-cell 

lineage) were determined (Fig.39). Fourteen days following injury, number of CD3+ T-

cells were higher in TASTPM, but not WT injured nerves (Fig.39A-B). However, at day 

21 SNI CD3+ T-cell population increased considerably in WT nerves and reached similar 

values to TASTPM (Fig.39C-D). Our data suggest that T-cells infiltrate the injury site, 

and these are seen at earlier timepoints and in much higher quantity in the sciatic nerve 

of TASTPM SNI. 

 

Concerning macrophages, as expected, in WT CD11b+ F4/80+ cell number at the site of 

nerve injury were higher than in sham-injured nerves, they peaked at day 7 and slowly 

declined at days 14 and 21 SNI (Fig. 40A, B and E). Similarly, in TASTPM Injured nerves 

macrophage (CD11b+ F4/80+ cells) numbers were higher than in sham nerves, peaked 

at day 7 and declined at days 14 and 21 (Fig.40C, D and E). However, TASTPM 

macrophage number in the sciatic nerve significantly outnumbered those found in injured 

WT mice at day 14 following injury (Fig.40E).  
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Figure 39: CD3+ T cell numbers are higher in injured sciatic nerve of TASTPM mice at 

day 14 SNI. 

Representative scatterplots of CD3+ T cells 14 (A) and 21 (B) days after SNI. (C, D) Bar 

charts corresponding to CD3+ T cell numbers in the sciatic nerve 14 and 21 days after injury. 
CD3+ T cell numbers are higher in the sciatic nerve 14 (C) days following injury in the injured 

TASTPM mice, but not 21 (D) days following surgery. Data are mean ± S.E.M., N=3-7 each 
group. *p < 0.05 and ***p <0.001, one-way ANOVA repeated measures followed by Tukey’s 

multiple comparison test. 
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Figure 40: TASTPM mice show increased macrophages pool at the injury site at day 14 

following injury. 

(A, B, C, D) Gating strategy and representative scatterplots of macrophages from ipsilateral 
sciatic nerves obtained from WT mice or TASTPM mice, on day 7, 14 and 21 after SNI injury. 
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Numbers in gates refer to the percentage of positive cells for each specific marker. Cells 

were gated on F4/80+ and CD11b+ and macrophages were defined as CD11b+F4/80+ cells. € 
Bar charts represent cell absolute number in the sciatic nerve of macrophages 

(CD11b+F4/80+). Data are mean ± S.E.M., N=4-10 for each group. *p < 0.05, two-way 
ANOVA repeated measures followed by Tukey’s multiple comparison test.  

 
Our data suggests a stronger immune response to nerve injury in TASTPM, with T-cell 

and macrophage infiltration and/or local expansion being more pronounced at 14 days 

after SNI.  

 

5.4.2 CD4+ and CD8+ T-cell numbers are lower in the bloodstream of injured 
TASTPM mice 7 days following injury. 

 

The increased presence of T-cells and macrophages at the injury site suggested cell 

infiltration from blood flow. In hours to days, monocyte-derived macrophages infiltrate 

the damaged nerve whilst T-cells infiltrate at later stages, peaking 21 days following 

injury (Moalem et al., 2004). The route taken by T-cells to infiltrate is not entirely known, 

however they possibly infiltrate through blood vessels or via lymphatic vessels (Du et al., 

2018). As such, we quantified the proportion of circulating CD4+ and CD8+ cells in 

bloodstream and compared numbers to those obtained at the injury site.  

Seven days following injury, we observed a significant increase in circulating CD4+ and 

CD8+ T cells in WT SNI  but not in TASTPM SNI (Fig. 41A, B, C). However, T cell 

numbers in blood were altered in neither WT nor TASTPM at day 14 and 21 SNI 

(Fig.41D-G).   
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Figure 41: More CD4+ and CD8+ T cells in the bloodstream of WT mice 7 days following 

injury. 

Representative scatterplots of CD4+ T cells 7 (A) days after SNI. (B-H) Bar charts 
corresponding to CD4+ T cells in blood circulation 7 (B), 14 (C) and 21 (D) days after injury, 

and to CD8+ T cells 7 (E), 14 (F) and 21 (G) following SNI. Data are mean ± S.E.M., N=3-7 
each group. *p < 0.05 and ***p <0.001, one-way ANOVA repeated measures followed by 

Tukey’s multiple comparison test. 

 

5.4.3 Presence of monocytes (Ly6C+ Ly6G- cells) is diminished in TASTPM 
bloodstream.  

 
Although proliferation of local resident macrophages cannot be ruled out, after nerve 

injury the infiltration of blood monocytes occurs in a much larger extent (Ydens et al., 

2020). Thus, we examined blood monocytes at days 7,14 and 21 after SNI in WT and 

TASTPM and observed that the proportion of circulating monocytes and Ly6C 

expression were genotype- and injury- dependent. Specifically, circulating monocytes 

(CD11b+ LyC6+ Ly6G- cells) proportion in WT sham and SNI were comparable at days 

7, 14 and 21 (Fig. 42A-F). Instead, TASTPM displayed significantly lower proportion of 

LyC6+/Ly6G- cells compared to WT under both sham and SNI conditions (Fig. 42A-D) 

indicating the occurrence of monocytopenia.  
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Figure 42: Circulating monocytes (CD11b+/Ly6C+/Ly6G-) are decreased in TASTPM 

mice. 

(A, C, E) Representative scatterplots of circulating monocytes (CD11b+/Ly6C+/Ly6G- cells) 

from peripheral blood obtained from WT mice or TASTPM mice on day 7, 14 and 21 after 
SNI injury. Numbers in gates refer to the percentage of positive cells for each specific marker. 
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Cells were gated on CD11b and then on Ly6C and Ly6G and circulating monocytes were 

defined as CD11b+/Ly6C+/Ly6G-. (B, D, F) Bar charts representing percentage of monocytes 
(CD11b+/Ly6C+/Ly6G-) on day 7 (B), 14 (D) and 21 (F) after SNI. Data are 

mean ± S.E.M., N=4-7 for each group. *p < 0.05, one-way ANOVA repeated measures 
followed by Tukey’s multiple comparison test. 

 

5.4.4 Less proportion of non-classical monocytes (Ly6C+ Ly6G- cells) is 
observed in TASTPM bloodstream.  

 

Taking into consideration that classical monocytes (Ly6Chigh) infiltrate the site of injury in 

response to inflammatory chemokines (Kalinski et al., 2020), we examined the proportion 

of circulating Ly6Chigh and Ly6Clow monocytes in WT and TASTPM at days 7,14 and 21 

after SNI. In WT Ly6Chigh proportion were significantly higher in SNI than sham at day 7, 

higher than sham at day 14 and lower than sham at day 21 (Fig. 43A, B). Ly6Clow 

proportion were significantly lower at day 7, lower in SNI than sham at day 14 and higher 

than sham at day 21 (Fig. 43A, C). In TASTPM Ly6Chigh monocyte proportion were higher 

in SNI than sham at day 7 and day 21 and significantly higher than sham at day 14 (Fig. 

43A, D). Ly6Clow proportion were significantly lower in SNI than sham at day 14 and not 

different at days 7 and 21 (Fig. 43A, E). These data provide evidence for an increase of 

circulating classical monocytes in concomitance to nerve injury and support the notion 

that monocytes leave the bone marrow and circulate in blood on their way to infiltrate at 

the injury site (Kratofil, Kubes, & Deniset, 2017). However, whilst in WT at day 14 

following SNI the distribution of Ly6Clow and Ly6Chigh was in favour of classical 

monocytes, in TASTPM SNI the opposite was true, and classical monocytes down 

numbered non-classical monocytes (Fig. 43F, G).  

Thus, we hypothesised that the nature of the macrophage infiltrate may be different 

between WT and TASTPM and focused on nerve injury site at day 14 after SNI based 

on the following considerations: i) TASTPM macrophage numbers were significantly 

higher than WT, ii) mechanical allodynia was established in WT but not in TASTPM at 
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this time point and iii) naloxone methiodide revealed the existence of a peripheral 

inhibitory tone that prevented development of allodynia in TASTPM. 
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(A) Figure 43: Non-classical Ly6Clow monocytes are predominant in bloodstream of 

TASTPM mice at day 14 after injuryA) Representative contour plots of circulating Ly6Clow 

and Ly6Chigh from peripheral blood obtained from WT mice or TASTPM mice on day 14 after 

SNI injury. Numbers in gates refer to the percentage of positive cells for each specific Ly6C 
population. Cells were gated on Ly6C and Ly6G and Ly6C expression was further assessed. 

(B, D) Bar charts representing percentage of Ly6Chigh monocytes in WT (B) and TASTPM 
(D) mice on day 7,14 and 21 following injury. (C, E) Bar charts representing percentage of 

Ly6Clow monocytes in WT (C) and TAST€(E) mice on day 7,14 and 21. (F) Bar charts and 
representative mean fluorescence intensity (MFI) histogram representing percentage of 

Ly6Chigh and Ly6Clow monocytes in WT and TASTPM mice on day 14 after injury. (G) Pie 
charts indicating increased proportion of Ly6Clow monocytes in injured TASTPM mice as 
opposed to injured WT mice. Data are mean ± S.E.M., N=3-7 for each group. *p < 0.05, ***p 

< 0.001, compared to control, Unpaired Student’s t-test. 

 
 

5.4.5 Isolation and gene expression analysis hints for decreased Ccr2 
downregulation and PENK overexpression in TASTPM blood monocytes 

 
We isolated through a negative selection method and characterised blood monocytes 

from all the experimental groups 14 days following injury.  

To ascertain that the isolation was conducted properly, we performed flow cytometry and 

determined the isolation purity. In fact, nearly 70% of the isolated cells from the negative 

selection were indeed monocytes (Fig.44A). 

 

In addition, we assessed mRNA expression levels of known monocyte markers, namely 

Ccr2 and Cx3cr1. Despite a low number of samples available to carry out this technique 

(due to the low yield of cells obtained from a single animal), we   detected a trend for 

reduction of Ccr2 expression in TASTPM monocytes (Fig.44B), in line with what we 

observed regarding Ly6C expression. We also determined expression levels of Cx3cr1, 

however we detected no alterations of this gene expression in any experimental groups 

(Fig.44C). Finally, considering our interest in peripheral opioids we assessed levels of 

PENK in blood monocytes given that monocytes  have the ability to release enkephalins 
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(Kuis, Villiger, Leser, & Lotz, 1991). Despite facing the same issue regarding sample 

number, a possible increase in mRNA expression of PENK  in TASTPM Sham 

monocytes might be at play in blood cells  of TASTPM mice (Fig.44D), if sample number 

is increased.  

 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44: TASTPM blood monocytes might express PENK mRNA and decreased Ccr2 

mRNA if sample number is increased. 

 (A) Monocyte gating strategy and isolation purity ≥ 70% confirm isolation of monocytes from 

blood. (B-D) Ccr2 (B), Cx3cr1 (C) and PENK (D) mRNA relative expression in isolated blood 
monocytes. Data are mean ± S.E.M., N=1-4 each group. one-way ANOVA repeated 

measures followed by Tukey’s multiple comparison test when N was superior to 1. 
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W
T 

Sha
m

W
T 

SNI

TA
STP

M S
ha

m

TA
STP

M S
NI 

0.00

0.02

0.04

0.06

0.08

C
cr

2 
R

el
at

iv
e 

E
xp

re
ss

io
n

 

W
T S

ham

W
T S

NI

TA
STPM S

ham

TA
STPM S

NI 
0.0000

0.0005

0.0010

0.0015

C
x3
cr
1 

re
la

tiv
e 

ex
pr

es
si

on

W
T S

ham

W
T S

NI

TA
STPM S

ham

TA
STPM S

NI 
0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

PE
N
K

 R
el

at
iv

e 
E

xp
re

ss
io

n

B C D 

A 

SS
C-

A 

FSC-A 

FS
C-

W
 

FSC-H 

FS
C-

H 

CD11b 

Ly
6G

 

Ly6C 



 195 

nerve injury.  We employed flow cytometry and quantified cells expressing two markers: 

CD206, traditionally expressed by anti-inflammatory macrophages, and MHCII, 

commonly upregulated in pro-inflammatory macrophages. 

 

5.4.5 Macrophages present in injured TASTPM sciatic nerve display 
CD206+/MHCII- (M2-like) phenotype 14 days following injury. 

 

Thus, in WT we found that CD206-/MHCII+ cells (M1-like macrophages) were 

significantly higher in SNI compared to sham nerves (Fig. 45A, B). In a similar fashion, 

CD206+/MHCII- cells (M2-like macrophages) were higher in SNI than in sham nerves 

(Fig. 45A, C). Similarly, to WT in TASTPM, we observed that both CD206-/MHCII+ cells 

and CD206+/MHCII- cells were significantly more numerous in injured than sham nerves 

(Fig. 45A, C). However, M2-like population (CD206+/MHCII-) was significantly higher in 

TASTPM than WT at the site of nerve injury (Fig. 45 C, D). 

 

These data indicate that at day 14 after SNI both M2-like macrophages (reparative) and 

M1-like macrophages (pro-inflammatory and pro-nociceptive) “home” the sciatic nerve 

in similar number in WT mice. Instead, in TASTPM M2-like macrophages are significantly 

more abundant than M1-like macrophages and they may contribute to the attenuation of 

allodynia in TASTPM via anti-nociceptive mechanisms at the nerve injury site (Pannell 

et al., 2016). 
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Figure 45: TASTPM macrophages at injury site skew towards a M2-like phenotype 

(CD206+/MHCII-).  

 (A) Representative scatterplots of expression of CD206 (M2-like) and MHCII (M1-like) 
markers in macrophages from ipsilateral sciatic nerves obtained from WT mice or TASTPM 

mice on day 14 after SNI injury. Numbers in gates refer to the percentage of positive cells for 
each specific marker. CD11b+/F4/80+ double positive population was defined as 

macrophages, and further evaluated for CD206 and MHCII expression. M2-like 
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macrophages were CD206+MHCII- whilst M1-like macrophages were referred to as CD206-

/MHCII+. (B, C) Bar charts representing absolute cell numbers of different macrophage 
population in the sciatic nerve. (B) CD206-/MHCII+ macrophages at injury site and (C) 
CD206+/MHCII- macrophages at injury site. (D) CD206+/MHCII-/ CD206-/MHCII+ ratio at the 
injury site. Data are mean ± S.E.M., N=4-10 for each group. *p < 0.05, **p < 0.01, 

***p < 0.001, one-way ANOVA repeated measures followed by Tukey’s multiple comparison 
test. 

The ratio of infiltrating macrophages to resident macrophages in the sciatic nerve after 

transection is around 3 to 1 (Mueller et al., 2003). Most infiltrating macrophages originate 

from bone marrow-derived monocytes (Mildner, Marinkovic, & Jung, 2016). Considering 

our data on monocytes and macrophage presence at the injury site, we wondered 

whether these changes would be reflected on peripheral organs, such as the bone 

marrow or the spleen, in which both innate and adaptive responses can be efficiently 

mounted, playing an important role in immune homeostasis. 

 

We then wondered whether bone marrow macrophages (F4/80+ cells), monocyte (Ly6C+ 

Ly6G- cells) and neutrophil (Ly6G+ cells) populations would be influencing the differences 

we observed in the blood and injury site. Thus, we performed flow cytometry and 

assessed these innate immune cell populations. 

 

5.4.6 Monocytes (Ly6C+ Ly6G- cells) are upregulated in the bone marrow of 
injured TASTPM mice. 

 
To determine whether peripheral nerve injury leads to increased production of immune 

cells, we assessed bone marrow absolute cell number (Fig.46B). As shown, the number 

of cells substantially increased in both WT SNI and TASTPM SNI in comparison to 

respective sham controls, clearly indicating that upon nerve injury, the bone marrow 

actively produces more immune cells, potentially due to cell-specific high demand 

(Seyfried, Maloney, & MacNamara, 2020). These may be released into the bloodstream 

and recruited to the injury site.  
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We also determined monocyte (Ly6C+ Ly6G- cells) and neutrophil (Ly6G+ cells) cell 

number in the bone marrow as we did for the spleen (Fig.46A, C and D). The number of 

monocytes (Ly6C+ Ly6G- cells) in the bone marrow was upregulated in TASTPM SNI 

(Fig.46C). The latter was also upregulated in the WT injured group, suggesting that 

monocytes are produced in similar fashion in both groups. In what concerns neutrophils  

(Ly6G+ cells), the number remained identical between all the experimental groups 

(Fig.46D).  

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 46: Monocytes are upregulated in the TASTPM bone marrow 14 days following 

injury. 
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 Representative scatterplots of monocytes (Ly6C+ Ly6G- cells) and neutrophils (Ly6G+ cells) 

(A) 14 days after SNI. (B-D) Bar charts corresponding to absolute cell number (B), monocyte 
(Ly6C+ Ly6G-) cell number (C) and neutrophil (Ly6G+ cells) cell number (D). Following SNI, 

bone marrow from either TASTPM and WT mice show increased absolute cell number (B) 
and monocyte cell number (C). No differences are observed regarding the neutrophil 

population (F) between all experimental groups.  Data are mean ± S.E.M., N=7-9 each group. 
*p < 0.05, **p < 0.01 and ***p <0.001, one-way ANOVA repeated measures followed by 
Tukey’s multiple comparison test. 

5.4.7 No changes are observed in immune cell populations in the spleen 14 days 
following injury. 

 
Following collection of the spleen, we conducted flow cytometry to detect number of 

splenic monocytes (Ly6C+ Ly6G- cells) and neutrophils (Ly6G+ cells) (Fig.47A, C, D).  

 

Firstly, we didn’t observe differences in the splenic absolute cell number 14 days 

following injury, suggesting that peripheral nerve injury does not cause splenomegaly 

(Fig.47B). Furthermore, no significant changes are observed regarding the number of 

monocytes (Ly6C+ Ly6G- cells) (Fig.47C). In addition, no differences were observed 

between injured TASTPM and WT mice regarding these cell types, suggesting that the 

spleen acts similarly in both genotypes after nerve injury. Surprisingly, a significant 

increased number of splenic neutrophils are observed in the TASTPM SNI group when 

comparing to respective sham control – however, this is not observed in the WT group 

(Fig.47D). Despite this upregulation, neutrophil cell number remained identical when 

comparing both injured groups, suggesting that the differences observed regarding 

mechanical allodynia may not be explained by this alteration, which occurs only in the 

spleen of injured TASTPM mice. However, these results may be influenced by the 

different number of animals present in each experimental group, whose conclusions may 

be reinforced by an increase in animal number. 

The absence of significant changes in these immune cell populations in the spleen 14 

days following injury may suggest (despite similar n between all experimental groups) 
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that immune response is similar between both WT and TASTPM mice, and peripheral 

nerve injury does not significantly influence splenic immune response. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 47: Lack of changes are observed in splenic monocyte cell population in the 

TASTPM 14 days following injury.  

Representative scatterplots of (A) monocytes (Ly6C+ Ly6G) and neutrophils (Ly6G+ cells) in 

the spleen 14 days after SNI. (B-D) Bar charts corresponding to absolute cell number (B), 
monocyte (Ly6C+ Ly6G-) cell number (C) and neutrophil (Ly6G+ cells) cell number (D). 
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Following SNI, spleen from either TASTPM and WT mice do not show alterations in absolute 

cell number (B) and monocyte cell number (C). In contrast, only in TASTPM mice, an 
increased number of neutrophils (Ly6G+) (D) are observed at day 14. Data are 

mean ± S.E.M., N=3-7 each group. *p < 0.05, one-way ANOVA repeated measures followed 
by Tukey’s multiple comparison test. 

 
In summary, our data suggests that TASTPM mice may be resistant to the development 

of neuropathic allodynia due to opioid inhibitory tone that, in the periphery, is possibly 

mediated by infiltrating immune cells, mainly by macrophages which release opioids at 

the site of nerve injury.  In addition, TASTPM mice display monocytopenia, associated 

with less classical monocytes circulating in blood after SNI. Finally, these alterations 

were coupled with an increased pool of macrophages in the TASTPM SNI bone marrow, 

suggesting that peripheral immune mechanisms are at play in this animal model of AD 

following nerve injury. 
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5.5 Chapter Key Findings 
 

Chapter VI has provided compelling evidence that the peripheral immune system 

response to peripheral nerve injury occurs differently in the TASTPM mice. We reported:  

 

- Pro-nociceptive effect of naloxone methiodide in both sham and injured TASTPM 

mice 14 days following injury; 

 

- Increased number of macrophages (F4/80+) at the injury site comparatively to 

WT counterparts 14 days following SNI. 

 

- CD3+ T cell number was also augmented in injured sciatic nerve from TASTPM 

mice 14 days following injury. 

 

- We detected monocytopenia in the TASTPM genotype throughout the entire 

experiment and observed a different pattern of Ly6C expression in injured 

TASTPM blood monocytes. Briefly, while classical monocytes were mainly 

present in the WT SNI bloodstream, non-classical monocytes proportion 

completely outnumbered these in the TASTPM SNI. 

 
- While M1- and M2-like macrophages displayed similar numbers in the WT SNI 

group, M2-like macrophage number was increased at the injury site in TASTPM 

mice. 

 
- Both the bone marrow and the spleen operated similarly in both injured WT and 

TASTPM groups, suggesting that main differences may be caused once 

monocytes extravasate to the blood. 
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In summary, our data provided compelling support for an increased peripheral 

opioidergic tone and attenuated mechanical allodynia, mediated by peripheral immune 

cells. 
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5.6 DISCUSSION 
 

We defined a new mechanism by which opioid peptides influence the development of 

mechanical allodynia through interaction between the injured nerve and the peripheral 

immune system.  Naloxone methiodide, a non-CNS penetrant opioid receptor antagonist, 

which primarily binds to peripheral opioid receptors, led to a reduction in paw withdrawal 

thresholds in both sham and injured TASTPM groups with the SNI group reaching similar 

allodynic levels as those observed in the WT SNI group. These results further support 

our previous observation regarding an increased opioidergic tone in this animal model. 

The presence of an increased peripheral opioidergic tone in our sham TASTPM group 

suggested that lack of mechanical hypersensitivity after peripheral nerve injury itself is 

potentially already diminished by an intrinsic peripheral opioidergic tone that is present 

in the TASTPM Sham mice. Our data suggests that only after sham and peripheral nerve 

injury an increased peripheral opioidergic tone can be observed in the TASTPM mice, 

14 days following injury. 

 

As previously mentioned, following nerve injury, several immune cells are recruited 

through the release of adhesion and chemotactic mediators. Neutrophils are one of the 

first responders, with their presence generally peaking a few hours following infiltration 

(Ellis & Bennett, 2013; Kumar & Sharma, 2010), followed by monocytes which 

extravasate from circulation into the injured nerve and differentiate into macrophages 

(Kalinski et al., 2020). Cells from the adaptive immune system are only detected a few 

weeks later (Moalem et al., 2004). We observed a modest increase in CD4+ T-cell 

number in the injured TASTPM mice, which wasn’t present in the sciatic nerve from the 

WT SNI group 7 days following injury. However significantly different, one can argue the 

biological relevance regarding T-cell infiltration. In fact, whilst injured WT animals reveal 

approximately 10 CD4+T-cells in the sciatic nerve, animals from the TASTPM SNI group 

display around 30 CD4+T-cells, which may not account for differences in mechanical 
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sensitivity. In line with previous reports, T-cell infiltration is observed 7 days following 

injury in wild-type mice (Moalem et al., 2004), but in much higher degree at later 

timepoints following nerve trauma. 

 

Having in mind the role of macrophages in Wallerian degeneration and sciatic nerve 

regeneration (P. Chen, Piao, & Bonaldo, 2015), we expected to detect a high number of 

macrophages in the sciatic nerve of both injured groups. Undeniably, the number of 

macrophages at the injury site completely outnumbered T-cell number, reaching more 

than 10000 cells in both injured genotypes.  

Strikingly, injured TASTPM mice revealed a substantial increase in CD3+ cells (a 

classical marker for the entire T-cell population) in comparison to injured WT mice sciatic 

nerve. While the presence of T-cells in the sciatic nerve and other key areas along the 

pain pathway, such as the spinal cord (Leger, Grist, D'Acquisto, Clark, & Malcangio, 

2011), has been linked with increased sensitivity to mechanical stimulation, the 

increased expression of CD3+ suggests that T-cells are present in the injured nerve in 

much larger extent in the TASTPM mice than in WT mice. However, this upregulation is 

completely abrogated at day 21 after injury, in which the number of CD3+ cells in the 

injured WT sciatic nerve peaks, as reported by some studies (Austin et al., 2012; Moalem 

et al., 2004). The increased presence of T-cells at the injury site in the TASTPM mice 14 

following injury may positively influence the peripheral increased opioidergic tone we 

have observed in the TASTPM mice. In fact, T-cell-derived enkephalins show an 

analgesic effect (Basso et al., 2018; Boue et al., 2014) and are able to inhibit TH1 and 

TH17 immune responses, which have been associated with allodynia (Cao & DeLeo, 

2008; C. F. Kim & Moalem-Taylor, 2011). Furthermore, the infiltration of T-cells is highly 

dependent on innate immune cells, given that injections of clodronate-liposome 

treatment abolish the infiltration of CD4+T-cells (Y. Kobayashi et al., 2015). However, an 

increased CD3+ expression only reflects an increase in the population number – to further 
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ascertain which immune response is being deployed by the adaptive immune system, 

other markers are needed to be included in this analysis, such as IFN-g, IL-10 or IL-17. 

 

In addition to T-cell population being increased in injured TASTPM mice, we observed 

increased levels of CD11b+ F4/80+ cells (macrophages). This upregulation is absent on 

day 21, where macrophage number is identical in both SNI-injured groups. Macrophage 

presence in the sciatic nerve after injury has been associated with the development of 

hyperalgesia, as depletion studies have largely implicated these cells in pain genesis (T. 

Liu, van Rooijen, & Tracey, 2000). However, the implication of macrophages in pain 

greatly relies on the phenotype displayed by these cells. For example, perineural 

administration of IL-13 is sufficient to polarize proinflammatory into suppressive 

macrophages and reverse tactile allodynia (Kiguchi, Sakaguchi, et al., 2017). Taken 

together, an imbalanced ratio of pro- to anti-inflammatory immune cells may be 

influencing neuropathic pain development. 

 

As such, our data on the sciatic nerve following injury revealed an increased incidence 

of macrophages and T-cells, especially at day 14 in the injured TASTPM mice. 

Considering the crosstalk between macrophage and T-cells, the augmented presence of 

CD3+ T-Cells at the injury site may be determined by the increased macrophage cell 

number observed in the injured sciatic nerve, which wasn’t detected in injured WT mice, 

revealing a different peripheral immune response to peripheral nerve injury in the 

TASTPM mice.  

 

Despite the role of nerve resident immune cells cannot be ruled out, the majority of cells 

involved in Wallerian degeneration and regeneration are recruited from circulation 

(Mueller et al., 2003) through cues released by resident macrophages and other cell 

types, such as Schwann cells (Qu et al., 2021). Within a couple of hours to a few days 

following injury, neutrophils, fast responding blood cells, extravasate from circulation and 
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infiltrate the injury site (Perkins & Tracey, 2000). Monocytes are similarly recruited, 

especially through the production and infiltration of inflammatory CCR2+ monocytes 

(Gaudet, Popovich, & Ramer, 2011; Nahrendorf et al., 2007) into injured sites. These 

cells are outstanding antigen-presenting cells, through the expression of major 

histocompatibility complexes (MHC-I and MHC-II) which stimulate the adaptive immune 

system T-cells into the injury site.  

 

Given the increased presence of CD3+ T-cells at the injury site in the TASTPM mice, we 

determined the proportion of CD4+ and CD8+ T-cells in the peripheral blood. Most of the 

differences observed were concerned with an increased proportion of both cell types in 

injured WT mice circulation, especially 7 days following injury. A study undertaken by 

Luchting found that levels of T lymphocyte subsets and different proinflammatory 

cytokines were elevated in patients with neuropathic pain (Luchting et al., 2015; Luchting 

et al., 2014). However, in our hands, our results do not correlate with what we observe 

at the injury site. We initially detected an increased quantity of T-cells in the sciatic nerve 

in the TASTPM mice, which is not correlated with an upregulation of T-cell types in 

circulation. T-cells do not exclusively circulate in the bloodstream – these cells are 

commonly found in other lymphoid organs to mature, where they migrate rapidly to 

encounter themselves with antigen-loaded cells (Galvin & C, 2021). Lumbar lymph 

nodes receive specific drainage of pathogenic antigens in stressed tissue resulted from 

peripheral nerve injury. Lymphadenectomy is sufficient to impair T cell infiltration 

dynamics into target inflamed tissues (Du et al., 2018). As such, collection of lumbar 

(more specifically, the sciatic lymph nodes) might be crucial to understand whether the 

increased number of CD3+ T-cells observed is linked with alterations in the lymph nodes. 

In addition, despite not being assessed in our experiments, it may be worth determining 

the distinct T-cells subsets in the blood, to better comprehend which adaptive immune 

response is being promoted, as determining the total number of circulating T-cells is not 

very informative. As mentioned previously, different TH responses lead to different anti- 
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and pro-inflammatory imbalances and neuropathic pain development may be directly 

influenced by it. For example, Tregs are becoming an important cell type with analgesic 

properties due to their capacity of releasing IL-10 and ability to inhibit TH1 responses 

(Davoli-Ferreira et al., 2020; R. Fischer et al., 2019). The release of enkephalins has 

also been linked to T-regs. In fact, a population of T-regs which express PENK has been 

identified in the skin and associated with wound healing (Shime et al., 2020). 

Unexpectedly, AD patients display increased amyloid-b-specific IL-10 producing T-regs 

in the blood (Loewenbrueck, Tigno-Aranjuez, Boehm, Lehmann, & Tary-Lehmann, 

2010). Also, elevated levels of Foxp3+ T-regs were detected in the spleen of 5xFAD AD-

Tg mice (Baruch et al., 2015) in comparison to their relative age-matched controls.  

Giving the role of T-regs in neuropathic pain resolution and their increased expression 

levels in AD mice, it might be worth exploring, in future studies, whether this specific T-

cell subset is upregulated in our model of AD and whether if so, whether abolishing their 

activity is necessary to induce mechanical hypersensitivity.  

 

While we couldn’t detect differences between sham and injured in both genotypes 

regarding monocyte (Ly6C+ Ly6G- population) population, we did find a substantial 

decrease in the proportion of circulating monocytes in the TASTPM groups. In fact, this 

has been reported previously in another model of Alzheimer’s disease (APPSWE/PS1 

mice), indicating that the TASTPM mice show monocytopenia (Naert & Rivest, 2012a, 

2013). Bearing in mind that classical monocytes (Ly6Chigh) infiltrate the site of injury due 

to inflammatory cytokines/chemokines (Kalinski et al., 2020), we determined the 

proportion of monocytes which expressed high and low levels of Ly6C by performing 

flow cytometry. Proportion of Ly6Chigh monocytes was upregulated in both injured WT 

and TASTPM mice bloodstream, as expected following nerve injury. In line with these 

data, proportion of Ly6Clow was considerably lower in the bloodstream of both injured 

groups in comparison to their respective sham groups. Our results support the evidence 

for an increase of circulating monocytes due to nerve injury and that these egress from 
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the bone marrow into the blood and extravasate into the injured tissue (Kratofil et al., 

2017). Furthermore, when comparing both injured groups, a striking reduction in Ly6Chigh 

monocyte proportion was observed in the TASTPM group, whilst Ly6Clow monocyte 

proportion was upregulated. This interesting result allowed us to speculate that, in the 

presence of a reduced proportion of Ly6Chigh in the injured TASTPM bloodstream, 

Ly6Clow monocytes would, therefore, infiltrate into the injured nerve and in situ 

differentiate into macrophages. A report from Geissmann et al has shown that non-

classical monocytes, upon inflammation, differentiate in vivo into dendritic cells, which 

express Cd11c and MHC-II with minimal influence on monocyte infiltration (Geissmann 

et al., 2003). In contrast, other studies have attributed resolving properties to non-

classical monocytes (Ly6Clow) with these preferentially differentiating towards an anti-

inflammatory profile at the inflammation site (Italiani & Boraschi, 2014; Olingy et al., 

2017). Despite the role of non-classical monocytes being controversial, this subset of 

monocytes seems to be involved primarily in promoting the resolution of inflammatory 

processes (Narasimhan, Marcovecchio, Hamers, & Hedrick, 2019). 

 

Considering our data regarding circulating monocytes in the TASTPM and WT mice, we 

decided to isolate this population from peripheral blood and analyse its gene expression. 

Even though the quantity of replicates was very limited due to a low yield of cells 

obtained, we could detect some trends regarding PENK and CCR2 gene expression in 

isolated monocytes, that may provide evidence for the phenotype observed previously. 

Indeed, to observe with more certainty increasing the number of monocytes is required. 

CCR2 reduction has been revealed by others either in mice (Naert & Rivest, 2013) and 

in human blood monocytes (R. Zhang et al., 2013).  

 

Altogether these data indicate an intriguing scenario in TASTPM compared to WT 

whereby TASTPM monocytopenia is associated with less classical monocytes 

circulating in blood after SNI (day 14) and higher number of macrophages at the site of 
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nerve injury. We hypothesised that the nature of the macrophage infiltrate may be 

different between WT and TASTPM and focused on nerve injury site at day 14 after SNI 

based on the following considerations: i) TASTPM macrophage numbers were 

significantly higher than WT, ii) mechanical allodynia was established in WT but not in 

TASTPM at this time point and iii) naloxone methiodide revealed the existence of a 

peripheral inhibitory tone that prevented development of allodynia in TASTPM.   

 

Our data also shows that at day 14 after SNI, CD206+/MHCII- (or M2-like macrophages) 

are present in similar number to CD206-/MHCII+ (or M1-like macrophages) macrophages 

in WT mice, suggesting that at this particular timepoint, macrophages are not critical for 

the maintenance of mechanical allodynia (Barclay et al., 2007; X. Yu et al., 2020). 

Nevertheless, this is not observed in the TASTPM mice – in fact, M2-like macrophages 

significantly outnumber M1-like macrophages in the injury site of TASTPM mice, 

potentially driving anti-nociceptive mechanisms and influencing mechanical sensitivity. 

The effect of M2-like macrophages in mechanical hypersensitivity following injury has 

been studied extensively. Polarisation of macrophages towards a M2-like phenotype by 

application of IL-4 to the injured nerve results in significant reduction in mechanical 

sensitivity (Pannell et al., 2016), suggesting the active role of M2-like macrophages in 

mediating analgesic properties.  

 

We chose to look into whether the modifications in macrophage/monocyte populations 

would be linked to changes in the organs that are responsible for their production in light 

of our data. Monocytes are known to originate in the bone marrow from a common 

myeloid progenitor and later released into circulation. These subsequently replenish 

tissues and differentiate in situ into macrophages. The bone marrow is the main site for 

haematopoiesis and contains niches that support self-renewal and differentiation of 

hematopoietic stem cells (HSC), multipotent progenitors (MPP), and lineage committed 

progenitors which are important for the production of blood cells necessary for living 
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(Lucas, 2021). In case of infection or threat, the bone marrow produces more white blood 

cells to be released into the bloodstream as a line of defence from the peripheral immune 

system. Indeed, upon nerve injury, the quantity of immune cells produced by the bone 

marrow increased significantly, despite number of monocytes (Ly6C+Ly6G-) was 

identical between both genotypes. These results prompted us to ask several questions: 

1) if production of monocytes from bone marrow is similar, why TASTPM mice displayed 

monocytopenia and 2) if production is similar, why TASTPM injured nerve showed 

augmented presence of macrophages at the injury site. 

 

The first reports regarding the occurrence of monocytopenia in the APPSWE/PS1 mice 

revealed that it was due to a reduction in Ly6Chigh monocytes in the bloodstream, 

potentially due to an impaired CCR2-dependent process (Naert & Rivest, 2012a). An 

impaired CCR2 process would prevent the egress of Ly6Chigh monocytes from the bone 

marrow to circulation leading to monocytopenia (Serbina & Pamer, 2006), as well as 

monocyte infiltration into the brain (Si, Tsou, Croft, & Charo, 2010). Part of these Ly6Chigh 

monocytes are believed to be retained in the bone marrow, with impaired differentiation 

into inflammatory monocytes. Nonetheless, the remaining Ly6Chigh are able to function 

normally, alongside Ly6Clow monocytes which remain largely unaffected.  

Whilst Ly6Chigh proportion is diminished in TASTPM mice bloodstream following injury, 

Ly6Clow is dominant, and according to the literature, these monocytes are able to 

undergo local conversion into CD206-expressing macrophages (Olingy et al., 2017). 

Also, one cannot rule the role of nerve resident macrophages. In addition, these cells 

can be influenced by the different cells recruited from the bloodstream to the injury, 

considering the distinct peripheral immune cell populations outlined before in the 

TASTPM bloodstream which are different from those observed in the WT mice.   

 

Although major monocyte production has been associated with the bone marrow, there 

is evidence for the spleen being an important reservoir of monocytes, and their 
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production may be outsourced via the bone marrow during pathological conditions 

(Swirski et al., 2009). Similar splenic absolute number (and absence of enlarged spleen), 

and identical splenic monocyte population suggested that splenic cell and monocyte cell 

number is not influenced by AD pathology and peripheral nerve injury.  
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5.7 Future Direction Leading to Chapter VI 
 

According to our data, injured TASTPM mice revealed an increased peripheral 

opioidergic tone which was associated with an increased number of CD206+/MHCI- 

macrophages at the injury site. Furthermore, injured TASTPM mice displayed an 

increased proportion of non-classical monocytes in the blood, in contrast to injured WT 

mice, which showed increased proportion of classical monocytes in the bloodstream.  

 

Considering that most of the monocytes which infiltrate derive from the bone marrow, we 

wondered whether the results we were obtaining were due to the presence of amyloid-

b peptides in the blood from TASTPM mice (Halle et al., 2015). Furthermore, we 

wondered whether the response of monocyte-derived macrophage to myelin debris 

would be modified in our model of AD. 

 

Bearing this mind, Chapter VI addressed whether amyloid-b was able to alter 

macrophage phenotype in vitro and whether this interaction was able to shape 

macrophage phagocytic function.  
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Chapter VI 
 
6.1 INTRODUCTION 

 
 
Macrophages were first identified by Metchnikoff due to their phagocytic ability. In adult 

tissues, they exhibit anatomical and functional diversity. Commonly, resident tissue 

macrophages acquire specific transcriptional and functional capabilities shaped by the 

environment where they are found and aid in the maintenance of homeostasis. This 

population of cells is commonly replaced by an influx of monocytes from reservoirs found 

in the blood, spleen, and bone marrow (Geissmann et al., 2010) and potentially, via 

tissue-resident macrophages through local proliferation (Jenkins et al., 2011). The view 

that resident macrophages are continuously maintained by infiltration of monocytes that 

originate from bone marrow hematopoietic stem cells (HSCs) has been extensively 

debated in the past few years. In fact, several studies have shown that tissue-resident 

macrophages show a distinct embryonic origin (Ginhoux et al., 2010; Schulz et al., 2012; 

Yona et al., 2013). The progenitors that give rise to tissue-resident macrophages are 

different from HSCs, given that this pool of macrophages persists in adult life, like 

macrophages found in liver, brain, epidermis, spleen, etc. (Perdiguero & Geissmann, 

2016). However, more studies are warranted to uncover if a tissue-specific macrophage 

progenitor exists and whether it influences adult macrophages’ maintenance. While 

tissue resident-macrophages have been shown to originate from different progenitors, 

another lineage of macrophages plays a role in sourcing macrophages. Bone marrow 

(BM) haematopoiesis contributes to increasing the number of circulating monocytes, 

especially in recruiting inflammatory monocytes (Ly6Chigh) in response to infection, injury 

and tissues which require continuous replacement of macrophages (Geissmann et al., 

2010).  
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6.1.1 Macrophage functions 

Despite differences in their origin, both blood-borne and tissue-resident macrophages 

share similar physiological processes such as metabolic function, clearance of cellular 

debris, tissue repair and remodelling (C. Zhang, Yang, & Ericsson, 2021). In fact, under 

pathological conditions, both types of macrophages might initiate a joint immune 

response (Greenhalgh et al., 2018).  

 

6.1.1.1 Metabolic function  
 
Depending on the signals and cues which are regulating the microenvironment where a 

macrophage population is found, these cells can polarize towards a classic or pro-

inflammatory (M1) versus alternative or anti-inflammatory (M2) phenotype. However, the 

M1/M2 concept has been reassessed and re-evaluated with consistent evidence 

showing that macrophage phenotype goes way beyond this definition (Martinez & 

Gordon, 2014). Nevertheless, if a pro-inflammatory response is being promoted it mainly 

relies on anaerobic glycolysis, which results in the rapid production of two molecules of 

ATP as a way for macrophages to sustain strong and immediate danger/infections. 

Instead, an anti-inflammatory response is supported by a much more efficient metabolic 

reaction giving rise to higher amounts of ATP, through aerobic respiration and oxidative 

phosphorylation (OXPHOS). This response is required for the resolution of inflammation 

(Kelly & O'Neill, 2015). Therefore, interfering with regulators of macrophage metabolism 

can influence macrophage phenotype and activation. For example, disruption of 

peroxisome proliferator activator receptor-gamma (PPAR-γ), known to play an active role 

in mitochondrial function and fatty acid oxidation, is sufficient to abolish an alternative or 

anti-inflammatory response mediated by macrophages (Kratz et al., 2014).  
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6.1.1.2 Clearing of cellular debri 
 
Most of the cells comprising the innate immune system excel at performing phagocytosis 

– in fact, macrophages, neutrophils, monocytes and dendritic cells express several 

phagocytic receptors which activate distinct pathways leading to phagocytosis. This is 

encouraged by the presence of foreign microorganisms and substances and/or apoptotic 

cells. Receptors located on macrophage surface recognize and sense foreign/dead 

bodies and initiate phagocytic processes through the action of opsonic (antibodies, 

mannose-binding lectin, etc.) and non-opsonic (c-type lectins, scavenger receptors, etc.) 

receptors which mediate their response through different receptors (Canton, Neculai, & 

Grinstein, 2013; K. Li & Underhill, 2020). Following binding of macrophage receptor with 

soon-to-be phagocyted particle, macrophages undergo actin cytoskeleton 

rearrangement to accommodate structural and lipid changes before engulfing the 

foreign/dead particle. After engulfing, the macrophage membrane undergoes 

conformational changes so that it can form the phagosome (Freeman & Grinstein, 2014) 

(Fig.48). The phagosome undergoes several modifications and fuses with acidic 

lysosomes until it reaches the last stage and converts itself into a phagolysosome. This 

last step of phagosome maturation is considered the end of the phagocytic process 

where degradation of the foreign/dead bodies initially phagocyted occurs (Kinchen & 

Ravichandran, 2008).  
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Figure 48: Macrophage senses and eliminates foreign bodies and/or dead cells through 

phagocytosis. 

 
6.1.1.3 Tissue Repair and Remodelling  
 
Upon injury, a great number of monocytes are recruited from circulation through 

chemokine gradients and adhesion molecules to the injury site, where they differentiate 

into macrophages (Davies, Jenkins, Allen, & Taylor, 2013). Both infiltrating and resident 

macrophages orchestrate an immune response with phenotypic and functional changes 

in response to the local tissue microenvironment. Macrophages play a crucial role in the 

inflammatory response observed following injury. Depletion of this population straight 

after injury dramatically diminishes the inflammatory response observed after injury 

(Duffield et al., 2005). However, early depletion of these cells can result in impaired repair 

and regeneration which may be detrimental (M. Z. Zhang et al., 2012). While at the initial 

stages following injury, a pro-inflammatory microenvironment is observed, at later stages 

it is characterised by a resolving environment, in which the predominant macrophage 

population displays a wound healing phenotype. This phenotype is characterised by the 

expression of TGF-b, IGF-1 and VEFG-a, which stimulate cell proliferation and vessel 

development (Willenborg et al., 2012; Wynn & Vannella, 2016). While some studies have 

attributed this anti-inflammatory and reparative phenotype to tissue-resident 

macrophages derived from the yolk sac (Epelman et al., 2014), others have suggested 

that blood-borne Ly6ClowCX3CR1+ monocytes are responsible for tissue regeneration 

and remodelling through differentiating into an anti-inflammatory phenotype (Shechter et 

al., 2013). Whether tissue-resident macrophages or blood-borne monocytes play unique 

and critical roles at different stages and whether these two types of macrophages skew 

towards distinct phenotypes remains unclear.  
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 6.2 Macrophages and Peripheral Nerve Injury 

 
Like the CNS, peripheral nerves are wrapped by a physiological barrier known as Blood 

Nerve Barrier (BNB) which separates peripheral nerve axons from the bloodstream. The 

outermost layer of this barrier consists of an epineurium comprised of collagen fibers, 

blood vessels and adipocytes whilst the perineurium consists of collagen fibers and 

circular layers of perineurial cells. Finally, the most centric layer is called endoneurium, 

which contains Schwann cell-axonal structures, fibroblasts and resident macrophages 

(Akert, Sandri, Weibel, Peper, & Moor, 1976; Stolinski, 1995; Wolbert et al., 2020). 

Macrophages are commonly present in normal sciatic nerves, comprising between 2%-

9% of total endoneural cells. Studies using chimeric mice generated by bone marrow 

transplants have shown that endoneural macrophages proliferate after injury and 

contribute to myelin phagocytosis (Mueller et al., 2003).  

 

When a traumatic nerve injury occurs, a vigorous response from non-neuronal cells is 

detected, especially at the distal stump. The initial immune response detected is 

promoted by nerve resident macrophages which along with other glial cells, such as 

Schwann cells, aid in the initial phagocytic clearance (Brosius Lutz et al., 2017; P. L. 

Wang et al., 2020).  The process of degeneration was first observed by Augustus Waller, 

a pioneer in this field who first characterised morphological changes in frog nerves 

(Waller, 1851). To allow axon regrowth following injury, the detached distal axons 

undergo degeneration through the involvement of immune cells, such as macrophages, 

which are recruited and conduct several events alongside Schwann cells to remove 

degenerated and inhibitory debris.  

The duration of myelin removal is obtained by the kinetics of macrophage recruitment 

and also determined by macrophages and Schwann cells ability to scavenge 

degenerated myelin (Rotshenker, 2011). Following injury, degenerating nerves express 

several macrophage chemotactic molecules which facilitate the recruitment of 
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macrophages into the injury site. Blood-borne monocytes are recruited from the 

circulation into the degenerating sciatic nerve 3 days following injury. Here, they are likely 

to perform myelin phagocytosis which is opsonin-dependent. For example, the activation 

of complement receptor 3 induces myelin phagocytosis by macrophages (Slobodov, 

Reichert, Mirski, & Rotshenker, 2001). This process is mediated through carbohydrate-

lectin receptors, including the MAC-2/Galectin-3 receptor, which induces production of 

TNFa and IL-1b (Kopper & Gensel, 2018; van der Laan et al., 1996). However, this is 

not only limited to the complement system. In fact, myelin phagocytosis can be mediated 

by scavenger receptor-AI/II (SRA) (Reichert & Rotshenker, 2003). Different receptors 

involved in clearing myelin debris might influence the macrophage activation state. 

Moreover, these cells are modulated by the local microenvironment they are found and 

polarize towards an anti-inflammatory phenotype (M2) to promote nerve regeneration 

(Ydens et al., 2012). Depletion of macrophages via pharmacological or genetic 

approaches is not beneficial for both Wallerian degeneration and subsequent 

regeneration (Barrette et al., 2008). How macrophages influence nerve regeneration 

remains unclear, however, oncomodulin, a Ca2+ buffer protein, has been propositioned 

as a pro-regenerative molecule that is secreted by macrophages and neutrophils (Niemi 

et al., 2022).  

 

Infiltration of monocytes and differentiation into macrophages along with the impairment 

of sensory function are delayed in the slow Wallerian degeneration mouse model (WldS) 

and IL-6 deficient mice (Murphy et al., 1999; R. R. Myers, Heckman, & Rodriguez, 1996; 

Nadeau et al., 2011). In addition, depletion of recruited macrophages and circulating 

monocytes is sufficient to alleviate thermal hypersensitivity (T. Liu et al., 2000) and 

mechanical hyperalgesia in models of neuropathic pain (Barclay et al., 2007). However, 

others haven’t found any correlation between nerve macrophages and neuropathic pain 

development (X. Yu et al., 2020). Despite the presence of macrophages suggesting a 
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role in neuropathic pain development after peripheral nerve injury, further studies are 

required to fully unravel nerve macrophage mechanisms.  

 

6.3 Macrophages and Alzheimer’s Disease 

 
Despite knowledge of the crosstalk between the innate and adaptive immune system in 

the periphery in AD, many were dissuaded from examining the role of the peripheral 

immune system in diseased CNS due to the tightly regulated BBB which prompted 

researchers to consider the CNS as “immune privileged” (Bettcher, Tansey, Dorothee, & 

Heneka, 2021; Passaro, Lebos, Yao, & Stice, 2021).  

 

The role of monocytes/macrophages in AD pathology is a topic of intense discussion in 

the AD field. In fact, it became more important as scientists detected infiltrated blood-

borne macrophages in post-mortem tissue (Fiala et al., 2005)  and later discovered that 

the majority of patients with AD, especially those diagnosed with cerebral amyloid 

angiopathy, showed Ab deposition in blood vessels (Zlokovic, 2011). Impairment of 

perivascular macrophages, which are in close association with cerebral vasculature, 

following selective depletion promoted accumulation of Ab (Hawkes & McLaurin, 2009; 

Park et al., 2017). Furthermore, Ab present in the brain is transported to the plasma 

through the BBB via endothelial low-density lipoprotein receptor-related protein-1 (LRP1) 

(Storck et al., 2016). Blocking this receptor successfully reduces the efflux of amyloid-

b from the brain, increasing amyloid cerebral load (Shibata et al., 2000). In addition, 

lymph node ligation substantially worsens AD-like pathology in APP/PS1 mice, 

suggesting that interrupting these brain drainage routes contributes to this 

neurodegenerative pathology (L. Wang et al., 2019).  

 

Reduction of amyloid-b levels in the circulation lowers amyloid burden in the brain 

through equilibrium-driven distribution (Deane, Bell, Sagare, & Zlokovic, 2009). One of 
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the strategy to reduce amyloid deposition in vessels was described by Michaud et al. 

Specifically, non-classical murine Ly6Clow monocytes are recruited to amyloid-b-positive 

veins where they perform phagocytosis, as these displayed Congo red+ clusters (which 

allows detection of Ab), indicating the presence of intracellular amyloid-b inside 

monocytes (Michaud, Bellavance, Prefontaine, & Rivest, 2013). Bone marrow-derived 

monocytes/macrophages are highly involved in phagocytosis, particularly amyloid-b, and 

 are more proficient at performing this task than microglia (Theriault, ElAli, & Rivest, 

2015). Phagocytosis of soluble amyloid-b requires scavenger receptors, IFN-g, ILs and 

complements. Although monocytes/macrophages display high phagocytic activity in 

homeostatic conditions, in the presence of amyloid-b their ability becomes impaired. 

Monocytes from AD patients show impaired transport of amyloid-b into endosomes and 

lysosomes, primarily binding to their cell membrane, which results in defective clearance 

(Fiala et al., 2007). Furthermore, monocyte ability to perform phagocytosis reduces with 

age and Alzheimer’s disease (S. H. Chen et al., 2020). On the other hand, other studies 

have shown that both monocytes from healthy and AD patients display similar phagocytic 

ability (B. J. Gu et al., 2016). However, their state of activation and phagocytosis may be 

dependent on the various stages of AD (Munawara et al., 2021)., In addition, this inability 

to take up and digest amyloid efficiently may be due to the altered expression of several 

receptors associated with AD, such as surface receptor TREM2 (highly involved in 

monocyte phagocytosis) and CD33 (involved in amyloid-b42 engulfment) (Bradshaw et 

al., 2013; Jay et al., 2015) suggesting that clearance of amyloid-b by 

monocytes/macrophages plays an important role in the pathology.  

 

 

Taken together, these findings support the notion that 1) macrophages, derived from 

blood-borne monocytes, are a key cell type after peripheral nerve injury which actively 

plays a role in axonal degeneration, regeneration, and inflammation 2) amyloid-b is 
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diffused into the blood and present in plasma from AD patients mouse models; 3) 

monocytes phagocytose amyloid peptides and respective ability may be impaired in AD. 
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6.4 Chapter Aims 

 

In this chapter, we tested the hypothesis that TASTPM bone marrow-derived 

macrophages (BMDM), which are originated from the same bone marrow precursors as 

those that populate the sciatic nerve following injury, phagocytose myelin debris in a 

similar fashion to WT BMDM and skew towards an M2-like phenotype which we 

observed at the injury site in injured TASTPM mice. Bearing in mind the effect of Ab in 

the innate immune system and the influence it may have in immune cell response 

following injury, the keys aims of the present chapter were: 

1) To examine whether BMDM from TASTPM mice showed altered myelin 

phagocytosis which contained amyloid peptides and whether this was dependent 

on different conditions; 

 

2) To assess if BMDM contact with myelin and amyloid-b would affect BMDM 

phenotype; 

 
 

3) To establish whether this stimulation would promote the production and release 

of enkephalins. 
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6.5 RESULTS 
 
 
We provided evidence for an augmented peripheral opioidergic tone through the 

administration of a non-CNS penetrant opioid receptor antagonist, which was sufficient 

to induce mechanical hypersensitivity that proved to be like the one observed in injured 

wild-type controls (as outlined in chapter IV).  Since the main source of opioid peptides 

in the periphery are immune cells (Machelska, 2011), we investigated whether TASTPM 

peripheral immune cell responses to nerve injury differed from those in WT.   

 

Given the crucial role of macrophages/monocytes in the context of neuropathic pain, we 

mimicked an in vitro scenario where monocytes/macrophages are recruited from the 

bone marrow to the blood and upon nerve injury, are recruited to clear debris and engulf 

dead cells. Thus, we incubated BMDM with cellular and myelin extracts and determined 

BMDM phagocytosis, phenotype and expression of known pro-inflammatory and anti-

inflammatory mediators. Furthermore, considering the increased peripheral opioidergic 

tone observed, we investigated whether TASTPM BMDM released enkephalins more 

efficiently than WT BMDM. 
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6.5.1 Phagocytosis is potentiated when BMDMs are in contact with myelin from 
TASTPM  
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Figure 49: Myelin from TASTPM mice, which contains hAPP/Ab, is more phagocytosed 

by bone-marrow derived macrophages (BMDMs). 

Schematic of BMDMs culture and myelin extract stimulation protocol. Created with 

BioRender.com. (B) Cellular and myelin extract from TASTPM mice express the hAPP/Ab 

whilst, as expected, debris extract from WT mice do not. (C) Representative images of non-
stimulated (PBS only) and extract stimulated BMDMs from WT and TASTPM mice. Debris 

inclusions are observed in BMDMs (white arrows). Objective x20, scale bar = 20 µm (D)  Bar 

chart representing percentage of BMDMs containing debris extracts  in  WT and TASTPM 

BMDMs after 2 hours incubation.  Data are mean ± SD, N=4 coverslips for each group. 
*p < 0.05, compared to WT BMDMs, Unpaired Student’s t-test. (E) Representative 

scatterplots and representative mean fluorescence intensity (MFI) histogram representing 
percentage of debris phagocytosis mediated by WT and TASTPM BMDMs after 2 hours 

incubation. BMDMs were defined as F4/80 and CD11b double positive and then gated on 
labelled myelin. (F) Bar chart representing Myelin-APC MFI of debris phagocytosis mediated 

by WT and TASTPM BMDMs after 2 hours incubation. Data are mean ± S.E.M., N=3 
technical replicates for each group. **p < 0.01, compared to WT BMDMs, Unpaired Student’s 

t-test. 

 

To mimic the site of injury microenvironment and compare WT and TASTPM 

macrophage phagocytic activity, we prepared bone marrow-derived macrophages 

(BMDM) from WT and TASTPM and incubated these cells with cellular and myelin debris 

extracts obtained from either WT or TASTPM brains (Fig. 49A). We observed that while 

WT extracts do not contain human APP/Amyloid-b (hAPP/Ab), TASTPM extracts highly 

express it (Fig.49B). To further understand whether phagocytosis was altered, we 

stained our cultures with Iba1, a marker of monocyte/macrophage cells and quantified 

the colocalization of this marker with the debris extract. Incubation with these extracts 

for 2 hours resulted in prompt uptake and phagocytosis by both BMDM cultures 

(Fig.49C). Quantification of Iba1+ cells containing debris extracts revealed an increased 

proportion of TASTPM BMDMs containing these (Fig. 49D). Furthermore, quantitative 

analysis showed increased mean fluorescence intensity (MFI) of debris expression in 

BMDMs which have been in contact with cellular and myelin debris from TASTPM, 
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suggesting that the presence of this was leading to alterations in phagocytosis, 

irrespective of the BMDMs genotype (Fig. 49E-F).   

Considering the effect of myelin from TASTPM on phagocytosis, we wondered whether 

this would influence macrophage phenotype. As such, we conducted flow cytometry, 

using both CD206 (M2-like macrophages marker) and MHC-II (M1-like macrophage 

marker) markers to establish macrophage polarisation state in these cultures (Fig.50). 

 

6.5.2 TASTPM bone marrow-derived macrophages preferentially polarize 
towards a M2-like phenotype after myelin incubation. 

 
Following debris extracts incubation for 2 hours, cells were collected and stained with 

different surface markers to identify their phenotype. Non-stimulated BMDM from either 

WT and TASTPM mice revealed a similar percentage of CD206+/MHCII- and CD206-

/MHCII+ expression, suggesting that basal phenotypic expression of both CD206 and 

MHCII in BMDMs WT and TASTPM was comparable (Fig.50A-C). However, following 

extract incubation, while CD206+/MHCII- expression was dramatically reduced in WT 

BMDM, this was not observed in TASTPM BMDM. In fact, CD206+/MHCII- expression in 

stimulated TASTPM BMDM was comparable to non-stimulated TASTPM cultures 

(Fig.50A,B). More importantly, CD206+/MHCII- expression was upregulated in stimulated 

TASTPM cultures when compared to WT cultures, suggesting that upon extract 

challenge, TASTPM BMDM preferentially acquire a M2-like phenotype. In addition, when 

WT BMDM were challenged with TASTPM myelin, they acquired similar profile to the 

one observed when TASTPM were challenged with respective myelin (Fig.50A-C). On 

the other hand, CD206-/MHCII+ expression slightly increased when respective myelin 

was added but did not differ in both experimental groups (Fig.50A, C).  
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Figure 50: Bone marrow-derived macrophages (BMDMs) from TASTPM mice acquire 

M2-like phenotype (CD206+/MHCII-). 

(A) Representative scatterplots of expression of CD206 (M2-like) and MHCII (M1-like) 

receptors in macrophages from WT mice or TASTPM mice following respective and opposite 
cellular and myelin extract exposure. Numbers in gates refer to the percentage of positive 

cells for each specific marker. Cells were gated on F4/80 and CD11b and then on CD206 
and MHCII. M2-like macrophages were CD206+/MHCII- whilst M1-like macrophages were 

referred to as CD206-/MHCII+. (B, C) Bar charts representing percentage of BMDMs 
phenotype. (B) CD206+/MHCII- BMDMs (M2-like) and (C) CD206-/MHCII+ BMDMs (M1-like) 
after challenge. Data are mean ± S.E.M., N=3 technical replicates for each group. *p < 0.05, 

**p < 0.01, one-way ANOVA repeated measures followed by Tukey’s multiple comparison 
test. 
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These data show that cellular and myelin debris derived from TASTPM mice contribute 

to alteration in TASTPM BMDM phagocytic activity and lead to changes in BMDM 

phenotypes 2 hours after cellular debris and myelin challenge. However, in vivo the effect 

of myelin and cellular debris on macrophages and consequently phagocytosis may occur 

for longer periods. As such, we questioned whether incubation for a period of 24 hours 

would influence phagocytosis and macrophage phenotype.  

 
 
6.5.3 Incubation with myelin for 24 hours induced an increase in CD206 mean 

fluorescence intensity in TASTPM BMDM 

 
To infer the long-term effect of cellular debris and myelin extract incubation, BMDM 

cultures were incubated for a period of 24 hours (Fig. 51A). According to our results, 

similar phagocytic ability was observed between WT and TASTPM BMDM (Fig. 51B-

51C). We also determined BMDM phenotype and we couldn’t detect differences 

regarding MHCII MFI (Fig.51D, E), but observed an upregulation of CD206 MFI in 

macrophages (Fig.51F, G), suggesting that TASTPM BMDM express more CD206 than  

WT BMDM  following extract incubation for 24 hours. These data go in line with the 

results outlined previously, where TASTPM BMDM myelin stimulation for 2 hours was 

sufficient to induce a M2-like macrophage phenotype (CD206+/MHCII-). 
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Figure 51: TASTPM BMDMs exposure to cellular debris and myelin extracts for 24 hours 

express more CD206 receptors.  

(A) Schematic of BMDMs culture and extract stimulation protocol. (B) Representative 

scatterplots of phagocytosis by WT and TASTPM BMDMs following extract incubation for 24 
hours.  BMDMs were defined as F4/80 and CD11b double positive and then gated on labelled 

cellular debris and myelin extract. (C) Bar chart representing the percentage of phagocytosis 
in WT and TASTPM BMDMs after 24 hours incubation. (D, E) Bar chart and representative 
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mean fluorescence intensity (MFI) histogram representing the percentage of MHCII 

expression in WT and TASTPM BMDMs after incubation for 24 hours incubation. (F, G) Bar 
chart and representative mean fluorescence intensity (MFI) histogram representing the 

percentage of CD206 expression in WT and TASTPM BMDMs after incubation for 24 hours. 
Data are mean ± S.E.M., N=4 cultures for each group, one-way ANOVA repeated measures 

followed by Tukey’s multiple comparison test. 

 

We wondered whether inducing an inflammatory environment before extract incubation 

would interfere with BMDM response and further mimic the pro-inflammatory observed 

at the injury site following injury. To achieve this, we incubated our cultures for 16 hours 

with LPS (100 ng/mL) before cellular debris and myelin challenge (Fig.52A).  

LPS, a potent toll-like 4 receptor (TLR4) receptor agonist, binds to TLR4 located in 

macrophage surface and facilitates the activation and release of pro-inflammatory 

cytokines. Having this in mind, BMDM incubation with LPS skews BMDM towards a M1-

like phenotype in which markers actively involved in inflammation are deeply involved. 

 

6.5.4 No alterations were observed in TASTPM BMDM phagocytosis if myelin 
challenge is preceded by LPS incubation 

 

According to our results, LPS treatment through TLR4 activation does not interfere with 

macrophage phagocytic ability. In fact, BMDM from both genotypes revealed 

comparable phagocytosis percentages (Fig.52B, C). Similarly, macrophage phenotype 

was indistinguishable, suggesting that extract challenge, in the presence of a pro-

inflammatory environment, is not sufficient to induce macrophage phenotypic changes 

(Fig.52D-F). 
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Figure 52: Bone-marrow-derived macrophages (BMDMs) from TASTPM mice 

phagocytose similar amounts of cellular debris and myelin which contains hAPP/Ab 

under proinflammatory challenge. 

(A) Schematic of BMDMs culture under LPS and extract stimulation protocol. (B) 
Representative scatterplots of phagocytosis by WT and TASTPM BMDMs following LPS 
(100 ng/mL) challenge for 16 hours.  BMDMs were defined as F4/80 and CD11b double 

positive and then gated on labelled cellular debris and myelin extract. (C) Bar chart 
representing percentage of phagocytosis in WT and TASTPM BMDMs after 2 hours 

incubation. (D) Representative scatterplots of expression of CD206 (M2-like) and MHCII (M1-
like) receptors in macrophages from WT mice or TASTPM mice following exposure preceded 
by LPS challenge. Numbers in gates refer to the percentage of positive cells for each specific 

marker. Cells were gated on F4/80 and CD11b and then on CD206 and MHCII.   (E,F) Bar 
charts representing percentage of BMDMs phenotype. (E) CD206+/MHCII- BMDMs (M2-like) 

and (F) CD206-/MHCII+ BMDMs (M1-like) after extract challenge. Data are 
mean ± S.E.M., N=3 technical replicates for each group, one-way ANOVA repeated 

measures followed by Tukey’s multiple comparison test. 

 
 

Bearing in mind the upregulation observed in phagocytosis promoted by TASTPM BMDM, 

we wondered whether these results were due to the extracts being produced from TASTPM 

brains. As shown in chapter II, TASTPM brains display extracellular amyloid-b plaques, 

which according to our western blot techniques, may be present in the extracts used. As 

such, we speculated that human APP/Ab would be influencing macrophage phagocytic 

activity.  

 

 
6.5.6 TASTPM BMDM showed PENK mRNA upregulation and increased enkephalin 
release after cellular debris and myelin challenge 
 

To understand whether extract incubation would promote an inflammatory response, we 

decided to assess mRNA levels of several pro- and anti-inflammatory cytokines known 

to be actively expressed and produced by macrophages.  
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According to our data, Il1b and tnfa were upregulated in both WT and TASTPM BMDM 

after extract challenge, but no differences were observed between both stimulated 

groups (Fig.54A, B) whilst Ccr2 and Tgfb  expression was not significantly altered 

(Fig.54C,D). With a final aim to link these in vitro data to behavioural data that indicated 

a peripheral opioidergic tone in TASTPM, we quantified the expression of mRNA for 

proenkephalin (PENK) in BMDM cell lysates and enkephalins content in culture media. 

We found that PENK was significantly upregulated in TASTPM BMDM stimulated with 

TASTPM extracts compared to WT and TASTPM BMDM unstimulated (Fig. 54E). 

Furthermore, enkephalins levels were higher in TASTPM than WT BMDM supernatants 

stimulated with extracts (Fig. 54F). Consistently, mRNA for the pronociceptive cytokine 

il6 was downregulated in TASTPM BMDM stimulated with TASTPM myelin compared to 

WT (Fig. 54G). 

 

This data suggests that incubation of TASTPM BMDM with cellular debris and myelin 

promotes PENK mRNA upregulation and, consequently, enkephalin release. 

Furthermore, a reduction in il6 mRNA levels were also observed in TASTPM BMDM. 
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Figure 53: Bone marrow-derived macrophages (BMDMs) from TASTPM mice 

upregulate PENK mRNA expression and release. 

mRNA expression levels for il1b (A), tnfa (B), Ccr2 (C), Tgfb (D) and PENK (E) following 

BMDMs cellular debris and myelin challenge. Data are mean ± S.E.M., N=3 technical 
replicates for each group. **p < 0.01, one-way ANOVA repeated measures followed by 

Tukey’s multiple comparison test. (F) Enkephalins content in supernatants from BMDMs after 
stimulation. Unpaired Student’s t-test, compared to stimulated WT BMDMs. Data are 
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expressed as mean ± SD, N=5 cultures for each group. *p < 0.05, compared to unstimulated 

WT BMDMs. (G) Il6 mRNA expression levels. Unpaired Student’s t-test, compared to 
stimulated WT BMDMs. Data are mean ± S.E.M., N=3 technical replicates for each group. 

*p < 0.05, compared to unstimulated WT BMDMs. 
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6.6 Chapter Key Findings 
 
 

- 6-months old TASTPM BMDM showed increased phagocytic activity upon myelin 

and cellular debris challenge as compared to WT BMDM. 

 

- TASTPM BMDM polarised towards a CD206+/MHCII- phenotype, as opposed to 

WT BMDM after stimulation with respective cellular and myelin debris. 

 

- WT BMDM challenge with debris extract from TASTPM mice reversed the 

phenotype observed, suggesting that hAPP/Ab from TASTPM may be influencing 

macrophages’ state of activation. 

 

- Following cellular and myelin debris challenge, TASTPM BMDM showed 

increased PENK mRNA, enkephalins’ release and a reduction in pro-

inflammatory cytokine il6 mRNA expression. 
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6.7 DISCUSSION 
 

The aim of the present chapter was to investigate whether Ab challenge affected BMDM 

ability to phagocyte myelin and cellular debris. We aimed to determine whether TASTPM 

BMDM, upon this challenge, would release enkephalins in comparison to WT BMDM, 

therefore may contributing to an increased peripheral opioidergic tone.  

 

These findings indicate that 1) TASTPM bone marrow-derived macrophages perform 

competent phagocytosis in presence of cellular debris and myelin extracts containing Ab 

and 2) TASTPM macrophage phenotype skewing towards an M2-like phenotype is 

concomitant to an increase in enkephalin expression either both at a transcriptional and 

proteomic level. These results show that TASTPM macrophages appear to behave 

differently than WT in presence of cellular debris, myelin and Ab peptides, and acquire 

phenotypic changes which results in the release of enkephalins. In the in vivo situation 

in TASTPM, if macrophages at the site of nerve injury released enkephalins, these may 

elicit alterations in nociceptive neuronal activity through binding to their respective 

cognate receptors, consequently, influencing mechanical sensitivity.  

 

Several studies have shown that macrophages play a crucial role in myelin and cellular 

debris clearance after nerve injury. They are important to promote a permissive 

environment at the injury site so that a favourable microenvironment is present for axon 

regeneration to occur (Boissonnas et al., 2020; Klein & Martini, 2016). While resident 

endoneurial macrophages can certainly be found at the injury site, recruited 

hematogenous monocytes/macrophages are found in a much higher magnitude (Gaudet 

et al., 2011; Mueller et al., 2003) and are shown to actively perform cellular and myelin 

phagocytosis (Boissonnas et al., 2020). Our in vitro data support these findings as WT 

BMDM perform phagocytosis of myelin debris and release  pro-inflammatory cytokines  
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(X. Sun et al., 2010; van der Laan et al., 1996). This debris may act as a pro-inflammatory 

cue that skews macrophages into an M1-like type of activation (Kopper & Gensel, 2018).   

 

Similarly TASTPM BMDM  stimulated with myelin and cellular debris, containing amyloid-

b peptides, perform phagocytosis, an observation that shares similarities with evidence 

provided by Li and colleagues (2020) who demonstrated that activated BMDM are 

capable of efficiently phagocytose  amyloid- b (S. Li et al., 2020). However, in contrast 

to WT BMDM which acquire M1-like phenotype, TASTPM BMDM polarised towards an 

M2-like phenotype (CD206+ / MHCII-) which hints that macrophage activation pattern is 

distinct in TASTPM BMDM. Relevantly, monocytes from AD patients preferentially skew 

towards an M2-like type, while monocytes from healthy subjects displayed almost equal 

M1 and M2-like macrophage numbers (Munawara et al., 2021), implicating changes in 

monocyte/macrophage states which can be attributed to continuous challenge with 

amyloid peptides or trained innate memory.  

 

Our data revealed that incubating cultures with extracts from different donors completely 

reversed the previous phenotype observed, implicating that TASTPM extracts, which 

contain Ab peptides, influence macrophage phagocytosis and phenotype. Overall, these 

results are consistent with an impairment of innate phagocytosis due to the presence of 

Ab peptides (B. J. Gu et al., 2016). While our results point towards augmented 

phagocytosis performed by bone marrow-derived macrophages after cellular debris and 

myelin challenge containing Ab peptides, we cannot exclude that CNS myelin from 

TASTPM mice may display molecular and structural changes when compared to WT 

myelin extracts; in fact, a defect in myelin biosynthesis and myelin sheath folding has 

been detected in AD subjects (Couttas et al., 2016). For this purpose, it would be of great 

relevance to examine possible alterations by comparing both cellular and myelin 

extracts. If differences are observed in TASTPM myelin compared to the WT one, it may 
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be worth exploring the effect of Ab isolated and later incubate with synthetic myelin, to 

further ascertain whether BMDM phenotype is mainly influenced by Ab.  

 

While upon cellular and myelin extract challenge we detected differences in BMDM 

phenotype, after LPS challenge TASTPM BMDM phenotype was similar to WT. These 

data suggest that inducing a pro-inflammatory environment before challenging BMDMs 

with cellular and myelin extract skews BMDMs towards a pro-inflammatory phenotype 

which may mask the effect of cellular and myelin extracts. Several studies have shown 

contrasting reports where myelin debris can result in either a pro-inflammatory and/or 

anti-inflammatory response. Some have shown that pre-stimulation with LPS stimuli 

results in an enhanced pro-inflammatory M1-like profile following myelin challenge 

(Kopper & Gensel, 2018) while others have observed that co-stimulation with myelin and 

pro-inflammatory stimulus leads to polarisation, in a time-dependent manner, towards 

an anti-inflammatory phenotype (Kroner et al., 2014). Nonetheless, these results coupled 

with our data suggest that myelin and cellular debris are capable of modulating 

macrophage downstream pathways and phenotype. However, the mechanism by which 

it occurs remains elusive. Alterations in macrophage morphology and cytokine release 

may be dependent on the receptor to which debris binds to and highly shaped by tissue 

microenvironment.  

 

As such, one needs to consider the alterations observed in plasma biomarkers in AD. 

Alterations in cytokines, chemokines, and complements may also influence the immune 

response, such as monocyte phenotype and recruitment to the injury site. Considering 

that most macrophages found at the injury site in rodents are recruited from the 

bloodstream (Mueller et al., 2003; Ydens et al., 2020), changes in blood-borne factors 

may influence the immune response after nerve injury (Wells, Racis, & Vaidya, 1992) in 

AD.  Work carried by Yang and co-workers showed that IL-6 and IL-1b levels are reduced 
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in the plasma of 3xTg animal model of AD (S. H. Yang, Kim, Lee, & Kim, 2015). These 

data was corroborated using plasma from AD patients where IL-4 levels were shown to 

be increased (Leung et al., 2013) and while more controversial, a decrease in IL-6 serum 

levels was also observed (Richartz et al., 2005). Thus, these detected differences in the 

plasma from AD transgenic mice and AD patients allow us to speculate that a different 

microenvironment in the bloodstream in AD may be at play which, in turn, can modulate 

the immune response.  

 

Increased PENK mRNA expression and ENK release were observed in TASTPM 

BMDM, contrary to what was observed in WT BMDM under the same conditions, which 

may contribute to the peripheral opioidergic tone detected in injured TASTPM mice. 

While the effect of brain extracts, containing cellular, myelin debris, and human APP/Ab, 

on macrophages hasn’t been elucidated to date, our data suggest that an upregulated 

expression of CD206 receptor in stimulated TASTPM BMDM is coincident with increased 

release of enkephalins and a reduction in il6 mRNA expression. The release of these 

opioid peptides has been demonstrated in vitro upon IL-4 stimulation of BMDM, which is 

considerably augmented when macrophages acquired an M2-like phenotype and display 

minimal levels of pro-inflammatory cytokines such as IL-1b and IL-6 (Pannell et al., 

2016). Furthermore, repetitive perineural application of IL-4 at the site of injury in vivo 

modulates the release of opioid peptides by promoting the shift of pro-inflammatory 

macrophages to an anti-inflammatory profile exerting analgesia (Celik et al., 2016). 

These studies propose that 1) opioids are released by macrophages, preferentially by 

the anti-inflammatory type, and 2) IL-4 stimulation encourages the release of these 

peptides and alleviates pain-like behaviours. Notably, this evidence suggests that the 

microenvironment in which macrophages are found has a crucial role in defining cell 

phenotype and, ultimately, mediators’ release. Our data is in agreement with these 

findings and suggest that 1) TASTPM bloodstream and/or injury site environment and 

plasma cytokine profile is distinct from WT mice and 2) human APP/Ab found in TASTPM 
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extracts and also in TASTPM blood (Halle et al., 2015) may potentiate the changes 

observed. 

 

Altogether, in this chapter we report that our in vitro model resembles the in vivo situation 

where circulating monocytes engulf amyloid-b peptides that outflow from the brain in 

TASTPM mice (Halle et al., 2015) and phagocytose myelin and cellular debris. We 

propose a mechanism whereby macrophages derived from such monocytes behave in 

a unique manner at the site of nerve injury. In our hands, we showed that bone marrow-

derived macrophages are likely to perform phagocytosis, upregulate PENK mRNA 

expression, and release enkephalins which, consequently, inhibit nociceptive neuron 

activity.  
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CHAPTER VII 
 
 
7.1.1 Summary of Experimental Findings 
 
 
The aim of the studies presented in this thesis was to investigate and uncover 

mechanisms of pain in AD under neuropathic pain conditions. To achieve this goal, we 

have taken advantage of the double mutant TASTPM mouse model of AD and 

determined mechanical sensitivity before and/or following peripheral nerve injury to 

understand whether mechanical allodynia, a key feature of neuropathic pain models, 

would be at play in our animal model.  

We uncovered a central and peripheral opioidergic tone in the TASTPM mouse model 

after peripheral nerve injury, in particular at later experimental time points, which could 

explain alterations in pain perception in our AD animal model. To support our data, we 

investigated mechanisms in the CNS and PNS by assessing cellular and molecular 

markers associated with pain and analysed the response of the immune system to nerve 

injury in the TASTPM mice. The main findings of this thesis were: 

o TASTPM mice revealed attenuated development of mechanical allodynia 

following peripheral nerve injury which was associated with an increase in 

opioidergic neurotransmission in the PNS and CNS. (Chapter III-IV) 

o In the CNS, attenuated mechanical allodynia was concomitant with an increased 

spinal expression of transcription and proteomic levels of the proenkephalin 

(PENK) gene and enkephalin (ENK) respectively, further validating the increased 

opioidergic tone in the TASTPM mice. (Chapter IV) 

o Attenuated pain-like behaviour in TASTPM mice was correlated with a decrease 

in spinal microgliosis, a key feature of neuropathic pain. (Chapter IV) 

o In the PNS, injured TASTPM mice displayed a more pronounced immune 

response to nerve injury, displaying a higher number of macrophages and T-cells 

at the injury site. (Chapter V) 
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o Alongside alterations at the injury site, TASTPM mice also displayed an 

increased proportion of blood patrolling monocytes (Ly6Clow) opposite to what 

was observed in injured WT mice, which revealed an increased proportion of 

inflammatory monocytes (Ly6Chigh). (Chapter V) 

o TASTPM macrophages expressing CD206+/MHCII- receptors outnumbered 

CD206-/MHC+, while numbers are similar in the injured WT group. (Chapter V) 

o Simulation of the injury environment in vitro through challenging BMDMs with 

cellular debris and myelin extracts skewed TASTPM BMDMs towards an anti-

inflammatory phenotype (CD206-/MHC+). (Chapter VI) 

o Challenged BMDMs revealed increased expression of PENK mRNA and 

enkephalin release. (Chapter VI) 

 

Collectively, evidence within this thesis demonstrated that the development of 

neuropathic pain in the TASTPM mice was modulated by an increased opioidergic tone, 

both observed in the PNS and CNS. Acute systemic administration of naloxone, both 

methiodide and hydrochloride, induced mechanical hypersensitivity to thresholds similar 

to those observed in injured WT mice, confirming, through this pharmacological 

approach, the occurrence of increased opioidergic neurotransmission in the TASTPM 

mice. This phenomenon could be linked to an increased expression of enkephalin 

precursor and enkephalins at the spinal level or to an altered peripheral immune 

response in the TASTPM mice, which may lead to an augmented release of opioid 

peptides by immune cells. Further characterisation of macrophages (gene expression 

profile) found at the injury site and blood monocytes in the TASTPM mice may shed light 

on a novel population of macrophages that exerts anti-nociceptive properties. 

Furthermore, further preclinical and clinical studies are required to better understand 

changes in pain mechanisms, both in the CNS and PNS, providing the basis for new 

therapeutic approaches for the management of pain in AD. 
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Pain is one of the body’s most important alarm systems, designed to protect us and warn 

us when encountering a threat. Impairment of this system leads to an increased 

perception of afferent input, through a decrease in the nociceptive threshold, resulting in 

augment pain sensitivity. On the opposite side of the spectrum, an increase in the 

nociceptive threshold contributes to a heightened tolerance and increased danger for the 

individual. In AD, alongside cognitive and communication deficits, reports arising from 

clinical experimental pain studies have provided contrasting evidence. While some have 

reported increased pain tolerance in AD patients (Benedetti et al., 1999), others have 

shown increased sensitivity to noxious stimulation (Beach et al., 2015). Therefore, 

elucidating the alterations which occur in pain perception and processing, and which 

mechanisms may be contributing to such changes are important for better treatment and 

management of pain in AD patients.  

 

For this purpose, we used the transgenic TASTPM mouse model, which resembles some 

of the key features of AD described in humans – such as cognitive deficits and the 

presence of extracellular Ab deposits in the brain (Howlett et al., 2004) (Chapter III). We 

previously observed an increased endogenous opioidergic tone in this animal model at 

6 months of age which affected thermal latency (Aman et al., 2016) but was not sufficient 

to induce alterations in paw withdrawal thresholds upon a mechanical noxious input 

(Chapter III). However, this increased opioidergic neurotransmission attenuated the 

development of osteoarthritis (OA) pain (Aman et al., 2019) and our data adds a further 

body of evidence that this phenomenon also attenuated the development of neuropathic 

pain following peripheral nerve injury (Chapter IV). These data suggested that AD 

neuropathology (such as Ab) in the TASTPM altered the nociceptive system and resulted 

in a decreased sensitivity to noxious stimulation.  

We observed an upregulation of enkephalin expression in the spinal cord of our injured 

TASTPM mice which could therefore contribute to an augmented inhibitory tone in the 

CNS, elevating mechanical response thresholds to noxious stimulation (Chapter III-IV). 
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In addition, microgliosis was not present in the superficial laminae of the spinal cord in 

the injured TASTPM mice. These data support that 1) microglia plays an important role 

in spinal plasticity, pain chronification, and is indeed a surrogate marker of central 

sensitisation and 2) microglial response in the spinal cord was altered in this animal 

model of AD (Chapter III). 

 

We revealed a peripheral opioidergic tone through the administration of naloxone 

methiodide in our injured TASTPM mice (Chapter IV). Moreover, we have previously 

detected augmented levels of b-endorphin in the TASTPM plasma following OA (Aman 

et al., 2019). This increase in circulating b-endorphin can be attributed to increase 

synthesis of this peptide by the hypothalamic-pituitary-adrenal (HPA) axis, which 

regulates the stress response, and has been shown to be overactivated in AD patients 

(E. J. Scherder et al., 2003) and, consequently, leads to disturbed autonomic function 

and increased levels of corticotropin-releasing hormone (CRH; also known as 

corticotrophin-releasing factor, CRF) (Q. Guo, Zheng, & Justice, 2012). While CRH/CRF 

can interact in the PNS, this system is also becoming recognized for actions within 

central (CNS) nervous system (Gallagher, Orozco-Cabal, Liu, & Shinnick-Gallagher, 

2008).  

 

Given that CRH/CRF levels are increased in AD and that exogenous administration of 

this factor into naïve rodents can increase levels of opioids, such as enkephalins, b-

endorphin and dynorphin A, one can speculate their involvement in the peripheral 

opioidergic tone detected in the TASTPM mice. In fact, CRH/CRF receptors can be found 

throughout the body, with presence in peripheral immune cells (Cabot, Carter, Schafer, 

& Stein, 2001).  
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We detected a different peripheral immune response to peripheral nerve injury in the 

TASTPM mice which resulted in an increased accumulation of CD206+/MHCII- 

macrophages (Chapter V) (Fig.55). Macrophages play a crucial role in pain development 

with multiple studies involving this cell type in neuropathic pain, especially the 

conventional M1-like type (Kiguchi, Kobayashi, Saika, Matsuzaki, & Kishioka, 2017, 

2018; Ren & Dubner, 2010). While M1-like (proinflammatory) macrophages have been 

implicated in pain development, M2-like macrophages (anti-inflammatory) cause an 

antinociceptive effect through the release of anti-inflammatory molecules, such as IL-10. 

Polarisation of these cells towards a M2-like phenotype, through the injection of IL-4, 

leads to the release of opioid peptides, such as enkephalin, b-endorphin and dynorphin 

A, and, consequently, to analgesia in injected mice (Celik, Labuz, Keye, Glauben, & 

Machelska, 2020; Labuz, Celik, Seitz, & Machelska, 2021). Characterising the 

inflammatory/anti-inflammatory profile of the macrophages found at the injury site in 

TASTPM mice may shed light into the opioidergic properties of these cells.  

 

The novelty of our work, along with the altered peripheral immune response observed at 

the injury site, was the identification of distinct monocytic populations in the blood of 

injured mice (Chapter V). While monocytopenia has been described in transgenic animal 

models of AD (Naert & Rivest, 2013), we detected alterations in monocytic Ly6C 

expression, following peripheral nerve injury in TASTPM mice. The predominant pool of 

monocytes found in injured TASTPM mice expressed mainly Ly6Clow (patrolling), in 

contrast to WT mice, where blood Ly6Chigh (inflammatory) monocytes were the most 

predominant. These data obtained from blood from WT mice is supported by a study 

carried out by Ritz and co-workers, in which inflammatory monocytes were reportedly 

found elevated in patients with neuropathic pain (Ritz et al., 2011). This difference in 

Ly6C expression may be mediated by the presence of Ab peptides in the blood, altering 

their intrinsic properties and functions, such as phagocytosis (S. H. Chen et al., 2020).  
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We tested monocyte/macrophage ability to phagocyte mimicking the in vivo scenario in 

vitro. For this, we incubated BMDMs with cellular and myelin extracts and verified that 

TASTPM BMDMs displayed higher quantity of these extracts (these containing APP/Ab 

peptides) in their cytoplasm, suggesting an increased phagocytosis performed by these 

cells. This stimulation was sufficient to induce an increase in the release of enkephalins. 

The increased ability of TASTPM BMDMs to uptake these extracts and release 

enkephalins thereafter, allowed us to speculate that at the injury site, an increased 

presence of CD206+/MHCII- macrophages (M2-like) potentiates phagocytosis of myelin 

and efferocytosis of dead or dying cells. Increased number of these cells may indeed 

potentiate this mechanism and promote a faster resolution of inflammation at sites of 

nerve injury (D. Kobayashi, Kiguchi, Saika, Kishioka, & Matsuzaki, 2020). In addition, 

M2-like macrophages release higher levels of enkephalins and when these are injected 

into injured nerves, mechanical allodynia is reversed (Pannell et al., 2016). Nevertheless, 

further studies to understand whether TASTPM macrophages at the injury site release 

opioid peptides are warranted. 

 

 

 

 

 

 

 

 

 

Figure 54: An altered peripheral immune response contributes to attenuated 

neuropathic allodynia in TASTPM mice. 

A 
WT TASTPM 

B 
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 (A) In WT following nerve injury, proinflammatory cytokines/chemokines are released by 

cells at the injury site, where they promote extravasation of circulating immune cells, such as 
(Ly6Chigh) monocytes. At 14 days following injury, accumulated macrophages have pro- and 

anti-inflammatory profiles in WT. (B) In TASTPM the presence of amyloid peptides in blood 
may influence monocyte recruitment and macrophage phenotype at the injury site. Indeed, 

M2-like macrophages are found in higher number at TASTPM injury site where they likely 
release enkephalins, attenuating neuropathic allodynia 14 days following injury. Created 
with BioRender.com 
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7.2 Translational Relevance of Findings 
 
There is evidence for under detection and poor management of pain in patients with AD, 

due to the patients’ inability to effectively communicate. Accurate assessment is 

challenging and to date, prescription of drugs heavily relies on paracetamol and strong 

opioids, such as fentanyl (Haasum et al., 2011).   

Firstly, the prescription of such drugs may prove to be dangerous for AD patients, as an 

increased in opioid peptide has been reported in the CSF of individuals with AD 

(Muhlbauer et al., 1986).  

 

In line with this evidence in humans, our data showed an increased endogenous 

opioidergic tone in the TASTPM mice following nerve injury suggesting that nociceptive 

reflexes require a much higher stimulation to elicit a paw withdrawal response. 

Therefore, administration of opioid agonists such as fentanyl, commonly prescribed in 

the clinics for pain management, may not only induce severe adverse effects, such as 

respiratory depression but also lead to opioid tolerance, and as increased drug doses 

are required, opioid-induced hyperalgesia (OIH) can also occur (Mercadante, Arcuri, & 

Santoni, 2019). As such, our most recent data along with the evidence provided by others 

using rodents and humans, suggests that altered mechanisms in the development of 

chronic pain are at play in AD but also that safer therapies are required for better pain 

management in AD patients. 

 

Secondly, an altered peripheral immune response has been reported in both animal 

models of AD and in human studies (Busse et al., 2017; Munawara et al., 2021; Nava 

Catorce, Acero, & Gevorkian, 2021; Yan et al., 2022). We have also provided evidence 

for alterations in blood monocytes and macrophage at the injury site, whose differences 

may be mediated by Ab presence. In fact, presence of Ab induced distinct pattern of 

monocytes activation according to the severity of the disease and culturing of blood 
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monocytes from AD patients in the presence of heterologous serum from healthy and 

AD promoted the differentiation towards an anti-inflammatory phenotype (Munawara et 

al., 2021). In addition, we have shown an increased phagocytic activity of BMDMs in vitro 

after challenging these cells with cellular and myelin extracts (which contained APP/ Ab), 

suggesting that alterations in functional activities carried out by immune cells was 

impaired by AD pathology. Collectively our results highlight that in both humans and 

rodents, impaired immune response mediated by innate immune cells (such as 

monocytes and macrophages) is observed in AD. It would be intriguing to scrutinize the 

phenotype of these cells extensively, through analysing their respective gene expression 

profiles. 

 

Finally, our preclinical studies showed that at the injury site, many macrophages express 

CD206+/MHCII-. We hypothesised that this pool of macrophages was mediating the 

attenuation of mechanical allodynia observed in injured TASTPM mice, through the 

release of enkephalins. Having in mind the role of macrophages in the development of 

chronic pain, uncovering a population which promotes reduced pain sensitivity is of 

extreme importance. It would be interesting to characterise the macrophages found at 

the sciatic nerve in the injured TASTPM mice and perform a deep thorough analysis to 

uncover gene expression profile and anti-inflammatory/pro-inflammatory properties. 

Results from these initiatives would shed light into the characterisation of a unique 

population of macrophages at the injury site found in TASTPM mice, proving to be 

therapeutic through the injection of these cells in injured WT mice.  

 

In summary, the work presented in this thesis offers significant translation value to the 

field of pain but also to the field of neurodegenerative disorders, such as AD. Not only it 

highlights some of the mechanisms underlying pain development in AD and sheds light 

into new therapeutic and/or tailored approaches for treatment and management of pain 

in individuals with dementia. 
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7.3 Future Directions 
 

This thesis proposes an increase in the endogenous inhibitory opioidergic 

neurotransmission in the TASTPM, especially detected following peripheral nerve injury. 

This phenomenon led to the attenuation of the development of mechanical allodynia in 

the injured TASTPM mice, thereby suggesting a reduced sensory perception of pain in 

AD. To understand which mechanisms were mediating this increase in opioidergic 

signalling, we observed changes in the CNS (increased spinal enkephalin expression) 

and in the PNS (higher number of M2-like macrophages found at the injury site). While 

these data have provided evidence for alterations in pain processing in AD, further 

investigations should be carried out. Increasing the animal size number for most of 

experiments carried out is of utmost importance and of priority to reinforce and allow 

better supported conclusions. 

 

In addition, future research directions to further uncover the mechanisms underlying pain 

development in animal model of AD are as follows: 

 

7.3.1 Examine regions involved in direct projections to the spinal cord (mainly 

those involved in the descending modulation of pain in TASTPM model 

of AD.   

 

Despite having investigated the expression of GABAergic GAD65 and GAD67 (inhibitory 

enzymes involved in GABA processing) mRNA expression at the (bulk) brainstem level, 

our results were inconclusive. To determine which supraspinal area is mediating the 

increase in spinal enkephalins and inhibiting microglial accumulation in the superficial 

lamina of the spinal cord is crucial. As mentioned, François and co-workers have 

identified a direct project from the RVM to the spinal cord through opioidergic signalling, 

which leads to mechanical sensitivity attenuation (Francois et al., 2017). To achieve this 
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goal, chemo- or optogenetic inhibition of neurons playing a role in this process may shed 

light into a novel pathway modulating nociceptive responses in this transgenic animal 

model under neuropathic pain conditions. 

7.3.2 Determine alterations at the HPA axis through measurements of 

CRH/CRF, either at systemic and local (nerve) level which could be 

implicated in the peripheral and central opioidergic tone.  

 

As previously mentioned, CRH/CRF is deeply involved in the regulation of opioid 

synthesis through binding to its cognate receptors, CRF1 and CRF2. Considering the 

increased levels of CRH/CRF found in AD, it be worth exploring if this is observed in our 

transgenic animal model. To achieve this, CRH/CRF levels can be quantified in the 

TASTPM plasma and at the nerve through performing ELISA assays. If values are 

increased in the TASTPM mice, targeting CRH/CRF and/or respective receptors could 

be a good strategy to assess whether the increased opioidergic signalling can be 

attributed to hyperactivation of HPA axis. 

 

7.3.3 Assess the phenotype of macrophages found at the injury and blood 

monocytes to uncover differences in gene expression profile and 

determine the inflammatory properties of these populations. 

 

Within this thesis I have uncovered an increased number of CD206+/MHCII- 

macrophages at the injury site in TASTPM mice which weren’t present in injured WT 

mice. Moreover, I have demonstrated alterations regarding Ly6C expression in blood 

monocytes which suggests that the innate immune response performed by these cells is 

distinct between TASTPM and WT mice. Future studies could look to assess, through 

FACS, sc-RNAseq, and/or qPCR techniques, if pro-inflammatory and anti-inflammatory 

mediator expression is altered in these populations and whether these are differential 

between both injured genotypes. Furthermore, assessment of expression of specific 
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receptors involved in macrophage phagocytosis, such as scavenger receptor CD36, to 

infer about their functional properties. These studies will provide insights into the 

phenotype of macrophages/monocytes that may be influencing nociceptive signalling in 

the PNS following peripheral nerve injury. 

 

7.3.4 Investigate the effect of monocytes from TASTPM blood in the 

development of attenuated mechanical hypersensitivity. 

 

Considering the difference in Ly6C expression in TASTPM mice and the predominance 

of patrolling monocytes in injured TASTPM blood, we wonder whether these cells are 

mediating the effects (increased CD206+/MHCII- pool of macrophages at the injury site) 

we observed in TASTPM mice. To determine this, isolation of CD115+ monocytes from 

injured TASTPM blood and posterior administration of these cells intravenously (i.v.) into 

injured WT mice may serve to uncover the role of these monocytes in the development 

of neuropathic pain.   
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7.4 Conclusions 
 

In conclusion, findings presented within this thesis have showed that our transgenic 

model of AD showed altered development of neuropathic pain following nerve injury and 

that there were distinct mechanisms, either in the PNS and/or CNS, underlying such 

alterations.  

 

We provided evidence that an elevation of inhibitory peptides, such as opioids, was the 

common mechanism that is responsible for the attenuated mechanical allodynia 

observed in the injured TASTPM mice. In addition, here we provided support for the 

hypothesis that AD pathology also influences the peripheral immune system and is able 

to modify the innate immune response. As such, considering that neuropathic pain 

development relies also in neuroimmune interactions, one should speculate that these 

will occur differently in such conditions under AD pathology.  

 

Collectively, the findings of this thesis provided significant advancement for the care of 

patients with AD, especially those who display reduced sensitivity to chronic pain. 

Moreover, the understanding of the mechanisms underlying such changes is increasing 

and this thesis suggests a critical role of the peripheral immune system in maintaining 

such alterations which influence mechanical sensitivity. Finally, our data also reflected 

the need for a tailored therapeutic approach for pain in AD people, especially one which 

relies less in the prescription of opioids. 
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