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Abstract 
Neuropathic pain – defined as pain arising from damage to the somatosensory 

system – affects 7-10% of the population, causing patients to experience burning or 

stabbing sensations even in the absence of any external stimuli. Injuries to the 
trigeminal nerve, responsible for sensory innervation to the face, may occur during 
routine dental procedures, resulting in the formation of a neuroma accompanied by 

loss of sensation and/or symptoms of pain.  

Here, the cellular and transcriptional landscape of healthy and injured human 

trigeminal nerves was characterised at single-cell resolution and the cell-cell 
communication between non-neuronal cells and trigeminal neurons was 

computationally inferred. The transcriptional landscape of painful and non-painful 
human neuromas within the tissue architecture was profiled using spatial 

transcriptomics and several differentially expressed genes were identified. Finally, 
RNAscope and immunohistochemistry were utilised to validate single nuclei RNA 

sequencing and spatial transcriptomics experiments.  

This study characterises human trigeminal nerves at single-cell level, before and 
after injury, highlighting transcriptomic changes in Schwann cells and immune cells 

associated with injury. Differential expression analysis between painful and non-
painful neuromas highlighted the role of inflammatory mediators in neuropathic 

pain: in particular, CXCL2, CXCL8 and HLA-A were upregulated in painful samples. 
Cell-cell communication inference indicates that macrophage-derived CXCL8 may 

underpin neuronal sensitization through the atypical chemokine receptor 1. 
RNAscope and immunohistochemistry confirmed the expression of several injury- 

and pain-relevant molecules in the predicted cell-types, including Peptidase 
Inhibitor 16 expression in endoneurial fibroblasts and the p75 neurotrophin receptor 

and prostaglandin D2 synthase in perineurial fibroblast. 

The cellular atlas generated in this study will be of significant interest to the wider 
research community, reporting the expression of thousands of genes at single-cell 

resolution in clinically relevant human tissue in health and associated with nerve 
injury and pain, providing a precious resource for the development of novel pain 

treatments.  
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Chapter 1.  General Introduction 

1.1 Introduction on pain 
The perception of pain serves as an evolutionary advantage, allowing organisms 

to learn from noxious experiences and avoid harmful stimuli. However, when acute 

pain transitions to chronic pain, it becomes a burden that influences every facet of 
life, severely impacting quality of life. 

The IASP defines pain as “an unpleasant sensory and emotional experience 
associated with, or resembling that associated with, actual or potential tissue 
damage” (Raja et al., 2020). By alerting us of actual or potential tissue damage, pain 

enables us to avoid harm and increase our chances of survival. The importance of 
pain is evident in patients affected by congenital insensitivity to pain (CIP), where 

genetic mutations prevent the appropriate development and functioning of 
nociceptive pain pathways, resulting in the inability to perceive pain. CIP patients 

suffer from a shortened life span due to self-mutilations, fractures, joint injuries and 
infections (Drissi et al., 2020). 

The nociceptive system relies on primary sensory neurons that transduce 
noxious mechanical, thermal or chemical stimuli from the periphery and transmit 

this information to the central nervous system. Primary sensory neurons express a 
wide variety of sensory receptors that enable the detection of mechanical, thermal 
and chemical stimuli at low innocuous or high noxious thresholds. One example of 

this is a prominent family of sensory receptors known as the transient receptor 
potential (TRP) ion channels, whose members can detect various ranges of noxious 

and non-noxious thermal and chemical stimuli. For example, TRPV1 can detect heat 
(>43°C), capsaicin, protons and various lipids (Tominaga and Tominaga, 2005), 

while TRPM8 is activated by cold (<30°C) and menthol, and TRPA1 is sensitive to 
noxious cold (<17°C) and irritants such as mustard and heat (Dhaka et al., 2006, 

Moparthi et al., 2016). The signal detected by sensory receptors is then conducted 
from the periphery to the central terminal of primary sensory afferents via action 

potentials, generated by ion channels such as voltage-gated sodium channels 
(Bennett et al., 2019). 
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When the harmful stimulus is recurrent and persistent, acute nociceptive pain can 
transition to chronic nociceptive pain, as in osteoarthritis patients, where normal 

weight bearing on deformed joints may produce persistent activation of the synovial 
mechanoreceptors (Neogi, 2013, Costigan et al., 2009).  

A lesion of the tissue is followed by an inflammatory response, mediated by pro-
inflammatory mediators including cytokines, chemokines, prostaglandins and nerve 

growth factors, which, in order to protect the injured tissue, enhances the 
nociceptive responses associated to noxious stimuli (hyperalgesia) and produces a 

noxious response from innocuous stimuli (allodynia). This mechanism, known as 
peripheral sensitisation, serves to alert the organism to protect the affected area 

from further injury and allow healing (Chen et al., 2013). Typically, the pain 
disappears after the resolution of tissue injury; however, chronic inflammatory 

disorders such as rheumatoid arthritis result in persistent inflammatory pain 
characterised by chronic inflammation of the joints (Walsh and McWilliams, 2012). In 
several chronic painful conditions, the pain can persist even when peripheral 

inflammation is treated pharmacologically, sustained by central sensitisation 
(McWilliams and Walsh, 2017), where nociceptive neurons in the central nervous 

system are increasingly responsive to sub-threshold stimuli due to synaptic 
plasticity caused by prolonged peripheral hyperexcitability (Woolf, 2011).  

When the lesion or disease that causes pain involves the somatosensory nervous 
system, the pain is classified as neuropathic, which persists even after the 

resolution of injury due to maladaptive plasticity in the process of neural tissue 
healing (Costigan et al., 2009). Neuropathic pain is generated through several 

biological processes, including changes in receptors and ion channels expression in 
primary sensory afferents, resulting in altered excitability and spontaneous firing, 

activation of immune cells and central amplification triggered by altered synaptic 
connectivity (Costigan et al., 2009, Finnerup et al., 2021). 

1.1.1 Impact of Neuropathic Pain 

Neuropathic pain has recently been included in the 11th revision of the 
international classification of disease (ICD-11) (Nicholas et al., 2019, Scholz et al., 
2019), in response to the need of a better classification system to improve diagnosis 
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and treatment of patients affected by persistent pain. Neuropathic pain affects 
roughly 7-10% of the general population (van Hecke et al., 2014, Fayaz et al., 2016) 

and includes a wide variety of conditions with different aetiologies (Figure 1.1), 
further classified into peripheral neuropathic pain, which includes nerve injury-

induced neuropathic pain, trigeminal neuralgia, postherpetic neuralgia, painful 
polyneuropathy, postherpetic neuralgia and painful radiculopathy; and central 

neuropathic pain, associated with spinal cord or brain injury, stroke and multiple 
sclerosis (Scholz et al., 2019). Neuropathic pain is often reported by patients as 

ongoing or intermittent and described as burning, searing, shooting, pricking, pins 
and needles, squeezing, crushing or freezing. It can be accompanied by non-painful 

abnormal sensations that can be unpleasant, generating discomfort (dysesthesia). 
The pain can also be evoked by mechanical or thermal stimuli, with both allodynic 

and hyperalgesic characteristics, which can be reported in addition to loss of 
sensation (Finnerup et al., 2021). 

 
Figure 1.1 Classification of neuropathic pain conditions. 
Classification of neuropathic pain conditions and examples of the anatomical distribution of pain and 
sensory abnormalities. Obtained with permission from Finnerup et al. (2021). 
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Current first-line treatments for most neuropathic pain conditions include 
gabapentinoids (gabapentin and pregabalin), which act on voltage-gated calcium 

channels and, while according to some meta-analyses they are effective in some 
neuropathic pain indications, particularly post-herpetic neuralgia and diabetic 

neuropathy (Cavalli et al., 2019, Wiffen et al., 2017, Derry et al., 2019, Finnerup et 
al., 2015), in other reports the effects seem to be moderate and are often 

outweighed by the risks of addiction and adverse effects (Williams et al., 2023, 
Chincholkar, 2020). Their mechanism of action involves the decrease of neuronal 

hyperexcitability and excitatory transmitter release through the reduction of activity-
dependent calcium signalling (Kremer et al., 2016). Other first line treatment include 

tricyclic antidepressants (TCAs) and serotonin-norepinephrine reuptake inhibitors 
(SNRIs), which also show high efficacy for some indications, but come with 

substantial side effects (Finnerup et al., 2015, Ferreira et al., 2023, Cavalli et al., 
2019). They act on the pre-synaptic reuptake of serotonin and noradrenalin and are 

thought to achieve analgesia via the activation of descending pathways at spinal 
and supraspinal levels, as well as modulating neuroimmune interactions (Kremer et 

al., 2016).  

Drugs with a weak indication include capsaicin and lidocaine patches and 
botulinum toxin type A injections (Finnerup et al., 2015). Tramadol and opioids are 

effective analgesics, but not recommended for chronic non-cancer pain patients 
due to tolerance and addiction (Finnerup et al., 2015). Sodium channel blockers 

such as carbamazepine and oxcarbazepine are recommended for trigeminal 
neuralgia patients (Lambru et al., 2021), but inconclusive for other types of 

neuropathic pain (Wiffen et al., 2011).  

A survey on chronic pain attitudes in European countries identified that 64% of 

chronic pain patients taking pain medications report that the medication is 
inadequate at times at managing the pain, while 63% of respondents are concerned 
about the medications’ side effects (Breivik et al., 2006). This survey was conducted 

on patients suffering from various chronic pain conditions who primarily used 
NSAIDs and opioids for pain management, which are ineffective for neuropathic 

pain. As highlighted by Finnerup et al. (2021), few treatments have been introduced 
in the past 120 years for neuropathic pain, which have been developed primarily 
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from clinical observation rather than translational approaches. In the meantime, 
neuropathic pain is still insufficiently managed by drugs associated with substantial 

side effects. The development of new therapies is challenging due to the 
heterogeneity of neuropathic pain conditions and mechanisms of chronic pain 

development, therefore, methods to stratify patients based on the symptoms and 
signs reported have been suggested, which might indicate the mechanism 

underlying the symptoms of neuropathic pain and point to the best strategy for pain 
relief (Bouhassira and Attal, 2016, Finnerup et al., 2021).  

1.2 Nociceptive pain pathways 
The anatomical and cellular structures that compose nociceptive pain pathways 

are summarised in the following sections to provide a basic overview of the steps 
involved in nociception and pain processing, as a basis to understand how chronic 

neuropathic pain may arise following lesion or disease to the somatosensory 
system. 

1.2.1 Primary sensory afferents 

Noxious stimuli are detected at the periphery and transmitted to the central 
nervous system by nociceptors, a subset of primary sensory afferents that respond 

to high threshold stimuli, forming the first step in the pain pathway (Basbaum et al., 
2009). 

Since the work of Rivers and Head (1908), which identified “protopathic” and 
“epicritic” sensations, where the first corresponds to a dull poorly localised 
sensation of pain and the second to well-localised thermal and touch stimuli 

detection system; there has been considerable refinement on the characterisation of 
sensory primary afferents.  

Nociceptive afferents have a pseudo-unipolar morphology where both peripheral 
and central axons arise from a single axon that splits into two branches shortly after 

leaving the cell body. They have free nerve endings characterised by 
unencapsulated peripheral terminals (Basbaum et al., 2009). Historically, primary 

sensory afferents have been classified based on their size and myelination status in 
Aβ-nerve fibres, Aδ-nerve fibres and C-fibres. Myelinated large diameter Aβ-fibres 
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detect low-threshold mechanical stimuli such as a light touch, but a proportion can 
also respond to high-threshold noxious stimuli (Djouhri and Lawson, 2004, Nagi et 

al., 2019). Aδ-fibres are lightly myelinated and together with unmyelinated small 
diameter C-fibres respond to high-threshold stimuli, transducing nociceptive pain 

(Basbaum et al., 2009).  

Aδ-fibres can be further divided into type I and type II. Type I Aδ-fibres respond 

to mechanical and chemical stimuli, with a high-threshold for heat stimuli (>52ºC). 
Type II Aδ-fibres respond to thermal and chemical stimuli, and are mostly 

mechanically insensitive (Scholz and Woolf, 2007).  

C-fibres are mostly polymodal, responding to mechanical, thermal and chemical 
stimuli (Basbaum et al., 2009) and are furtherly classified by their molecular 

characteristics. Peptidergic C-fibres release neuropeptides such as substance P 
(SP) and calcitonin gene-related protein (CGRP) and express the tyrosine kinase 

receptor A (TrkA) for nerve growth factor (NGF). In contrast, non-peptidergic C-
fibres express G protein-coupled receptors (GPCR) of the Mas-related genes family 

(MRGPRD) and the purinergic receptor P2X3 (Basbaum et al., 2009).  

Due to their smaller diameter and lack of myelination, C-fibres convey pain 

sensation slower than Aδ-fibres, providing the dull and aching sensation of pain, 
also known as “second pain”, equivalent to Head’s “protopathic pain”. This 

“second pain” follows the acute and localised sensation of pain transduced by Aδ-
fibres, or “first pain”, equivalent to Head’s “epicritic pain” (Price and Dubner, 1977, 
Basbaum et al., 2009). 

In recent years, advances in electrophysiology, calcium imaging and 
transcriptomics have enabled to further classify and characterise the subtypes of 

sensory neurons and their functionality, by identifying subtype-specific molecular 
profiles and responses to different stimuli modality and intensity (St. John Smith, 

2018). 

1.2.1.1 Recent advances in primary afferents classification 
Technical advances, including single-cell and spatial transcriptomics as well as 

genetic manipulations in animal models, have led to the refinement of molecular and 

functional classifications of primary sensory neurons, a field which is rapidly 
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evolving (Middleton et al., 2021). Additionally, while the majority of functional and 
transcriptional studies characterizing sensory neurons has been performed in 

animal models, several studies published in recent years have focused on human 
sensory neurons, often performing cross-species comparisons to establish the 

validity of animal models, from rodents to non-human primates, as well as non-
canonical models for pain research such as the axolotl and drosophila (Tavares-

Ferreira et al., 2022, Yang et al., 2022, Nguyen et al., 2021, Huasheng et al., 2023, 
Jung et al., 2023, Bhuiyan et al., 2023). Bhuiyan et al. (2023) performed a cross-

species comparison integrating several single-cell studies of DRG and TG and 
identified species-specific molecular markers to identify neuronal subtypes. Markers 

identified for human DRG and TG neuronal subtypes are summarised in Table 1.1. 

Tavares-Ferreira et al. (2022b) used 10X Visium technology to profile human DRG 

neurons identifying a total of 12 neuronal subtypes, classified using a mixture of 
transcriptional, morphological and putative functional characteristics. Among the 
large fibre neurons, proprioceptors (PVALB+/KCNS1+/ASIC1+), Aβ slowly adapting 

low-threshold mechanoreceptors (Aβ-SA LTMR2, PVALB+/NTRK3+), Aβ rapidly 
adapting low-threshold mechanoreceptors (Aβ-RA LTMRs, NTRK3high+NTRK2low), Aβ 

nociceptors (SCN10A+/NTRK3+), Aδ low-threshold mechanoreceptors (Aδ-LTMR, 
NTRK2high) and Aδ high-threshold mechanoreceptors (Aδ-HTMRs, 

SCN10A+/CPNE6+) were identified. Among the small fibre neurons, TRPM8+ cold 
nociceptors, TRPA1+ nociceptors, putative silent nociceptors (CHRNA3+), 

pruritogen receptor enriched (NPPB+) and putative C-LTMRs (GFRA2+) were 
identified.  

In a cross-species harmonisation which includes human, non-human primates 
and rodent DRG and TG cells, Bhuiyan et al. (2023) identifies similar subtypes 

among the A-type fibres, with the further subdivision of Aδ-HTMRs into CALCA+ 
CHRNA7+ neurons, representing putative polymodal A-fibres (A-MH/C), and 
CALCA+ KIT+ neurons, representing putative mechanically sensitive A fibres (A-M).  

Among the C-fibres population, there is more discrepancy in the nomenclature 
used. Tavares-Ferreira et al. (2022b) avoids the classical peptidergic/non-

peptidergic nomenclature due to the increasing body of evidence that in human 
nociceptors, classical peptidergic markers, such as TRPV1, CALCA, SCN10A and 
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the P2X3 receptor, are widely expressed in most sensory neurons (Shiers et al., 
2021, Shiers et al., 2020). Instead, Bhuiyan et al. (2023), using a cross-species 

harmonisation approach, aims to identify corresponding subtypes across different 
species based on overall transcriptional profiling rather the expression of specific 

markers at individual gene level. With this classification approach, Bhuiyan et al. 
(2023) identifies the following markers to distinguish between C-fibres neurons in 

the human datasets: CALCA+PTPRT and CALCA+ADRA2A, which can be mapped 
back to peptidergic fibres in rodents, and SCN11A+GFRA1, which can be mapped 

back to non-peptidergic populations in rodents, as well as a TRPM8 for cold 
nociceptors, Th for C-LTMRs and SST for silent nociceptors. 

A different approach was used by Huasheng et al. (2023), who performed laser 
capture microdissection to deeply sequence neuronal soma from human DRG, 

avoiding the loss of cytoplasmic RNA encountered in single nuclei datasets but 
retaining single-cell identity, instead of the near-single cell resolution obtained with 
Visium by Tavares-Ferreira et al. (2022b). The resulting deeply sequenced dataset 

includes 16 subtypes characterised by cell size and gene expression, which was 
classified using the classical peptidergic/non-peptidergic nomenclature (Huasheng 

et al., 2023).  

Overall, sensory neuron subtypes can be consistently identified across studies in 

humans, with differences often related to technical factors and nomenclature 
choices. Across different species, sensory neurons can mostly be mapped back to 

common subtypes, but the proportion of certain neuronal populations and the level 
of expression of specific genes diverges, possibly as a result of evolutionary 

adaptations (Bhuiyan et al., 2023). Whereas the debate on sensory neuron 
classification might be often semantic, identifying the differences across species 

and the most suitable markers in each organism is essential to translate studies 
from animal models to humans and is an active and rapidly advancing area of 
research.  

This classification effort doesn’t end here, as a specific transcriptional profile 
doesn’t itself determine a functional role. Instead, functionality is often determined 

by the innervation target and considerable advance is underway using transgenic 
reporter mouse lines to label and transcriptionally characterise sensory neurons 
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innervating a specific organ, such as the tongue, teeth or adipose tissue (Ibrahim et 
al., 2023, Wu et al., 2018, Lee et al., 2023, Wang et al., 2022a). Novel technologies 

such as patch-seq are helpful to bridge the classification between 
electrophysiological and molecular profiling (Parpaite et al., 2021), whereas genetic 

manipulations in animal models, including chemogenetic systems, are helpful to 
recapitulate the physiological and behavioural function of molecularly-defined 

subtypes (Perez-Sanchez et al., 2023). 
Table 1.1 Classification and gene markers of human primary afferents. 
The table summarises the proposed afferent subtypes based on transcriptional profiling from a 
cross-species atlas, adapted from Bhuiyan et al. (2023). Abbreviations: Aβ-SA-LTMR= Aβ slowly 
adapting low threshold mechanoreceptors, Aβ-RA-LTMR= Aβ rapidly adapting low threshold 
mechanoreceptors, Aδ-LTMR = Aδ low threshold mechanoreceptor, A-MH/C = responsive to 
mechanical, heat and cold stimuli, A-M= A fibre responsive to mechanical stimuli, C-LTMRs = C fibre 
low threshold mechanoreceptor, C-MH = C fibre responsive to mechanical and heat stimuli, C-H = C 
fibre responsive to heat stimuli, C-C = C fibre responsive to cold stimuli. 
 

Fibre 
type 

Axon 
diameter 

Myelination 
Conduction 

velocity 
Genetic markers in 

humans 
Cutaneous 
physiology 

Aβ Large High > 40 ms-1 

PVALB Proprioceptors 

NTRK3high + GRM8 Aβ-SA-LTMR 

NTRK3high +NTRK2 Aβ-RA-LTMR 

Aδ Medium Lightly > 2 ms-1 

NTRK3low +NTRK2 Aδ-LTMR 

CALCA+CHRNA7 A-MH/C 

CALCA+KIT A-M 

C Small None < 2 ms-1 

CDH9 C-LTMR 

SCN11A+GFRA1 C-MH 

CALCA+PTPRT C-H 

CALCA+ADRA2A ? 

TRPM8 C-C 

SST C-MH 

 

1.2.2 Central projections of primary afferents 

Primary afferents from the periphery project to the dorsal horn of the spinal cord, 

which is organised in different laminae as first proposed by Rexed (1954) (Figure 
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1.2). Generally, Aβ myelinated low-threshold mechanoreceptors project to lamina II-
V, while Aδ and C-fibres project mainly to lamina I and II (Todd, 2010). More 

specifically, Aδ nociceptors mostly terminate in lamina I, whilst a subset of Aδ-fibres 
terminates deeper in lamina III-V. Classically defined peptidergic C-fibres terminate 

in lamina I while non-peptidergic C-fibres terminate in lamina II (Todd, 2010, 
Basbaum et al., 2009). Within the dorsal horn, post-synaptic neurons which carry 

the signal to the brain can be specific to each type of fibres input or receive inputs 
from all three, in which case the neurons are known as wide dynamic range (WDR) 

neurons (Sessle, 2005, Basbaum et al., 2009). 

 
Figure 1.2 Central projections of primary sensory afferents in the spinal cord. 
Diagram displaying the organisation of the spinal dorsal horn and the central projections of different 
types of primary afferents. Aβ fibres project to lamina II-V, Aδ and fibres project to lamina I, whilst a 
subset projects to deeper lamina. Peptidergic C fibres project to lamina I, while non-peptidergic C 
fibres project to lamina II. Image adapted with permission from Bennett et al. (2019). 

 

1.2.3 Spinal circuits involved in nociceptive processing. 

Melzack and Wall (1965) postulated the gate-control theory where they theorised 
that nociceptive inputs are modulated by low-threshold afferents in the substantia 

gelatinosa before being transmitted to the brain to elicit pain perception and 
behavioural responses. This was in contrast to the specificity theory which 

theorised the existence of a specialised circuit to transmit nociceptive information, 
supported by the evidence of the selective activation of a subset of central 

projection neurons by high threshold mechanical and thermal stimuli (Christensen 
and Perl, 1970). These theories have been tested in the past 60 years to define the 

circuitries that underlie nociceptive perception, leading to the identification of 

Aβ fibres
Aδ fibres

Peptidergic C fibres
Non-peptidergic C fibres
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several different classes of spinal neurons that contribute to and modulate 
nociceptive processing. 

In the dorsal horn, projection neurons, which relay the primary afferent inputs to 
the brain, are concentrated in lamina I (Todd, 2010). Projection neurons cross the 

midline, travel rostrally in the contralateral white matter and terminate in various 
brainstem and thalamic nuclei, including the caudal ventrolateral medulla, the 

nucleus of the solitary tract, the lateral parabrachial area, the periaqueductal grey 
matter and several nuclei in the thalamus (Todd, 2010). Most projection neurons 

express the neurokinin 1 receptor (NK1R), targeted by substance P and are required 
for the development of hyperalgesia in neuropathic and inflammatory pain, receiving 

inputs from peptidergic primary afferents (Mantyh et al., 1997, Todd et al., 2002). 

Interneurons make up the vast majority of neurons in laminae I-III and are 
extremely heterogeneous: they arborise locally and include both inhibitory and 

excitatory neurons, receiving inputs from primary afferent neurons (Todd, 2010). 
Indeed, these neurons embody the gate-control system theorised by Melzack and 

Wall (1965), providing excitatory and inhibitory controls dependent on both low-
threshold mechanical and nociceptive polymodal inputs (Duan et al., 2014) 

Finally, descending inputs from the brain project to the dorsal horn, including the 
serotonergic system originating from the nucleus raphe and the noradrenergic 

pathway, originating from the locus coeruleus (Todd, 2010), which are thought to 
mediate pain relief through the action of SNRIs and TCAs (Kremer et al., 2016). 
GABAergic axons also descend from the rostral ventromedial medulla and form 

axoaxonic synapses with primary afferents to modulate nociceptive inputs (Todd, 
2010, Kato et al., 2006, Zhang et al., 2015b).  

Overall, uncovering the complexity of spinal circuitries involved in nociceptive 
processing is fundamental to identify how synaptic plasticity may result in persistent 

pain perception and how it can be harnessed to treat neuropathic pain (Woolf, 
2011, Todd, 2010). 
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1.3 Nerve injury, regeneration and neuropathic pain 
development 

Neuropathic pain arises as a direct consequence of lesion or diseases affecting 

the somatosensory system (Scholz et al., 2019). Traumatic nerve injuries are a 
common cause of neuropathic pain development, where the changes underpinning 
nerve regeneration may result in ectopic activity and maladaptive plasticity leading 

to persistent pain.  

In the following paragraphs, the mechanisms that underlie the generation of 

neuropathic pain will be elucidated, starting from an overview of the types of 
peripheral nerve injuries and mechanisms underlying nerve regeneration, leading to 

the neurobiology of neuropathic pain development, including mechanisms of 
peripheral and central sensitisation. 

1.3.1 Peripheral nerve injury  

Peripheral nerves enable the transmission of information from the periphery to 
the central nervous system and vice-versa. They contain the axons of sensory, 

motor and autonomic neurons, myelinated by Schwann cells or sheathed by non-
myelinating Schwann cells in Remak bundles (Zochodne, 2008). They are grouped 

in bundles, also known as nerve fascicles, where several myelinated and non-
myelinated axons, as well as endoneurial fibroblasts and blood vessels, are 

enwrapped by a perineurial sheath. Several nerve fascicles are grouped together 
within the epineurium, composed of fibroblasts and epineurial blood vessels 
(Zochodne, 2008). A more in-depth description of the organisation and the cell-

types that populate peripheral nerves will be introduced in Chapter 2. 

1.3.1.1 Peripheral nerve injury classification 
The structure of peripheral nerves serves to protect the axons from changes in 

ionic composition, pathogens, toxins and trauma (Iwanaga et al., 2022). Traumatic 
nerve injury can affect the integrity of peripheral nerves to several degrees. Seddon 

(1943) classified nerve injury types into neuropraxia, axonotmesis and neurotmesis, 
while Sunderland (1951) used a grading system ranging from type 1 to type 5, from 

least to most severe, respectively.  
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Neuropraxia (Sunderland’s type 1) refers to a transient lesion of the nerve where 
the myelin sheath is affected but the axon is intact, although compressed, and may 

display a conduction block due to focal demyelination or ischaemia (Robinson, 
2000). Axonotmesis is commonly seen in crush injuries, nerve stretch injuries or 

percussion injuries (such as motor vehicle accidents, falls or gunshot wounds) and 
involves damage to the axons (Robinson, 2000). It’s furtherly classified by 

Sunderland (1951) based on the extent of the damage affecting exclusively the axon 
(type 2), the endoneurium (type 3) and the perineurium (type 4). In these instances, 

the epineurium of the nerve is still present, which enables functional recovery. 
Finally, neurotmesis (Sunderland’s type 5) refers to the complete transection of the 

nerve with poor likelihood of recovery without surgical intervention.  

1.3.1.2 Wallerian degeneration 
Following axonal damage, a process known as Wallerian degeneration occurs 

(Figure 1.3), which involves the degradation of the axons and myelin distal to the 

site of injury and the reinnervation of their end-targets. This process is accompanied 
by the breakdown of the blood-nerve barrier formed by perineurial cells which aids 

the infiltration of immune cells, particularly macrophages, as well as neutrophils 
(transiently after injury) and fibroblasts (Stoll and Müller, 1999, Gaudet et al., 2011).  

Upon loss of axonal contact, Schwann cells de-differentiate from their mature 
myelinating or non-myelinating state to a proliferative repair state, expressing 

markers common to the immature phenotype, including Sox2, Oct6, Pax3, but also 
repair-specific TFs, such as c-Jun and Merlin (Stoll and Müller, 1999, Balakrishnan 

et al., 2021, Jessen and Arthur‐Farraj, 2019). This results in the downregulation of 
myelin-related genes (Mbp, Mag, P0, Pmp22 and Prx) and upregulation of Ngfr, 
Gfap, L1cam and Ncam (Balakrishnan et al., 2021). In order to support repair, 

Schwann cells produce growth factors and ECM components (GDNF, artemin, 
BDNF, NT3, NGF, VEGF, erythropoietin, pleiotrophin, laminin and N-cadherin) and 

acquire an elongated shape, arranging themselves into tubular structures known as 
bands of Büngner to provide a guide for regenerating nerve fibres (Jessen and 

Arthur‐Farraj, 2019). Following toll-like receptors (TLRs) activation, Schwann cells 
also produce cytokines (TNFα, iNOS, LIF, IL-1β, MCP-1) to recruit macrophages to 
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the site of injury, which will clear the majority of debris (Martini et al., 2008, Gaudet 
et al., 2011).  

Shortly following injury, axonal and myelin debris form lipid droplets, named 
ovoids, which are initially phagocytosed by Schwann cells and resident 

macrophages. At day 2 following injury, circulating monocytes-derived 
macrophages enter the distal stump guided by the ICAM-1 and VCAM-1 receptors 

on endothelial cells, upregulated by cytokine production at the site of injury (Stoll 
and Müller, 1999, Brück, 1997). Myelin ovoids are recognised by macrophages 

through the complement receptor type 3 and complement component C3 
interaction (Brück, 1997). Following clearance of debris and axonal regeneration, 

Schwann cells re-differentiate in a proximal-to-distal fashion from the site of injury, 
losing the de-differentiation markers and bands of Büngner morphology and re-

acquiring mature myelinating or non-myelinating gene expression (Stoll and Müller, 
1999). Reinnervation of the appropriate end-target is guided by molecular clues: for 
example, Schwann cells that were previously innervating motor fibres retain the 

ability to express the carbohydrate epitope L2/HNK-1 when contacted by motor 
axons during regeneration, which promotes the preferential myelination and 

guidance of motor axons to their appropriate muscle pathways (Martini et al., 1994). 
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Figure 1.3 Nerve injury and neuroma formation. 
Diagram describing the mechanisms that follow nerve injury leading to nerve regeneration or 
neuroma formation. Peripheral nerve injury (1) induces Wallerian degeneration (2), where axons and 
myelin degenerate forming lipid ovoids. Schwann cells de-differentiate and release cytokines that 
lead to the increased permeabilization of the endothelial and perineurial barrier and the infiltration of 
immune cells (neutrophils, macrophages, mast cells) to clear axonal and myelin debris. Repair 
Schwann cells form bands of Büngner to guide the sprouting axons (3a), releasing growth factors, 
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ECM components and guidance cues, promoting the regeneration of the axons to the innervation 
target. The presence of scar tissue deposited by pro-fibrotic fibroblasts may entrap the sprouting 
axons (3b), preventing their crossing to the distal stump and target reinnervation. Immune cells 
(macrophages, T-cells) entrapped in the scar tissue release pro-inflammatory mediators that may 
lead to peripheral and central sensitisation. 

 

1.3.1.3 Neuroma formation 
Following nerve injuries, tissue damage might result in the formation of scar 

tissue that prevents axons to cross the injury gap, resulting in the formation of a 

swollen mass where axons become entrapped and are prevented from reaching 
their innervation target. The swellings observed at the distal ends of the proximal 
segments of injured peripheral nerves have been first described by Odier (1811) but 

were named as neuromas by Wood (1829). Throughout the 19th and 20th century, the 
mechanisms of neuroma formation and their clinical presentations was furtherly 

elucidated (Swanson, 1961). Neuromas are non-neoplastic proliferation of cell types 
in an injured nerve, usually resulting from trauma due to surgical procedures such 

as amputations and dental treatment, or chronic inflammatory irritation, such as in 
Morton’s neuroma, caused by chronic irritation of the foot (Yang et al., 2023). 

Depending on the degree of nerve injury, they can be subdivided in nerve-end-
neuromas, where the nerve is completely transected, or nerve-in-continuity, where 

the distal and proximal end of the nerve are at least partially connected. The most 
common symptoms in patients with neuromas are paraesthesia and pain, which can 

be described as burning, stabbing, raw or gnawing (Yang et al., 2023). 

Neuroma formation is thought to be caused by signalling that promotes nerve 
regeneration following injury and its interaction with wound-healing cells that are 

activated as a result of tissue damage: the proliferation of Schwann cells and 
profibrotic fibroblasts, as well as the disorganised sprouting of axons, lead to an 

entangled swollen mass of connective tissue and nerve fibres (Yang et al., 2023).  

An important feature characteristic of nerve injury and neuromas is the presence 

of ectopic activity in the injured nerve fibres. Following nerve lesion, an 
accumulation of ion channels at the site of injury is observed, which might be 

caused by impaired anterograde transport or changes in gene expression and lead 
to ectopic activity and increased excitability (Grossmann et al., 2009). In 

experimental models of neuromas, local ectopic activity from both the axotomized 
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and non-injured fibres can be blocked by ion channel modulators (Bernal et al., 
2016, Burchiel, 1988). Altered expression of ion channels at the site of injury are 

thought to mediate changes in excitability and hypersensitivity to mechanical and 
thermal stimuli (Gold et al., 2003, Vilceanu et al., 2010, Devor et al., 1993). 

Upregulation of several ion channels has also been reported in human painful 
neuromas compared to control tissue from the same patients or to non-painful 

controls (Black et al., 2008, Bird et al., 2013). 

Ectopic excitability is enhanced by local inflammation at the site of injury 

(Grossmann et al., 2009), while genetic impairment of interleukin-1 signalling 
attenuates ectopic activity following nerve injury (Wolf et al., 2006). The 

accumulation of immune cells and pro-inflammatory cytokines at the site of injury 
(Vora et al., 2007, Khan et al., 2017) during nerve regeneration may contribute to the 

establishment of ectopic activity and lead to peripheral sensitisation, generating 
symptoms of neuropathic pain, as well as central sensitisation of the nociceptive 
pathways, contributing to the maintenance of persistent pain. These mechanisms 

are broadly summarised in Figure 1.4.
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Figure 1.4 Mechanisms of peripheral and central sensitisation in neuropathic pain. 
Nerve injury leads to the secretion of pro-inflammatory mediators by damaged cells and the recruitment of immune cells to the injury site. The inflammatory milieu sensitises 
or activates receptors on the nerve endings: transient receptor potential (TRP) channels, such as TRPV1 and TRPA1, are modulated by ATP, protons, NGF, bradykinin, acid-
sensing ion channels (ASICs) are activated by protons that lead to acidification, while P2X receptors are activated by ATP, leading to depolarisation; G-protein coupled 
receptors (GPCR) include receptors for prostaglandins, bradykinin and histamine and when activated lead to depolarisation through the activation of intracellular signalling 
cascades; two-pore-domain potassium (K2P) channels are modulated by pH, phospholipids and intracellular signalling, giving rise to leaky potassium currents which alter 
the membrane’s excitability and receptor tyrosine kinases (RTK) are activated by neurotrophins resulting in sensitisation. Overall, the activation and modulation of these 
receptors by inflammatory mediators results in hyperexcitability and increased firing of action potentials. Persistent activation of sensory neurons causes dysregulation of 
ion channels expression (e.g. Nav1.6, Nav1.7, Nav1.8, KCNA, Cav3.2 and Cavs accessory subunits) as well as infiltration of immune cells in the DRG (e.g. Csf1 expression in 
sensory neurons stimulating macrophages infiltration). At the central terminals, the increase of calcium currents leads to potentiation of synaptic connections with projection 
neurons, while the decrease of GABA neurotransmission leads to disinhibition. Image adapted with permission from Basbaum et al. (2009) and Finnerup et al. (2021).
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1.3.2 Peripheral sensitisation 

Peripheral sensitisation refers to the increased responsiveness and reduced 

threshold of nociceptive neurons in the periphery to the stimulation of their 
receptive fields, as defined by the IASP (Loeser and Treede, 2008). Nerve injury 
leads to the secretion of pro-inflammatory mediators that promote nerve 

regeneration but might also lead to the reduction of excitability thresholds and 
ectopic activity in neurons.  

Both nociceptors and non-neuronal cells, including mast cells, basophils, 
platelets, macrophages, neutrophils, endothelial cells, keratinocytes and fibroblasts, 

contribute to the secretion of pro-inflammatory mediators at the site of injury, 
creating an “inflammatory soup” made up of neurotransmitters, peptides (substance 

P, CGRP, bradykinin), eicosanoids and other lipids (prostaglandins, thromboxanes, 
leukotrienes, endocannabinoids), neurotrophins (NGF, BDNF, NT-3, NT-4), 

cytokines (IL-1β, IL-6, TNFα), chemokines, extracellular proteases and protons 
(Basbaum et al., 2009). Receptors present on the surface of nociceptors can 

recognise these inflammatory mediators (Figure 1.4), leading to the activation of 
intracellular cascades which result in increased excitability, through alterations in 
ion channels and receptor expression that promote signal transduction (alterations 

in TRP and ASICs channels and P2X receptors), signal amplification (changes in 
voltage gated sodium and potassium channels’ expression and kinetics) and 

synaptic transmission (alterations in voltage gated calcium channels and SNARE-
mediated vesicle fusion) (Finnerup et al., 2021).  

Several other mechanisms have been implicated in peripheral sensitisation, such 
as the involvement of fibroblasts in neuropathic pain generation (Singhmar et al., 

2020), or the activation of a subset of ‘silent’ nociceptors by NGF which become 
responsive of mechanical stimuli (Prato et al., 2017).  

1.3.2.1 Alterations in ion channels 
Primary afferents are the first point of contact between external environmental 

stimuli and the nervous system and require mechanisms to transduce a variety of 
chemical, mechanical and thermal stimuli into electrical signals that can be relayed 

to and processed by higher brain centres. Several families of ion channels are 
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encoded in our genome to transduce, amplify and transmit noxious stimuli, and the 
alteration of their expression and kinetics by transcriptional, translational and post-

translation regulation may result in peripheral sensitisation (Finnerup et al., 2021).  

The transient receptor potential (TRP) family, the acid-sensing ion channels 

(ASIC) and the ATP-gated purinergic channels (P2X) are some of the most important 
ion channel families involved in signal transduction (Finnerup et al., 2021, Gu and 

Lee, 2010, Basso and Altier, 2017, Bernier et al., 2018). The TRP family includes the 
thermosensitive channels TRPV1, TRPA1, TRPV4 and TRPM8, which have been 

implicated in peripheral sensitisation in neuropathic pain (Basso and Altier, 2017). 
For example, TRPV1, which is activated by capsaicin, protons and heat (> 43°C) 

and is essential for pain perception (Caterina et al., 2000), can be sensitised by 
prostaglandin signalling leading to altered gating properties and its activation to 

lower temperatures (< 35°C) in the presence of PGE2 and PGI2 in a PKC-dependent 
manner (Moriyama et al., 2005). NGF was also shown to drive peripheral 
sensitisation by rapidly increasing TRPV1 insertion in the membrane, leading to 

increased currents (Zhang et al., 2005). Indeed, desensitisation of TRPV1 by 
capsaicin topical application has shown efficacy in post-herpetic neuralgia and 

diabetic polyneuropathy, specifically in patients with high TRPV1 peripheral 
expression (Bonezzi et al., 2020). 

The transduction of the initial sensory stimuli involves a transient change in the 
membrane’s potential, which, when a certain threshold is reached, is amplified and 

conducted as action potentials to relay the signal to the spinal cord (Bennett et al., 
2019). Sodium channels, particularly Nav1.1, Nav1.6, Nav1.7, Nav1.8 and Nav1.9, are 

the major sodium channels expressed in the peripheral nervous system and are 
crucial in the conduction of action potentials in sensory neurons (Bennett et al., 

2019). Several mutations within these ion channels have been linked to congenital 
pain disorders or insensitivity to pain (Drissi et al., 2020). Alterations in sodium 
channels expression have been reported in clinical samples of several neuropathic 

pain conditions, including lingual nerve neuromas (Bird et al., 2007, Bird et al., 2013) 
and trigeminal neuralgia (Siqueira et al., 2009). Additionally, carbamazepine and 

lamotrigine, drugs effective in neuropathic pain conditions, particularly in trigeminal 
neuralgia, are sodium channel blockers (Wiffen et al., 2011). The role of sodium 



 21 

channels in peripheral sensitisation is driven by several alterations in epigenetic (Luo 
et al., 2021, Morchio et al., 2023) and post-translational mechanisms which lead to 

their increased insertion in the membrane or altered gating properties (Laedermann 
et al., 2015). 

On the other hand, potassium channels are crucial to establish and maintain the 
resting membrane potential, repolarising the membrane potential following an action 

potential. Their activation leads to the hyperpolarisation and inhibition of AP 
generation in sensory neurons. Several chronic pain conditions display a reduction 

in potassium channels’ expression leading to an increased firing rate and excitability 
in sensory neurons (Tsantoulas and McMahon, 2014).  

Finally, calcium channels are involved in both the initiation of action potentials 
and in synaptic transmission at the central terminals of primary afferents and their 
inhibition leads to analgesia in animal models (Zamponi et al., 2009). Indeed, 

commonly used drugs for neuropathic pain such as gabapentin and pregabalin act 
by blocking the accessory α2δ1 subunit of voltage gated calcium channels on DRG 

neurons, thereby reducing trafficking of the pore-forming α1 subunit to the plasma 
membrane, reducing Ca2+ currents (Kukkar et al., 2013). 

1.3.2.2 Role of immune cells in neuropathic pain 
Neuro-immune interactions have been implicated in countless studies in 

neuropathic pain generation. Particularly, mast cells, neutrophils, macrophages, T 
cells and dendritic cells have been implicated both at the injury site and in DRG and 

TG in peripheral sensitisation (Finnerup et al., 2021). Their interaction with sensory 
neurons often occurs through the secretion of pro-inflammatory mediators, 

including TNF-α, interleukins (IL-10, IL-1β, IL-4, IL-17) and IFN-δ (Finnerup et al., 
2021). 

Macrophages are crucial for Wallerian degeneration and axonal regeneration. 
Nerve resident macrophages populations, including endoneurial and epineurial 

subtypes, have been identified as distinct from circulating monocytes and CNS-
specific microglia (Ydens et al., 2020). Endoneurial nerve-resident macrophages 

produce monocyte chemoattractants following injury, leading to further macrophage 
infiltration to aid in the repair process (Ydens et al., 2020). Following spared nerve 
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injury, proliferation and infiltration of macrophages in the DRG and in the sciatic 
nerve leads to mechanical allodynia (Yu et al., 2020, Shepherd et al., 2018). 

Shepherd et al. (2018) have shown that macrophages’ role in neuropathic pain is 
mediated by the angiotensin pathway activation in AT2R-expressing macrophages 

at the site of injury, as peri-sciatic but not intrathecal delivery of AT2R inhibitor 
dose-dependently attenuates mechanical hypersensitivity following SNI. On the 

other hand, Yu et al. (2020) argue that macrophages expansion in the DRG, rather 
than at the injury site, initiates neuropathic pain. Macrophage proliferation in the 

DRG is driven by CSF1 expression in axotomised sensory neurons and leads to the 
increase in IL-1β in the DRG and BDNF expression in sensory neurons, resulting in 

peripheral sensitisation (Yu et al., 2020) 

T-cells have also been implicated in peripheral sensitisation. Infiltrating the site of 

injury and the DRG weeks to month following nerve injury, T-cell depletion results in 
the reduction of nerve-injury induced mechanical allodynia (Laumet et al., 2019). T-
cells have been shown to induce the transition from acute to chronic pain following 

nerve injury via their infiltration in the leptomeninges of the DRG (Du et al., 2018).  

1.3.3 Central sensitisation 

The concept of central sensitisation was proposed by Woolf (1983) and refers to 

the process through which a state of hyperexcitability is established in the CNS, 
leading to enhanced processing of nociceptive stimuli. Several mechanisms have 

been identified to contribute to central sensitisation, including alteration in 
glutamatergic neurotransmission of nociceptive inputs, structural changes in the 

dorsal horn neurons leading to non-nociceptive inputs engaging in pain 
transmission circuits, loss of inhibitory controls (disinhibition), and glial-neuronal 

interactions (Todd, 2010, Basbaum et al., 2009).  

The synaptic release of glutamate from central terminals of nociceptors to 

second order dorsal horn projection neurons underpins the transmission of acute 
pain sensations, driven by the activation of post-synaptic AMPA and other 

glutamate receptors (Basbaum et al., 2009). Following nerve injury, the increased 
neurotransmitter release can activate NMDA receptors, leading to increased 
calcium channel influx which strengthen the synaptic connection, in a process 



 23 

similar to hippocampal long-term potentiation (Basbaum et al., 2009). Particularly, 
long-term potentiation in NK1R+ lamina I projection neurons has been reported 

following peptidergic C-fibre stimulation through calcium-dependent postsynaptic 
mechanisms (Ikeda et al., 2003). Downstream activation of signalling pathways by 

kinases such as MAPK, PKA, PKC, PI3K and Src, further increase excitability in 
these neurons (Basbaum et al., 2009). For example, Kv4.2-mediated A-type 

potassium currents, important in establishing membrane potential and neuronal 
excitability, is modulated by ERK, which is activated following noxious stimuli (Hu et 

al., 2006, Ji et al., 1999). 

In addition to homosynaptic potentiation, structural changes in the projections of 

primary afferents in the dorsal horn following nerve injury contribute to central 
sensitisation through heterosynaptic plasticity. For example, following inflammation 

and nerve injury, Aβ-fibres are reported to sprout into lamina II, underlying 
symptoms of allodynia (Woolf et al., 1992, Bester et al., 2000).  

A loss of inhibitory GABAergic and glycinergic neurotransmission in spinal and 

supraspinal circuits has also been observed, also known as disinhibition (Basbaum 
et al., 2009). Loss of inhibitory postsynaptic currents and a decrease in GABA 

signalling in the dorsal horn has been reported in several nerve injury models 
(Moore et al., 2002), but no significant neuronal cell death has been reported (Polgár 

et al., 2004), indicating that disinhibition might be caused by an alteration of 
neuronal membrane potential, alteration in the inputs or intrinsic properties of the 

interneurons, rather than a loss of inhibitory neurons itself (Todd, 2010). 

While it’s well-established that spinal circuits are modulated by non-nociceptive 
inputs and a loss of balance in these modulatory inhibitory and excitatory circuits 

leads to the establishment of allodynia, the precise organisation of these circuits 
across species is still poorly characterised (Woolf, 2011). Advances in chemogenic 

and optogenetic techniques have improved the functional characterisation of spinal 
neuron subpopulations in rodents (Guo et al., 2022). Understanding whether these 

findings can be translated to humans is paramount to identify mechanisms of 
chronic pain establishment that can be harnessed for pain relief.  
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Controversy regarding the importance of central sensitisation to the maintenance 
of chronic pain has been raised (Cervero and Wood, 2020): for example, whilst in 

animal models the deletion or pharmacological blockade of NK1R+ projection 
neurons abolishes central sensitisation along with a loss of pain behaviour (Mantyh 

et al., 1997), NK1R antagonists have failed as analgesics in the clinic (Hill, 2000). 
Central sensitisation contributes to the initiation and maintenance of chronic pain 

states (Woolf, 2011), however, spontaneous peripheral input is required to sustain 
neuropathic pain, evidenced by the abolition of pain sensation following nerve 

block, while no evidence has shown that central sensitisation mechanisms can 
independently sustain neuropathic pain (Meacham et al., 2017).  

1.3.4 Glial cell activation 

In the CNS, glial cells, including oligodendrocytes, astrocytes and microglia, support 

neurons, providing protection and nutrition. Following nerve injury, they also play a role 
in the generation and maintenance of neuropathic pain. 

Microglia (5-20% of glial cells) are resident immune cells of myeloid origin which 
colonise the CNS during foetal development, where they regulate homeostasis by 

removing cellular debris and secreting trophic factors, as well as responding to 
insult or tissue injury (Tay et al., 2017). Following injury, microglia proliferate and 

display an activated phenotype, characterized by MHC Class II antigen 
presentation, the activation of p38-MAP kinase and the release of pro-inflammatory 

mediators including cytokines (e.g. TNF and IL-1β), chemokines (e.g. CCL2), 
reactive oxygen species and nitric oxide (Scholz and Woolf, 2007, Old et al., 2015). 

Spinal microglial activation peaks one week after injury, followed by a slow decline 
over several weeks (Scholz and Woolf, 2007). 

Astrocytes account for 20-40% of glial cells in the CNS and maintain 
homeostasis by sustaining the metabolic levels of potassium ions, glutamate and 
water (Cheng et al., 2022). Following injury, astrocytes adopt a reactive phenotype 

characterised by hypertrophy and the increased expression of GFAB, S100β and 
vimentin (Old et al., 2015). Astrocytes contribute to neuropathic pain development 

through the secretion of inflammatory mediators (e.g. TNF-α, IL-1β, CCL2, CXCL1, 
BDNF, MMPA-2) as well as a reduction in glutamate uptake, leading to 
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hyperexcitability of post-synaptic neurons (Cheng et al., 2022). Compared with the 
microglial response, astrocyte proliferation begins relatively late and progresses 

slowly, but is sustained for a longer period of over 5 months (Scholz and Woolf, 
2007). 

One of the major signalling pathways underpinning neuropathic pain 
development from neuro-glial interactions include fractalkine-mediated signalling. 

Fractalkine (CX3CL1) is a chemokine that can be tethered to the membrane of 
dorsal horn neurons or solubilised by metalloproteases or Cathepsin S-mediated 

cleavage, leading to CX3CR1 activation in microglia (Old et al., 2015). This results in 
the release of pro-inflammatory mediators which sensitise dorsal horn neurons, 

leading to mechanical allodynia and thermal hyperalgesia in animal models of 
neuropathic pain (Silva and Malcangio, 2021). Other signalling pathways involved in 

glial activation leading to neuropathic pain include Toll-Like Receptor (TLR) 
activation, resulting in NF-kB-mediated upregulation of interferons and pro-
inflammatory cytokines, and ATP binding to P2X receptors expressed in microglia, 

which results in BDNF release, interfering with GABA signalling (Scholz and Woolf, 
2007). 

1.4 “Omics” approaches in the study of human pain 
conditions 

In recent years, we have seen the development and increased accessibility of 
unbiased high-throughput molecular screening technologies that have led to an 

explosion of data in the field of genomics, epigenetics, transcriptomics, 
translatomics, proteomics and metabolomics, providing a vastity of information on 

cell states in health and disease. Additionally, the creation of large-scale databases 
for human data (UKBioBank, GTEx), tissue banks (Netherland Brain Bank) and 

consortia (DOLORisk, PAINSTORM) have fuelled data generation from human 
tissues and analysis of population-wide information (Hébert et al., 2023).  

At the level of DNA, whole-genome, exome sequencing, genotyping and DNA 
methylation assays have been rapidly developing, and several large-scale 

population studies have emerged linking genetic variations with an increased risk to 
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develop certain pain conditions (Veluchamy et al., 2018, Meloto et al., 2018, 
Diatchenko et al., 2022).  

Technologies to measure gene expression at transcriptome-wide level are 
improving and evolving, becoming cheaper and more flexible and are now routinely 

applied to single cells or tissue sections retaining information on the histological 
context (Stark et al., 2019, Hwang et al., 2018). Spatial and single cell 

transcriptomics have been used to molecularly classify human sensory neurons 
(Tavares-Ferreira et al., 2022b, Yang et al., 2022), as well as human spinal cord 

neurons (Yadav et al., 2023a), regions of the human brain (Siletti et al., 2023) and 
whole brain in rodents (Yao et al., 2023).  

The decreasing cost per sample of bulk RNA sequencing has allowed unbiased 
gene expression analysis in clinical samples linked with symptoms of pain and 
identify sex-dependent mechanisms linked with neuropathic pain (Ray et al., 2023, 

North et al., 2019), as well as shedding light on neuroimmune interactions (Parisien 
et al., 2022). North et al. (2019) used the DRG of 26 patients undergoing surgery for 

tumour resection or spinal reconstruction, with and without dermatome-associated 
neuropathic pain, for electrophysiological and transcriptional characterisation. The 

study identified sex-dependent mechanisms linked with neuropathic pain, such as 
the enrichment in gp-130 receptor signalling in painful male samples, particularly in 

OSM signalling (North et al., 2019). This work was repeated with an increased 
sample size of 50 DRGs in Ray et al. (2023), confirming previously identified 

differences as well as identifying interferon-induced signalling to be upregulated in 
female samples with neuropathic pain. In other work, Parisien et al. (2022) 

sequenced peripheral immune cells from patients with low back pain (LBP) to 
characterise the pathophysiological mechanisms underlying the acute to chronic 

transition of chronic LBP, identifying an increased neutrophil signature in patients 
that had resolved LBP. Experiments in animal models confirmed that early 
suppression of acute inflammation delays the recovery to baseline in neuropathic 

and inflammatory pain models, while data from the UKBioBank confirmed that the 
use of NSAIDs increased the risk of back pain 2 to 6 years following initial 

assessment (Parisien et al., 2022). 
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Obtaining clinically relevant samples for the study of neuropathic pain is 
challenging, evidenced by the scarcity of studies using such samples in the 

literature. In this thesis, transcriptional analysis on samples of injured lingual nerves 
linked with clinical information on the symptoms of pain is presented, exploring the 

cellular and transcriptional changes linked with nerve injury and neuropathic pain. 

1.5 Lingual nerve injury and the trigeminal system 
The project described in this thesis focuses on the unbiased and high-throughput 

characterisation of the cellular and transcriptional landscape within human samples 

of painful and non-painful lingual neuromas and healthy trigeminal nerves using 
spatial and single nuclei transcriptomics. Human lingual neuromas develop as a 

result of lingual nerve injuries, often caused by routine dental treatment such as 
third molar removal. The lingual nerve is a branch of the fifth cranial nerve, the 

trigeminal nerve. In order to provide an overview of the context of lingual nerve 
injuries, the following paragraphs will describe the anatomy and the clinical 

relevance of the trigeminal pathways for somatosensation and nociception and 
highlight some differences that have been reported between the trigeminal 

nociceptive system and the spinal system. The incidence, causes and surgical 
management of lingual nerve injury will also be described.  

1.5.1 Anatomy of the trigeminal nerve  

The trigeminal nerve is the largest cranial nerve, originating from the brainstem at 
the mid-lateral surface of the pons, with both a smaller motor and a larger sensory 

root. The afferent fibres transmit information from the face, oral and nasal mucosa, 
the scalp and the cranial tissues, including the meninges, with cell bodies located in 

the trigeminal ganglia. The trigeminal nerve also contains visceral efferent fibres 
supplying the lacrimal, salivary and nasal mucosa glands, these fibres originate from 
the facial or glossopharyngeal nerves. The somatic efferent fibres of the trigeminal 

nerve innervate the masticatory muscles (Rodella et al., 2012).  

The trigeminal nerve divides into three branches distal to the trigeminal ganglion: 

the ophtalamic (V1), maxillary (V2) and mandibular (V3) division. The ophthalmic 
division (V1) provides sensation to the eyeball, conjunctiva, lacrimal glands, nasal 
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mucosa, skin of the nose, eyelid, forehead and dura mater. The maxillary division 
(V2) innervates the dura, the maxillary teeth and associated gingiva, the maxillary 

sinus, the upper lip, the lateral surface of the nose, the lower eyelid and conjunctiva, 
the skin of the cheek and of the side of the forehead, the nasal cavity and the 

mucosa of the hard and soft palate. Finally, the mandibular division (V3) provides 
innervation to the dura, the temporomandibular joint, the skin over the side of the 

head above the ears, the tongue and its adjacent gingiva, the muscle of the floor of 
the mouth, the mandibular teeth and associated gingiva, the mucosa and skin of the 

cheek, the lower lip, the chin and the muscles of mastication (Rodella et al., 2012). 

Trigeminal sensory afferents project to the trigeminal sensory nuclei, located in 

the brainstem and displayed in Figure 1.5. The trigeminal sensory nuclei include a 
principal nucleus for discriminative and tactile information and a spinal nucleus, 

located in the medulla, which receives nociceptive information and is continuous 
with the cervical dorsal horn at the caudal end, displaying the same laminated 
structure. The spinal nucleus is furtherly divided into three subnuclei: oralis, 

interpolaris and caudalis (Terrier et al., 2022). Fibres that provide intraoral and 
dental sensation, including pain, project to the spinal nucleus oralis and caudalis. 

Nociceptive and thermoreceptive fibres that provide cutaneous innervation of face 
and cranial tissues mainly terminate in the spinal nucleus caudalis. The spinal 

nucleus interpolaris receives inputs from fibres that carry cutaneous nociceptive or 
low-threshold mechanical inputs (Terrier et al., 2022). Second-order neurons relay 

nociceptive information from the spinal nuclei to the contralateral thalamus through 
the trigeminothalamic tract (Henssen et al., 2016).  
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Figure 1.5 Anatomical structure of the trigeminal nerve and sensory nuclei 
The diagram displays the trigeminal nerve and its divisions, with the lingual nerve labelled as one of 
the branches of the mandibular division (V3). The trigeminal nerve enters the brainstem at the pons 
and projects to its nuclei, including the principal nucleus for discriminative and tactile information 
and the spinal nuclei, for nociceptive and thermoreceptive afferents. The spinal nucleus is furtherly 
divided in subnucleus oralis, interpolaris and caudalis. Second-order neurons project to the 
thalamus. Image of the brainstem adapted with permission from Henssen et al. (2016). 

 

1.5.2 Trigeminal chronic pain 

Orofacial pain disorders were recently classified in the International Classification 

of Orofacial Pain (2020), with distinctions involving pain arising from dentoalveolar 
structures, myofascial pain, temporomandibular joint disorders, lesions or disease 

of the cranial nerves, pain resembling primary headaches and idiopathic orofacial 
pain. The trigeminal nerve is susceptible to several of these chronic pain conditions, 

particularly of neuropathic nature. Dental procedures, including tooth extraction, 
local anaesthetic injection, neoplastic resections and implant placement, may lead 
to peripheral nerve injury-induced neuropathic pain, most often affecting the lingual 

and inferior alveolar nerves (Jones, 2010). Trigeminal neuralgia may arise as a result 
of the compression of the trigeminal root by a blood vessel, a tumour or due to 



 30 

demyelination induced by multiple sclerosis, leading to short recurrent episodes of 
intense electric shock-like pain affecting an area of the face (Lambru et al., 2021). 

Trigeminal nerve fibres also innervate the majority of the dura mater and are 
implicated in headache and migraine pain (Edvinsson et al., 2020). The trigeminal 

nerve is also susceptible to infection by the varicella zoster infections, which 
commonly affects the oral mucosa and may lead to the development of 

postherpetic neuralgia, a painful condition characterised by unilateral acute and 
stabbing pain which persists months after the initial infection (Feller et al., 2017). As 

the nerve innervating the temporomandibular joint, the trigeminal nerve has also 
been implicated in TMJ disorder (Moayedi et al., 2012).  

1.5.3 Differences between trigeminal and spinal nociception 

The somatotopic representation of trigeminal-innervated areas, particularly the 
lips, tongue, perioral and intraoral regions, occupies a large proportion in the 

primary sensory cortex, reflecting the importance of these areas for survival 
(Moulton et al., 2009). Despite the multitude and variety of clinical presentations of 

neuropathic pain affecting the trigeminal nerve, its molecular and cellular 
composition is much less studied than that of spinal nerves in humans, evidenced 

by the lower number of single cell studies performed on TG compared to DRG 
(Bhuiyan et al., 2023).  

Studies on human participants have shown that noxious heat stimulation elicited 
higher sensitisation when applied to the head than to the limbs of participants 
(Schmidt et al., 2015). The susceptibility of the trigeminal system to sensitisation 

might be caused by differences in the central nociceptive pathways: an fMRI study 
has shown that noxious stimulation to trigeminal areas results in the increased 

activation of areas of the brain linked with fear (Schmidt et al., 2016). These 
observations might be explained by the importance of the face and head to 

preserve vital functions which might have led to evolutionary adaptations that 
stimulate the avoidance of potentially harmful stimuli directed at these areas 

(Schmidt et al., 2016).  

The differences in the sensitizing capabilities between the spinal and trigeminal 
system might be underpinned by changes in the central pathways transmitting 
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nociceptive information, as it was demonstrated that trigeminal neurons can directly 
project to the parabrachial (PB) nucleus skipping the synapsis with second-order 

neurons, leading to increased activation of the PB following noxious stimulation to 
the face (Rodriguez et al., 2017). However, there may also be differences in the 

cellular composition of the trigeminal and dorsal root ganglia, as well as differences 
in their transcriptional profile. For example, studies have reported a lower 

unmyelinated to myelinated fibre proportion, as well as fewer sympathetic fibres, in 
the trigeminal nerves compared to spinal nerves (Sessle, 2000). 

The neuronal composition of human trigeminal nerve was first investigated in un 
unbiased matter by Yang et al. (2022) using single nuclei RNA sequencing. A 

comparison of TG and DRG single nuclei datasets identifies the absence of 
proprioceptors (Pvalb+), as well as functionally uncharacterised Calca+/Dcn+ and 

Rxfp1+ clusters, in the TG; however, the clusters common to both DRG and TG 
exhibit a high correlation in terms of cell-type specific gene expression (Bhuiyan et 
al., 2023). This observation was in agreement with a previous transcriptome-wide 

study on mice, which identified only 24 differentially expressed genes between TG 
and DRG neurons (Lopes et al., 2017).  

However, changes in translational regulation might result in more significant 
differences in the translatome and proteome of TG and DRG neurons that might 

underlie the differences in sensitisation susceptibility. Using translating ribosome 
affinity purification (TRAP) to compare the mRNA translation in Scn10a+ 

nociceptors in male and female mice, Megat et al. (2019) identified more differences 
in the translatome of nociceptors in DRG and TG than by using transcriptomic 

information only. Several pathways were differentially translated between the TG 
and DRG, including genes involved in mTOR, VEGF and FGF signalling (Megat et 

al., 2019).  

Differences in the response to nerve injury of trigeminal afferents compared to 
spinal afferents have been identified (Robinson et al., 2004). Studies in the ferret 

have highlighted differences in the time-course of ectopic activity generation in 
injured trigeminal fibres, where damage to the inferior alveolar nerve result in an 

earlier peak of spontaneous activity, followed by a more accelerated decline in 
comparison to injuries to spinal nerves (Bongenhielm and Robinson, 1996), while 
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injury to the lingual nerve presented a late rise in spontaneous activity (Yates et al., 
2000). Instead, following chronic constriction of the infraorbital nerve in the rat, 

trigeminal afferents were less likely to display spontaneous ectopic activity 
compared to spinal nerve constriction, attributed to the short distance between the 

site of injury and the trigeminal ganglion and the different embryological origin of 
trigeminal neurons (Tal and Devor, 1992). Additionally, differences in ion channel 

dysregulation were identified following injury to branches of the trigeminal nerve 
compared to the spinal system, particularly in the case of Nav1.3 expression 

(Robinson et al., 2004, Davies et al., 2006). 

Understanding the molecular and cellular features underlying the increased 

susceptibility to sensitisation of the trigeminal pathways to noxious stimulation 
might lead to the development of therapies that are particularly effective for 

orofacial pain. While studies have highlighted differences and similarities at the level 
of central projections, primary afferents subtypes’ RNA and protein expression and 
response to nerve injury; differences in the transcriptional composition of the cells 

that support the axons at the periphery haven’t been investigated yet. In Chapter 2, 
single nuclei RNA sequencing data of healthy and injured trigeminal nerves from 

human samples will be described, aiming to characterise the cellular composition of 
the structures that support trigeminal axons in human. 

1.5.4 Lingual nerve injury 

Lingual nerve injury may occur as a result of routine dental procedures including 
third molar removal, potentially leading to neuroma formation, loss of sensation and 

neuropathic pain (Atkins and Kyriakidou, 2021). The trigeminal nerve injury clinic at 
the Charles Clifford Dental Hospital in Sheffield, UK is a national NHS referral centre 

for patients with trigeminal nerve damage (Figure 1.6), primarily treating lingual and 
inferior alveolar nerve injuries. During lingual nerve repair surgery, the injured part of 

the nerve – the neuroma – is removed and processed for molecular and histological 
examination. The aim of this PhD project was to characterise the cellular and 

molecular landscape of lingual neuromas and identify changes linked with 
symptoms of pain. In the following paragraphs, an overview of the nature of the 
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lingual neuroma samples and the clinical outcomes of surgical nerve repair will be 
described. 

 
Figure 1.6 Outcomes for patients with trigeminal nerve injuries. 
Infographic for the trigeminal nerve repair clinic displaying the clinical outcomes of trigeminal nerve 
repair surgery. The statistics on the reach of the service and the clinical outcomes of trigeminal nerve 
repair surgery were obtained from Atkins and Kyriakidou (2021).  

Improved Care and Outcomes 
for Patients with Trigeminal Nerve Injury

0.6%

Our research
We use pre-clinical models and the 
tissue discarded from surgery to better 
understand the mechanisms of nerve 
regeneration and neuropathic pain, in 
order to develop better treatments. 

We have investigated the presence of 
specific molecules in the nerves, such 
as sodium channels and miRNAs, and 
identified a link with symptoms of pain.

Comparison between responses 
asked pre- and post-operatively.
Following nerve repair surgery patients 
display a significant reduction in pain, 
tingling and discomfort. Fewer patients 
report inadvertent tongue biting and 
difficulty speaking .

Trigeminal nerve damage may occur during 
routine surgeries such as third molar 
removal. Patients can experience symptoms 
including pain, altered sensation and 
numbness. 

In Sheffield, we operate a national referral 
centre to treat trigeminal nerve injuries. 
Surgical repair of injured nerves has been 
shown to improve patients symptoms of pain 
and restore sensation.

The incidence of permanent sensory 
damage following wisdom tooth removal

900 Referrals at STH trigeminal nerve 
repair clinic since August 2013

95% Of all trigeminal nerve repair surgeries 
in England were carried out in our clinic

94% Of patients felt their sensation 
improved after surgery

The reach of our service. 
The postcodes of the patients 
that have been referred to our 

clinic are highlighted in red.



 34 

 

1.5.4.1 Anatomy of the lingual nerve 
The lingual nerve is a terminal branch of the posterior division of the mandibular 

nerve, its anatomy is shown in Figure 1.7. It enters the oral cavity between the 
lateral surface of the medial pterygoid muscle and the medial surface of the ramus 

of the mandible, and then passes anteriorly adjacent to the mandibular ramus, in 
close proximity to the third molar (Karakas et al., 2007). It innervates the anterior 

two thirds of the tongue, the floor of the mouth and lingual gingiva (Rodella et al., 
2012).  

The lingual nerve also transports special visceral afferent (SVA) and general 
visceral efferent (GVE) fibers from the chorda tympani, a branch of the facial nerve, 
which joins the lingual nerve below the skull, near the lower border of the lateral 

pterygoid muscle, and is responsible for taste perception in the anterior two-thirds 
of the tongue and for secretory and motor innervation of the sublingual and 

submandibular glands (Sittitavornwong et al., 2017). The lingual nerve also has 
anterior, middle, and posterior communicating branches with the hypoglossal nerve 

(Sittitavornwong et al., 2017). 
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Figure 1.7 The branches of the mandibular nerve 
The diagram displays the mandibular nerve and its branches, including the lingual nerve and the 
inferior alveolar nerve. Obtained with permission from Rodella et al. (2012). 

 

1.5.4.2 Lingual nerve injury and repair 
Damage to the lingual nerve may occur during dental procedures such as third 

molar extraction, mandibular trauma management, periodontal procedures and 

excision of neoplastic lesions (Rodella et al., 2012). The frequency of lingual nerve 
injuries during oral and maxillofacial procedures varies between 0.6-2%, resulting in 

anaesthesia, paraesthesia or hypesthesia of the anterior part of the tongue, 
potentially affecting taste (Queral-Godoy et al., 2006, Atkins and Kyriakidou, 2021, 

Robert et al., 2005). The use of lingual flap retractors during third molar removal 
surgery is associated with an increased risk of lingual nerve injury (Pichler and 
Beirne, 2001). Other preventative measures to reduce mandibular nerve injury 

include: pre-operative radiological examination with computed tomography 
(particularly to prevent IAN injury), the use of local anaesthesia over general 

anaesthesia, a well-designed mucoperiosteal flap preferably on the buccal side, 
conservative osteotomy and tooth sectioning (La Monaca et al., 2017). 
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Nevertheless, the lingual nerve can still be injured resulting in sensory deficits 
which include lost or altered sensation, reduced or altered taste, impaired speech, 

inadvertent tongue biting, tingling, discomfort and neuropathic pain, often described 
as a burning sensation (Atkins and Kyriakidou, 2021). The symptoms may be 

temporary, but if they don’t resolve within three months they are deemed unlikely to 
resolve spontaneously (Atkins and Kyriakidou, 2021). The diagram in Figure 1.8 

displays the suggested clinical management of suspected lingual nerve injury during 
third molar removal (Atkins and Kyriakidou, 2021). 

Lingual nerve repair surgery promotes functional recovery of sensation and 
reduction of pain, tingling and discomfort VAS scores, as well as a reduction in 

accidental tongue biting and improvement in taste perception and speech (Atkins 
and Kyriakidou, 2021, Fujita et al., 2019). Several methods can be used for nerve 

repair: end-end anastomosis is the most common method, involving microsurgical 
suturing of the two nerve ends; nerve autograft consists in the insertion of a healthy 
donor nerve (commonly the sural nerve) to bridge a large injury gap (Poppler et al., 

2015, Miloro et al., 2015); and finally, nerve allograft, where the donor nerve is 
obtained from cadaveric tissue requiring temporary immunosuppression, until the 

nerve regenerates fully (Myckatyn and Mackinnon, 2004).  

Surgical nerve repair involves the resection of the injured part of the nerve, 

identified as the neuroma, which can present as a swollen neuroma-in-continuity or 
as a nerve stump completely separated from its distal counterpart (Atkins and 

Kyriakidou, 2021).  
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Figure 1.8 Suggested clinical management pathway for lingual nerve injury 
The diagram displays the suggested management pathway following third molar extraction to 
prevent permanent sensory disturbances as a result of lingual nerve injury. Obtained with permission 
from Atkins and Kyriakidou (2021) 
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1.6 Overview and aims 
As highlighted in the literature review, neuropathic pain is a complex disease 

involving both peripheral and central mechanisms. Whilst animal models have been 
used extensively to characterise these mechanisms, validation in humans is difficult 

due to the lack of accessibility of human clinically relevant samples. 

Injuries to branches of the trigeminal nerve, including the lingual nerve, are 

treated in the trigeminal nerve repair clinic at the Charles Clifford Dental Hospital. 
Surgical resection of lingual neuromas and nerve repair promote functional recovery 

of sensation (Atkins and Kyriakidou, 2021). The resected neuromas are collected in 
the laboratory with linked clinical information, including the patient reported VAS 

scores on pain, tingling and discomfort, and used for molecular and histological 
investigation. 

The work presented in this thesis aims to characterise the cellular and 
transcriptional composition of healthy and injured human trigeminal nerves and 
identify molecular changes in human lingual neuromas linked with the symptoms of 

pain. Spatial and single nuclei RNA sequencing were used to profile the expression 
of ~18,000 genes at single cell level within the morphological context. Validation of 

selected targets was performed with RNAscope and immunohistochemistry. The 
characterisation of the cellular and molecular landscape of healthy and injured 

peripheral nerves will contribute to the identification of mechanisms underlying 
peripheral sensitisation leading to neuropathic pain, as well as provide new targets 

for novel analgesics development.  

The specific aims of this project are described as follows. 

Aim 1: Characterise the cellular and transcriptional composition of healthy and 
injured trigeminal nerves with single-nuclei RNA sequencing (Chapter 2) 

In order to characterise the cellular heterogeneity in human lingual neuromas, 
single nuclei RNA sequencing was performed on human lingual neuromas (n=2) and 

healthy trigeminal nerve roots (n=2, obtained from organ donors from the 
Netherland Brain Bank). The cellular composition of peripheral nerves has been 
investigated in rodents in both healthy and injured states (Yim et al., 2022, Lovatt et 

al., 2022, Chen et al., 2021) and in human sural nerves using a small number of 
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nuclei (Chau et al., 2022). Here, we aimed to profile for the first time the 
transcriptional and cellular composition at single cell level on human trigeminal 

nerves in healthy and injured samples, linked with clinical information. The dataset 
generated as part of this aim is of interest to various fields, including nerve 

regeneration, neuropathic and orofacial pain. 

Aim 2: Identify potential cell-cell interactions between cells in the periphery 
and trigeminal neurons in healthy and injured nerves (Chapter 2) 

The communication between axons and cells at the periphery is crucial to their 

homeostasis and, following nerve damage, it enables the axons to regenerate by 
activating mechanisms of Wallerian degeneration and repair that underlie successful 

reinnervation of their end-targets. These interactions, while beneficial to nerve 
regeneration, may also lead to maladaptive changes leading to hyperexcitability and 

neuropathic pain generation.  

Using the transcriptomic dataset of injured and healthy trigeminal nerves 

generated in Aim 1 and publicly available data from human trigeminal ganglia 
(trigeminal ganglia cell atlas, Yang et al., 2022), the potential cell-cell 

communication taking place between the cells supporting the neurons at the 
periphery and trigeminal neurons in both healthy and injured conditions was 

investigated in silico, using the publicly available R package CellChat.  

Aim 3: Investigate the spatial distribution of the genes expressed in human 
neuromas with spatial transcriptomics (Chapter 3) 

Human lingual neuromas are characterised by a heterogenous cellular 

composition due to the presence of several tissue types, mainly scar tissue and 
nerve fascicles, but also muscle tissue due to the anatomical proximity of the lingual 

nerve to several muscle groups. In order to identify the spatial organisation of the 
transcripts and cell-types detected, spatial transcriptomics was used, in 

combination with the snRNA-seq dataset generated in Aim 1, in samples of human 
neuromas with and without pain. The aim of this work was to characterise the 

transcriptional landscape within the morphological context of human lingual 
neuromas. 
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Aim 4: Identify differentially expressed genes in the nerve fascicles of painful 
and non-painful neuromas (Chapter 3) 

Differential gene expression analysis in painful and non-painful neuromas was 

performed in order to identify novel genes linked with the presence of neuropathic 
pain. The heterogeneous cellular architecture of the neuromas, which includes scar 

tissue, muscle tissue and nerve fascicles, makes the use of bulk RNA sequencing 
challenging for this aim. The cells and genes in close proximity to the nerve fibres 
are more likely to sensitise the axons producing a state of hyperexcitability, leading 

to neuropathic pain, while adjacent tissues such as scar and muscle tissue are less 
likely to interact with the axons to produce sensitisation.  

In order to identify changes in gene expression from the cells within the nerve 
fascicles, including Schwann cells, endothelial cells, immune cells, endoneurial and 

perineurial fibroblasts; the spatial transcriptomics dataset was subset to include 
only the areas overlying nerve fascicles, manually selected based on haematoxylin 

& eosin staining. Pseudo-bulk differential expression analysis was performed to 
identify changes in gene expression between painful and non-painful samples only 

in areas containing nerve fascicles. 

Aim 5: Validate the single cell and spatial transcriptomics data with RNAscope 
and immunohistochemistry (Chapter 4) 

Several targets relevant to neuropathic pain generation and maintenance, 

involved in signal transduction and conduction (SCN9A, SCN10A, TRPV1), 
Schwann cell differentiation (SOX10), prostaglandin signalling (PTGDS) and 

inflammation (OSM, CD68), were investigated using RNAscope to validate the 
spatial and snRNA sequencing data and further identify with higher spatial 

resolution their patterns of expression. Additionally, perineurial cell markers (GLUT-
1, NGFR) were investigated with immunohistochemistry to validate their co-
expression at the protein level. 

Aim 6: Investigate the potential correlation between PI16 protein expression 
and symptoms of pain in human neuromas (Chapter 4) 

PI16 was recently identified to be secreted by perineurial fibroblasts in rats and 

contribute to neuropathic pain development (Singhmar et al., 2020, Garrity et al., 
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2023). The data generated from Aim 1 and Aim 3 highlighted PI16 expression in the 
human neuromas, particularly in cells classified as endoneurial fibroblasts. This part 

of the project aimed to validate PI16 expression at the protein level in the human 
neuromas and investigate a potential correlation with symptoms of pain. 
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Chapter 2.  Characterising the cellular landscape of 
uninjured trigeminal nerves and human lingual nerve 
neuromas 

2.1 Introduction  
In this chapter, the cellular and transcriptional composition of trigeminal nerve 

roots and human lingual neuromas will be characterised using single nuclei RNA 
sequencing. Furtherly, the potential communication between the cell types at the 

periphery and trigeminal neurons will be computationally inferred using CellChat, 
using the dataset generated by Yang et al. (2022) from human trigeminal ganglia.  

The analysis of single nuclei RNA sequencing data generated from trigeminal 
nerves presented the challenge of identifying suitable markers for cell-type 
annotation. In this introduction, a summary of the body of literature on peripheral 

nerves’ cellular composition will be described, including recent studies attempting 
to perform an unbiased characterisation of cellular composition and markers using 

single cell/nuclei RNA sequencing in both rodents and human. 

2.1.1 Structure of peripheral nerves 

Peripheral nerves contain the axons of sensory, motor and autonomic neurons, 

providing a nourishing environment, where axons are protected from injury and 
regeneration is supported in the event of damage. Peripheral nerves are 

characterised by a fascicular organization with different protecting layers (Figure 
2.1). The axons, which can be myelinated by Schwann cells or sheathed by non-

myelinating Schwann cells (also called Remak cells), are grouped within the 
endoneurium, where they are physically supported by endoneurial fibroblasts-

derived collagen fibres and nourished by endoneurial blood vessels (Sunderland, 
1990). The endoneurium is surrounded by the perineurium, a protective layer made 

up of specialised fibroblasts sealed by tight junctions, which absorbs external 
stretching and compressing forces and acts as a diffusion barrier to prevent the 

exposure of the endoneurial environment to pathogens, toxins and changes in ionic 
or pH composition (Iwanaga et al., 2022). The perineurium together with endoneurial 

blood vessels forms the blood-nerve barrier, a continuation in peripheral nerves of 
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the blood-brain barrier (Iwanaga et al., 2022). Finally, multiple fascicles are grouped 
and cushioned by the epineurium, composed of fibroblasts, blood vessels and 

occasional clusters of adipocytes (Weerasuriya and Mizisin, 2011). 

 
Figure 2.1 Structure of a peripheral nerve. 
The diagram displays the cross section of a peripheral nerve, highlighting its anatomical structure. 
Axons are enwrapped by myelin sheaths or Remak cells, and grouped in the endoneurium, which is 
surrounded by a perineurial sheath, forming the perineurium. Multiple nerve fascicles are grouped in 
the endoneurium. Image obtained with permission from Pope and Deer (2017). 

 

2.1.2 The cell types that populate peripheral nerves 

Historically, much of the structural and cellular characterization of peripheral 

nerves has been performed using electron microscopy and immunohistochemistry; 
more recently, advances in single cell transcriptomics have led to the unbiased 
characterization of the cellular populations found in nerves (Zhao et al., 2023). A 

handful of single cell studies have been performed in murine nerves, including in 
naïve, developing and injured states (Chen et al., 2021, Carr et al., 2019, Toma et 

al., 2020, Yim et al., 2022, Wolbert et al., 2020, Gerber et al., 2021), one study on rat 
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naïve and injured sciatic nerves (Lovatt et al., 2022) and one on injured human sural 
nerves (Chau et al., 2022).  

Carr et al. (2019), Wolbert et al. (2020) and Toma et al. (2020) paved the way in 
the identification of the cellular composition of murine sciatic nerves in health and 

injury. Some inaccuracies in the annotation of cell types prompted Chen et al. 
(2021) to combine and reanalyse their datasets, establishing markers for various 

peripheral cell types and identifying changes in the sciatic nerve at 3 and 9 days 
following sciatic nerve resection. Gerber et al. (2021) focused on Schwann cells 

phenotypes in development and created a single-cell atlas of murine sciatic nerve at 
early and mature developmental stages. A challenge encountered in the 

aforementioned studies is the underrepresentation of myelinating Schwann cells 
(mSCs) compared to what is reported in the literature from histological studies, 

caused by the difficulty in the isolation of mSCs due to their large shape and long 
processes (Yim et al., 2022, Chen et al., 2021). Yim et al. (2022) performed an 
elegant study to circumvent this issue: by using ActB-Sun1 and Mpz-Sun1 mice, 

which display GFP expression in cells where the ubiquitously expressed gene ActB 
or myelination-specific gene Mpz was active at any point of development, they 

could purify nuclei from all the cells in the nerve or exclusively from cells that 
expressed Mpz. This resulted in the precise characterization of the sciatic nerve 

cellular composition, which was then compared to that of the peroneal, sural and 
vagus nerve, along a detailed Schwann cell atlas to identify several previously 

uncharacterised subtypes of mSCs and nmSCs (Yim et al., 2022). For example, a 
Schwann cell subtype marked by Pmp2 was shown to preferentially myelinate 

motor neurons, whilst Pmp2 expression was shown to be reduced in ALS mouse 
models and patient samples (Yim et al., 2022).  

While previous studies had been performed in mice, Lovatt et al. (2022) 
performed single nuclei RNA sequencing of the peripheral sciatic nerves of rat in the 
naïve state and at 3, 12 and 60 days following nerve constriction. Finally, Chau et al. 

(2022) performed single nuclei RNA sequencing on human sural nerves two weeks 
following nerve transection, obtained as part of a clinical trial for a new treatment for 

Parkinson’s disease.  
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These datasets provide a great wealth of information on the cellular composition 
and potential cell-cell interactions within peripheral nerves, and how these are 

altered during development and injury. A major challenge when analysing this type 
of data lies in the correct annotation of cell types, where markers might not be 

reliable across all conditions or species. An example is Ngfr, commonly used as a 
repair Schwann cell marker, which led Wolbert et al. (2020) to incorrectly annotate 

an endoneurial fibroblast cluster as nmSCs, suggesting that other SCs markers 
could be Smoc2 and Apod, while in fact, Ngfr is also expressed in NG2+ cells in 

mice that can be classified as endoneurial fibroblasts (Chen et al., 2021, Stierli et al., 
2018). In Chau et al. (2022), NGFR and SLC2A1, a marker for perineurial cells (Piña 

et al., 2015), were co-expressed in a cluster which was classified as heterogeneous, 
containing both perineurial and repair Schwann cells. However, evidence of NGFR 

expression in the perineurium of rats and human nerves has been reported (Wyatt et 
al., 1990, Yamamoto et al., 1992), hinting to the possibility that the NGFR+ SLC2A1+ 

cluster should be identified as purely perineurial.  

In the following paragraphs, the cell types that make up peripheral nerves and 
their markers will be described to set the scene for the cellular populations 

expected to be identified in the trigeminal injured and healthy nerve samples 
sequenced and analysed in this thesis. 

2.1.2.1 The endoneurial environment 
Early investigations of the contents of the endoneurium were performed by 

Causey and Barton (1959), identifying the high prevalence of Schwann cells, as well 

as the presence of endothelial cells and other uncharacterised cell types, which 
were later identified as endoneurial fibroblasts and macrophages (Arvidson, 1977, 
Gamble and Eames, 1964). 

Schwann cells are highly plastic cells able to transition across various 
phenotypes during development or following injury. Schwann cell subtypes in adult 

mice have been characterised in depth by Yim et al. (2022), who showed that SCs 
in the sciatic nerve make up 45% of the cells. Of these, 26% were identified as non-

myelinating (marked by Ncam1, Slc35f, Scn7a and Csmd1 expression) and 73% 
were annotated as myelinating (Prx, Qk and Mbp expression). Gerber et al. (2021) 

provides further in-depth characterization of Schwann cells across development, 
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identifying an immature phenotype found between E13.5 and P14 
(Ngfr+/Ncam1+/L1cam+) and a pro-myelinating subtype (Pou3f1+/Cdkn1c+) found at 

P1 to P5.  

Schwann cells’ response to injury has been characterised by Lovatt et al. (2022) 

in rat sciatic nerves at various timepoints following CCI, reporting an increase in 
Sox10+ nuclei, peaking at day 12 with a reduction to baseline by day 60. In human 

nerves the sox10+ nuclei expansion occurs at a different timescale, with a peak at 
90-100 days following injury returning to baseline after 200 days (Wilcox et al., 

2020). Sox10 is involved in SCs specification from neural crest progenitors, its 
expression is sustained in the adult nerve and is suitable as a pan-SC marker (Liu et 

al., 2015). Following injury there is a change in the proportion of SCs subtypes: in 
the naïve state, myelinating and non-myelinating SCs make up 94% of Schwann 

cells, while less than 1% are marked as dividing (Top2a+/Cdk1+/Mki67+); then, at 
day 3 post-CCI, the dividing SC cluster increases to 20%, and the repair phenotype 
(Ngfr+/Erbb3+/Sox2+) emerges, making up 18% of the SCs, which is then reduced to 

3% 60 days following injury (Lovatt et al., 2022). 

Another cell type sparsely found in the endoneurium consists in endoneurial 

fibroblasts (EFs), who share a common developmental lineage with Schwann cells, 
as both are derived from neural crest stem cells (Joseph et al., 2004), although a 

small amount of bone marrow-derived EFs has been identified in pathogenic 
conditions (Mäurer et al., 2003). In rat and human nerves they can be identified by 

the expression of P4HB, important in collagen deposition, as well as NG2 and CD34 
(Richard et al., 2014). EFs’ function involves collagen synthesis, phagocytosis, 

immune surveillance and cytokine production, and, although their role following 
nerve injury hasn’t been extensively characterised, they are thought to contribute to 

axon guidance for target reinnervation (Richard et al., 2012).  

Finally, endoneurial macrophages make up 2-9% of the healthy sciatic nerve 
population (Griffin et al., 1993). The distinction between nerve resident 

macrophages and monocyte-derived macrophages has been a challenge due to the 
lack of specific markers (Mueller et al., 2001). Advances in genetic manipulations 

allowed the identification of endoneurial macrophages markers in mice including 
Cx3cr1, Csf1r and Trem2 (Wang et al., 2020). Ydens et al. (2020) identified 
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Relmα+/Mg11+ and Relmα-/Mg11- macrophages as resident epineurial and 
endoneurial macrophages, respectively, and identified their distinct response to 

nerve injury: endoneurial macrophages activate the transcription of early response 
genes such as Atf3, Fos, Jun or Ler2 and produce monocyte chemoattractants, 

while epineurial macrophages do not significantly respond to nerve injury (Ydens et 
al., 2020). Resident macrophages can have both pro-nociceptive and anti-

nociceptive roles in the endoneurial environment (Domoto et al., 2021).  

2.1.2.2 The blood-nerve barrier 
The blood-nerve barrier (BNB), also known as the blood-nerve interface (BNI), is 

composed of the endoneurial microvessels and the perineurium (Weerasuriya and 
Mizisin, 2011). 

Endoneurial microvessels are made up by pericytes and endothelial cells, which 

are joined by tight junctions without fenestrations and in direct contact with 
circulating blood. Endoneurial endothelial cells can be identified with common 

endothelial markers (Egfl7, Pecam1, Tie1) in addition to the expression of Lrg1 and 
Icam1 to distinguish them from lymphatic and epineurial endothelial cells, while 

pericytes can be identified by the expression of Acta2 and Pdgfrb (Chen et al., 
2021).  

The perineurium surrounds each endoneurial compartment and is composed of 
concentric layers (up to 15 in large fascicles) of perineurial cells, which are flattened 
cells with fibroblast origin (Weerasuriya and Mizisin, 2011). GLUT-1, encoded by 

SLC2A1, has been suggested as the best marker for perineurial cells (Piña et al., 
2015). 

The increased permeability of the BNB, also termed as BNB breakdown, plays a 
role in several neuropathies such as Guillen-Barré Syndrome and diabetic peripheral 

neuropathy (Weerasuriya and Mizisin, 2011). Changes in endoneurial blood vessels 
have been reported in the sural nerves of patients with diabetes mellitus, including 

reduplication of the basement membrane and pericyte degeneration (Giannini and 
Dyck, 1994). Endoneurial hypoxia was observed in nerve injury-induced painful 

neuropathy and might be caused by structural changes, including endothelial cells 
hypertrophy and enlargement of the basement membrane, as well as perineurial 
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fibrosis, which might restrict oxygen access to the highly metabolically demanding 
regenerating neurons (Lim et al., 2015). 

2.1.2.3 The epineurium 
The epineurium consists of collagenous ECM which also contains arteries, 

arterioles, venules and veins that are collectively named epineurial macrovessels, as 

well as lymphatic vessels and occasional adipocyte clusters (Sunderland, 1990). 
The cell types identified in this anatomical structure from single cell studies include 

epineurial fibroblasts (Sfrp2+ and Pcolce2+), epineurial macrophages (Retnla+ and 
Clec10a+), lymphatic endothelial cells (Lyve1+ and Prox1+), adipocytes and cells 

involved in vasculature: vascular smooth muscle cells (Des+, Tpm2+, Myh11+, 
Acta2+) and pericytes (Rgs5+, Kcnj8+, and Pdgfrb+), which are collectively known as 
mural cells, and epineurial endothelial cells (Sox17+, Spock2+, and Rgcc+) (Chen et 

al., 2021, Lovatt et al., 2022).  

2.1.2.4 Immune cells 
Non-resident immune cells infiltrate the nerve following insult or injury, facilitated 

by the breakdown of the BNB (Weerasuriya and Mizisin, 2011). Firstly, the innate 
immune system, involving neutrophils, macrophages, mast cells and dendritic cells, 

comes into action (Totsch and Sorge, 2017). Neutrophils (Csf3r+) transiently infiltrate 
the damaged nerves following injury and contribute to myelin removal during 

Wallerian degeneration (Lindborg et al., 2017). Chemoattractants released by 
Schwann cells, neutrophils and resident macrophages recruit monocyte-derived 
macrophages at the site of injury (Metzemaekers et al., 2020). Dendritic cells are 

detected in human sural nerve biopsies in the perineurial and epineurial space of 
both control and chronic inflammatory demyelinating polyradiculoneuropathy (CIPD) 

patients (Press et al., 2005). Mast cells are found in proximity to peripheral sensory 
nerve endings and have a role in pruritus and inflammation through the secretion of 

histamine and substance P (Nakashima et al., 2019). 

Following the induction of the innate immune system, the adaptive immune 

system is activated, involving T and B lymphocytes (Totsch and Sorge, 2017). T-
cells infiltrate both the epineurium and endoneurium of injured nerves and have 

been detected starting from 3 days following injury in rodents, while natural killer 
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(NK) cells have been shown to infiltrate to a larger degree in the epineurium (Lovatt 
et al., 2022, Tang et al., 2022).  

 

 
Figure 2.2 Cell types found in peripheral nerves. 
Diagram showing the cell types found in the structural components of peripheral nerves. The 
epineurium is made up of epineurial fibroblasts and an extensive network of collagen fibres, as well 
as epineurial blood vessels which contains both vascular smooth muscle cells, epithelial cells and 
pericytes, and epineurial resident macrophages. The perineurium is mainly composed of perineurial 
fibroblasts. The endoneurium contains axons associated with both myelinating and non-myelinating 
(Remak) Schwann cells, as well as endoneurial blood vessels, macrophages and fibroblasts. T-cells 
and other immune cells can infiltrate in the endoneurial and epineurial space due to the breakdown 
of the BNB following injury and inflammation. 

 

2.1.3 Summary and Experimental Design 

Peripheral nerves display extensive cellular heterogeneity that varies according to 

the state (naïve, developing or injured), anatomical location and neuronal 
composition (sensory, motor or autonomic). The interactions between peripheral cell 

types and the axons play a role in nerve injury, repair and neuropathic pain 
development.  
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As part of this project, which aimed to characterise the transcriptional changes in 
human lingual neuromas linked with neuropathic pain, single nuclei RNA 

sequencing was performed in two samples of human lingual neuromas, in order to 
characterise the cell-types present at the site of injury. Two samples of trigeminal 

nerve roots from the Netherland Brain Bank were obtained from healthy organ 
donors in order to compare the cellular composition of the nerve injury-induced 

lingual neuromas to healthy trigeminal nerves. The anatomical origin of the samples 
are displayed in Figure 2.3.  

 

 
Figure 2.3 The anatomical origin of the samples used for single nuclei RNA sequencing. 
The diagram illustrates the trigeminal nerve as well as its sensory and motor root, and its entry point 
in the pons. In yellow, areas where myelin is peripheral in nature, i.e. deposited by Schwann cells, is 
shown; while in blue, areas where myelin is deposited by central glial cells (oligodendrocytes) is 
marked. The transition zone is indicated by a dashed line. The samples used for snRNAseq are 
outlined by red squares and identify a lingual neuroma from the lingual nerve and the distal portion of 
the sensory root.  

 

The trigeminal nerve root is located between the trigeminal ganglia and the root 
entry point of the nerve in the pons (Peker et al., 2006). It was deemed as a suitable 

healthy control since both nerve segments are innervated by neurons whose soma 
resides in the trigeminal ganglia. It must be noted however, that the different 
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anatomical origin of these samples can result in differences in the cellular 
composition. The trigeminal nerve root is located proximally to the trigeminal 

ganglia and contains the peripheral to central transition zone where peripheral 
myelin is replaced by central myelin, deposited by oligodendrocytes (Peker et al., 

2006). In the samples used, there was minimal detection of central glial cells 
(astrocytes and oligodendrocytes), indicating that the major part of the nerve roots 

used were from the most distal portion of the root and were peripheral in nature, 
enabling the comparison with the lingual neuromas. 

The cell types present in the lingual neuromas and trigeminal nerve roots were 
characterised, and their transcriptional profile across conditions was compared. 

Finally, the potential cell-cell interaction between the cell types identified at the 
periphery and human trigeminal neurons, whose transcriptomic signature was 

obtained from Yang et al. (2022), was inferred using the publicly available R 
package CellChat. 

2.2 Methods 
2.2.1 Human Lingual Neuromas 

Lingual neuromas were obtained from patients attending the trigeminal nerve 

injury clinic at the Charles Clifford Dental Hospital, Sheffield, UK. Neuromas were 
collected during nerve repair surgery, carried out by Dr. Simon Atkins. All neuromas 
were collected with the informed consent from the patients, in accordance with 

ethical approvals received by the NHS Health Research Authority (HRA) and 
Sheffield Teaching Hospitals (STH) (19/SC/0308 STH20664). Clinical information 

including patients’ age, sex and pain history was recorded preoperatively and 
anonymised.  

The samples intended for single nuclei RNA sequencing were immediately placed 
in cryovials following surgical removal, flash frozen in liquid nitrogen and stored at -

80°C for shipment on dry ice to the University of Texas at Dallas (Richardson, TX), 
where they were further processed. 
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2.2.2 Human Trigeminal Nerve Samples 

Trigeminal nerve samples were obtained from The Netherlands Brain Bank, 

Netherlands Institute for Neuroscience, Amsterdam (NBB). All material has been 
collected from donors for or from whom a written informed consent for a brain 
autopsy and the use of the material and clinical information for research purposes 

had been obtained by the NBB. 

2.2.3 Nuclei isolation 

Nuclei isolation was kindly performed by Dr Ishwarya Sankaranarayanan and Dr 

Diana Tavares Ferreira. On the day of isolation, utensils including forceps, scissors 
and Dounce homogenizers were sterilised and pre-chilled. Surfaces were cleaned 

with 70% ethanol followed by RNase Zap. Nuclei isolation media (0.25 M sucrose, 
150 mM KCl, 5 mM MgCl2, 1 M Tris Buffer pH 8.0) was prepared in advance. 

Homogenization buffer was made freshly on the day by supplementing the nuclei 
isolation media with 0.1 mM DTT, cOmplete protease inhibitor, 0.1% Triton-X and 

0.2 U/μL RNA inhibitor. Wash buffer was made freshly on the day by supplementing 
the nuclei isolation media with 1% BSA and 0.2 U/μL RNA inhibitor. The procedure 

was performed on ice, using low retention pipette tips and soft touch pipettes to 
prevent nuclei disruption and maximise recovery.  

Briefly, the tissue was chopped up into smaller pieces (<1 mm) using sterile 
scissors in 2 mL of homogenization buffer on ice. Up to four samples were 
processed in parallel. The homogenate was transferred using a wide bore pipette tip 

to a glass Dounce homogenizer, further homogenized with a pestle for 15 strokes 
and left to incubate for up to 2 minutes on ice. The homogenate was filtered through 

a 70 μm strainer and centrifuged at 800 x g for 7 minutes. The supernatant was 
discarded, the nuclei were resuspended in wash buffer, centrifuged again, and 

resuspended in 1 mL 4% formaldehyde fixative solution and fixation buffer (10X 
Genomics, PN 2000517). A small aliquot of the sample was used to count the nuclei 

using trypan blue staining and assess their integrity and the presence of debris and 
clumping.  
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2.2.4 Single nuclei RNA sequencing 

The samples were prepared for single nuclei RNA-sequencing with the Chromium 

Single Cell Fixed RNA Profiling for Multiplexed Samples kit (10X Genomics, PN-
1000456) by Dr Diana Tavares Ferreira and Dr Ishwarya Sankaranarayanan 
according to the manufacturer’s instructions. The protocol is summarised 

in Figure 2.1. Following overnight fixation (16-17 h), the nuclei from each sample 
were hybridized with barcoded probes targeting the whole human transcriptome. 

Two barcodes were used for each sample to recover a higher number of nuclei. The 
samples were then combined and loaded in the microfluidic chip. In the chip, the 

nuclei are partitioned into droplets containing gel beads. By loading the optimal 
dilution of nuclei suspension, a total of 8,000 nuclei per barcode were targeted, 

aiming to recover 16,000 nuclei per sample. Following the Gel Beads-in Emulsion 
(GEM) generation, the left-hand and right-hand probes were ligated and the 

barcoded primers on the gel bead were hybridized to the probes. The probes were 
extended to include the unique molecular identifier (UMI), the 10x GEM barcode and 

a partial TruSeq 1 sequence for Illumina sequencing. Library preparation and 
sequencing was performed by the Genome Center at the University of Texas at 

Dallas. Libraries were quality controlled by verifying optimal size using the High 
Sensitivity DNA Agilent Bioanalyzer kit and sequenced on an Illumina Nextseq 2000. 

 
Figure 2.4. Experimental overview of single cell/nuclei RNA sequencing experiments. 
The diagram illustrates the protocol for single nuclei RNA sequencing (A), the composition of the Gel 
Beads-in-emulsion (GEMs) (B) and how the nuclei are incorporated in oil droplets containing GEMs 
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in the microfluidic wells of the Chromium X controller, allowing the capture and barcoding of the 
probes hybridised to the transcripts expressed in individual nuclei within the partitioned cells. Image 
provided by 10X Genomics. 

2.2.5 Data analysis 

The reads were demultiplexed, converted to fastq files, aligned to the human 

genome reference GRCh38 and counted using the Cellranger software provided by 
10X Genomics. The workflow used to analyse the data is illustrated in Figure 2.5. 

Analysing single nuclei RNA sequencing datasets presents a variety of challenges 
resulting from the experimental protocol, including the presence of ambient RNA 

and doublets, which can have a significant impact on the quality of the data and the 
ability to annotate cell types (Figure 2.6).  
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Figure 2.5. Diagram illustrating the workflow for single nuclei RNA sequencing analysis. 
The diagram illustrates the steps involved in single nuclei RNA sequencing analysis in the purple 
boxes with information on the parameters used in each step. In the white boxes, the number of 
nuclei retained are shown. 
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Figure 2.6. Common issues affecting single cell/nuclei RNA sequencing datasets. 
Diagram displaying some of the common issues that affect single cell/nuclei datasets, including 
ambient RNA contamination and the presence of doublets. Image obtained with permission from 
(Heumos et al., 2023) 

 

2.2.5.1 Ambient RNA removal 
Ambient RNA arises from the harsh dissociation protocol required to isolate the 

nuclei, which involves cell lysis and the release of cytoplasmic RNA. The mixture of 
RNAs released following cell lysis is incorporated in the partitioned beads and 

creates background noise in the gene expression counts that can mask the 
variability across nuclei, preventing the correct identification of cell types. In order 

to remove ambient RNA, the h5 files containing the feature barcode matrices were 
processed with Cellbender, a fully unsupervised deep generative model for inferring 

cell-free and cell-containing droplets that enables the identification and removal of 
background noise (Fleming et al., 2023). The number expected cells in each and the 

number of total droplets to include was estimated from the GEX barcode rank plot 
generated from the Cellranger pipeline (example shown in Figure 2.7). The number 

of epochs to train and the fpr (target ‘delta’ false positive rate) parameters were kept 
as default. The pipeline was run on a GPU hosted by the Stanage high performance 

computing clusters of the University of Sheffield. 
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Figure 2.7 Example of a GEX Barcode Rank Plot generated by Cellranger. 
The graph displays the counts of filtered UMIs mapped to each barcode, used to identify the 
parameters to run the function remove-background from CellBender. UMI counts might be detected 
in barcodes associated with empty droplets due to the presence of background RNA: this creates an 
“empty droplet plateau” in the Barcode Rank plot (identified in the light blue rectangle in the graph), 
a plateau consisting of low UMI counts associated with a few barcodes which are deemed empty 
droplets. To remove background RNA, CellBender requires the user to set the expected number of 
cells and the total number of droplets to be included in the analysis. The expected number of cells is 
set by identifying the lowest number of barcodes deemed to contain a nucleus, identified by the 
green line in the graph. The total droplets included in the analysis are identified by selecting a 
number a few thousand of barcodes into the empty droplet plateau, identified by the pink line. In this 
example, the expected cells were set at 10,000 and the total included cells were set at 60,000. 

 

2.2.5.2 Doublets’ removal 
Following ambient RNA removal, the presence of potential doublets was 

assessed. Doublets arise as a consequence of the stochastic incorporation of nuclei 
into partitioned beads: depending on the concentration of the nuclei suspension, a 

proportion of the beads will be partitioned with two or more nuclei and, if originating 
from the same sample, the transcriptome of the nuclei in the same droplet can’t be 

differentiated. In this instance, the presence of multiple nuclei in one droplet will 
confound the expression data, which will resemble that of a cell type in-between the 

real cell types incorporated in the droplet. Several methods have been published to 
remove doublets from single-cell experiments: scDblFinder (v1.12), a publicly 
available R package that combines multiple approaches to identify doublets 

(Germain et al., 2021), was used to remove doublets from this dataset. The function 
scDblFinder() was used with default parameters to calculate a doublet score 
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associated with each barcode. Barcodes with a doublet score higher than 0.5 were 
removed from the dataset. 

2.2.5.3 Quality control, integration and annotation 
Downstream analysis was performed on R (v4.2.3) and Seurat (v4.9.9). The 

following filters were used to retain high quality nuclei: 

• At least 500 UMIs per barcode 

• At least 250 genes per barcode 

• A novelty score higher than 0.8 

• A mitochondrial ratio lower than 5% 

The novelty score is the logarithmic ratio of the number of genes and the number 

of UMIs detected in each barcode and represents the complexity of the RNA 
species. 

𝑁𝑜𝑣𝑒𝑙𝑡𝑦	𝑠𝑐𝑜𝑟𝑒 = 	
𝑙𝑜𝑔!"𝑛𝐹𝑒𝑎𝑡𝑢𝑟𝑒_𝑅𝑁𝐴
𝑙𝑜𝑔!"𝑛𝐶𝑜𝑢𝑛𝑡_𝑅𝑁𝐴

 

The data was then normalized with SCtransform, with the method “glmGamPoi” 

to improve the speed. Integration was performed using Seurat v5. After an initial 
exploratory analysis of the data, a subset of cell types was identified to be specific 

to the trigeminal nerve samples, such as a small number of astrocytes, 
oligodendrocytes and meningeal fibroblasts, or to the neuromas, such as salivary 
gland cells or myocytes. To retain the cellular heterogeneity of the different sample 

types, integration with reciprocal PCA (rPCA) was chosen over canonical correlation 
analysis (CCA), where by determining the anchors between two datasets (nerves 

and neuromas), each dataset is projected into the others’ PCA space and the 
anchors are constrained by the same mutual neighbourhood requirement. This 

results in fewer overlaps between two datasets following integration, enabling the 
identification of cell types that are unique to each sample type (Luecken et al., 

2022). The rPCA workflow involved selecting 3000 integration features on the SCT 
transformed objects, which are used as anchors to prepare the SCT integration. 

PCA analysis is performed on the object split by the sample type, and the 
integration anchors are identified with the reduction “rpca” using 30 dimensions. 
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Finally, the data is integrated using the previously identified anchors with 30 
dimensions, with the normalization method “SCT”.  

The standard Seurat workflow was performed for downstream analysis, involving 
scaling the data, running the UMAP dimensional reduction technique (30 PCs), 

finding nearest neighbours (30 PCs) and clusters at resolution 0.5. The clusters were 
annotated using marker genes obtained from the literature, summarised in Table 

2.1. Markers for each cluster were calculated with the function FindAllMarkers() from 
Seurat, genes with p-value < 0.05 and log2 Fold Change > 0.5 were used for further 

enrichment analysis. 

2.2.5.4 Differential expression analysis between trigeminal nerve root and neuroma 
samples 

Differential expression (DE) analysis was performed comparing subsets of 
specific cell-types belonging to “nerve” or “neuroma” identity using the Seurat 

function FindMarkers() using the MAST (Model-based Analysis of Single-cell 
Transcriptomics) test, which is tailored for sc datasets which contain many zero 

counts, treating the overall expression level in each barcode as a covariate (Finak et 
al., 2015). Genes with an average log2FC > 0.5 and a p-value < 0.05 were deemed 

differentially expressed. The plots in Figure 2.11.A and Figure 2.13.E-F were 
generated by plotting the logarithmic average expression of gene in the neuroma 

and nerve samples, whilst DE genes were colour-coded in purple and the top 20 DE 
genes were labelled on the graphs. 

2.2.5.5 Inference of cell-cell communication 
CellChat (v1.6.1) was used to identify potential cell-cell interactions. CellChat is 

based on a manually curated database, CellChatDB, which takes into account 
ligand-receptor (L-R) interactions as well as the presence of co-factors and 

multimeric complexes. Intercellular communication is calculated based on a mass 
action model, along with differential expression analysis and statistical tests on cell 

groups (Jin et al., 2021). The interactions can then be visualized with a variety of 
plots, focusing on the communication patterns between cell types or on specific L-

R interactions. 

To perform the analysis, the Seurat object was split by the sample type (nerve 
and neuroma), each of these were then merged with the neuronal barcodes from 
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Yang et al. (2022) and normalised with Seurat. Variable features were identified and 
the data was scaled following standard Seurat workflow. The cellchat objects for 

nerves and neuromas were created separately following the CellChat manual with 
the createCellChat() function, adding the normalized RNA scaled data assay and the 

annotation labels from each Seurat object.  

The CellChat protocol was followed: briefly the over-expressed genes in each cell 

group and the over-expressed interactions were identified with 
identifyOverExpressedGenes() and identifyOverExpressedInteractions(). The 

communication probability was computed with computeCommunProb() with the 
default parameters. This function uses the trimean statistical method, assuming that 

the average expression of a certain gene is 0 if it’s expressed in less than 25% of 
cells, which produces fewer interactions but is statistically more robust. The 

communication network was filtered with filterCommunication(), which removes cell 
groups with fewer than 10 cells by default. The communication at the level of 
individual pathways was estimated with computeCommunProbPathway(). The 

interactions were visualised with the plotting functions provided by CellChat, 
including chord plots, circos plots and heatmaps. 
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Table 2.1. Summary of the marker genes used for cell type annotation. 
Cell Type Abbreviation Marker Genes References 
General Fibroblasts Fibro DCN, GSN, VIM, COL1A1, FN1 

Chen et al. 
(2021), 
Lovatt et al. 
(2022) 
DeSisto et 
al. (2020), 
Chau et al. 
(2022), Gong 
et al. (2022) 

Endoneurial 
Fibroblasts EndoF OSR2, ABCA8, ABCA9, ABCA10, PLXDC1, 

COL15A1 
Perineurial 
Fibroblasts PeriF_1-4 CLDN1, SLC2A1, PTCH1, LMO7, ITGB4, 

KLF5, NGFR 
Meningeal 
Fibroblasts MenF_1-2 OGN, PTGDS, FXYD5, ALPL, CRABP2 

Endothelial cells Endo_1-3 EGFL7, PECAM1, TIE1, EMCN, CDH5, VWF, 
CLDN5, ECSCR 

Vascular Smooth 
Muscle Cells / 
Pericytes 

Mural TPM2, MYH11, ACTA2, MYLK, PDGFRB 

Schwann cells SC SOX10, PLP1, ERBB3, NCAM1, S100B 
Non-Myelinating 
Schwann Cells NMSC L1CAM, NRXN1, NCAM1 

Myelinating 
Schwann Cells MSC_1-3 MBP, MPZ, EGR2, NCMAP 

Repair Schwann 
Cells N/A NGFR, BDNF, GDNF, ERBB3, SOX2, 

CADM1, ATF3, RUNX2 

Lymphocytes Lymphocytes PTPRC, CD3G, CXCR6, TRAC, CD3E, 
SKAP1, THEMIS, IL7R 

Myeloid Myeloid AIF1, CD68, MRC1, SIGLEC1, ITGAM, 
CSF1R 

Myocytes Myo MYL1, TNNT1, TNNT3, TNNI1 
Oligodendrocytes  OLIG2, OLIG1, MOG, CNP, PLP1 
Astrocytes Astro GFAP 
Salivary Gland Cells SGC_1-3 MUC5B, AQP5, KRT19, KRT7, KRT14 

 

2.3 Results 
2.3.1 Overview of samples and quality control 

To investigate the cellular composition of the trigeminal nerves with and without 
injury in humans, single nuclei RNA sequencing was used on mechanically 

dissociated samples of human lingual nerve neuromas and trigeminal nerves. The 
trigeminal nerves were obtained from the Netherland Brain Bank, from two donors 

who died of non-neurological causes and without a diagnosis of dementia (Table 
2.2). The samples were obtained by the University of Texas at Dallas for trigeminal 

ganglia investigation; however, due to the absence of neuronal cell bodies and the 
morphology typical of peripheral nerves, evidenced by H&E staining (shown in 

Figure 2.8.A,B) the specimens were classified as trigeminal root nerves. Therefore, 
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they were included in the study as a healthy control of uninjured trigeminal nerve for 
comparison with the injured lingual neuromas. The lingual nerve neuromas were 

obtained from lingual nerve repair surgeries carried out at the Royal Hallamshire 
Hospital in Sheffield, UK. The clinical information linked to each sample is shown in 

Table 2.3. 

 
Table 2.2 Human trigeminal nerves information. 
Donor information is shown for trigeminal nerve samples used for single nuclei RNA sequencing.  

Sample ID Donor # Tissue Sex Age Collection 
Site 

TG1 2013-022 Trigeminal 
Nerve F 92 Netherlands 

Brain Bank 

TG2 2012-104 Trigeminal 
Nerve M 79 Netherlands 

Brain Bank 

 

 
Figure 2.8. Quality control evidencing that the nerve samples from the NBB are trigeminal 
nerve roots rather than trigeminal ganglia. 
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A,B: H&E images of the samples used are shown, where the morphology typical of nerve fascicles 
and the lack of neuronal cell bodies can be observed. Courtesy of Dr Stephanie Shiers.  
C, D, E: Feature plots of SNAP25 (C), a neuronal marker which encodes for a SNARE protein, 
showing the absence of a neuronal cluster in the trigeminal nerve roots, MOBP (D), a marker for 
oligodendrocytes, and GFAP (E), a marker for astrocytes.  

 
Table 2.3 Human lingual nerve neuromas information. 
Clinical information is given for human lingual nerve neuroma samples used for single nuclei RNA 
sequencing. 

Sample 
ID 

Clinical 
Code Tissue Sex Age 

Time 
since 
Injury 
(months) 

Subjective 
sensation 

Pain 
VAS 

Tingling 
VAS 

Discomfort 
VAS Collection Site 

N2 LN13 
Lingual 
Nerve 
Neuroma 

F 28 4 20% 65 100 87 Sheffield, UK 

N1 LN14 
Lingual 
Nerve 
Neuroma 

F 31 13 0% 0 0 0 Sheffield, UK 

 

A total of 79,709 nuclei were sequenced, 49,899 from two trigeminal nerve 
samples and 29,810 from two neuroma samples, with an average of 1,214 genes 
detected per nuclei. Ambient RNA was removed with CellBender and doublets were 

removed using scDblFinder, removing nuclei with a doublet score higher than 0.5. 
Nuclei with fewer than 500 reads and 250 genes detected, a novelty score lower 

than 0.8 and the presence of mitochondrial genes higher than 5% were removed. 
Finally, after cell-type annotation, a small number of nuclei belonging to sample 

type-specific clusters were incorrectly detected in the wrong sample type, i.e. some 
nuclei classified as meningeal fibroblasts were found in the neuromas and some 

salivary gland cells were found in the trigeminal nerve samples, which might have 
been an effect of Seurat’s integration process. Since only 19 nuclei were identified 

as incorrectly labelled, they were removed from downstream analysis. After quality 
control and clean-up of the data, 53,729 nuclei were kept, 17,591 from lingual 

neuromas and 36,137 from the trigeminal root nerves.  

Low expression of the Synaptosome Associated Protein 25 (SNAP25), commonly 
used as a neuronal marker (Tavares-Ferreira et al., 2022b, Tafoya et al., 2008), in the 

nerve root samples (Figure 2.8.C) confirms the absence of neuronal cell bodies, 
while the presence of a small cluster positive for the astrocyte marker GFAP (Figure 
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2.8.D) and one positive for the oligodendrocyte marker MOBP (Figure 2.8.E), 
indicates that a small number of cells sequenced from the trigeminal root nerves 

samples are glial cells from the peripheral – central myelin transition zone (Peker et 
al., 2006). 

2.3.2 The cellular landscape of peripheral trigeminal nerves 

The nuclei from lingual neuromas and healthy trigeminal nerves were integrated 
using rPCA integration with SCT normalization, analysed following standard Seurat 

workflow and clustered at resolution 0.5. A total of 24 clusters were identified in the 
integrated dataset, shown in Figure 2.9. Three types of myelinating Schwann cells 

were identified: MSC_1 and MSC_2 were found in both sample types, MSC_3 in the 
neuromas only, while one non-myelinating Schwann cell (NMSC) cluster was 

identified in both sample types. In the healthy nerve samples, one cluster was 
annotated as astrocytes (Astro) and one as oligodendrocytes (Oligo), which were 

absent in the neuromas. A total of 8 fibroblasts clusters were identified, including 
one cluster of endoneurial fibroblasts (EndoF), 4 clusters of perineurial fibroblasts 

(PeriF_1-4), which were found in all samples; one type of general fibroblast enriched 
in PRRX1 expression (Fibro_PRRX1+) and particularly abundant in the neuroma 

samples; and finally, 2 types of meningeal fibroblasts, only found in the trigeminal 
root nerve samples. Three subtypes of endothelial cells were identified in all 

samples (Endo_1, Endo_2, Endo_3). One cluster was identified as containing mural 
cells (Mural), i.e. the cells that make up the vascular barrier: vascular smooth muscle 

cells and pericytes. Myeloid cells and lymphocytes were identified in both sample 
types. Finally, three subtypes of salivary gland cells (SGC_1, SGC_2, SGC_3) and 
one cluster of myocytes (Myo) were identified in the neuroma samples. The 

distribution of the clusters between sample types is shown in Figure 2.9.D. A few of 
the marker genes used to annotate the clusters are shown in the dotplot in Figure 

2.9.E.  
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Figure 2.9. snRNA-seq of human healthy and injured trigeminal nerves. 
A: UMAP plot where 53,729 nuclei from injured and healthy trigeminal nerves are grouped by sample 
type and overlapped.  
B: UMAP plot of the nuclei showing the cell type annotation.  
C: UMAP plot of the nuclei split by sample type.  
D: Bar plot displaying the distribution of cell types across the healthy and injured nerve samples, 
expressed as a percentage of the total nuclei in each sample type.  
E: Dot plot showing a few marker genes used to annotate the dataset, where the diameter of each 
dot represents the percentage of cells in each cluster that expresses the gene, and the shade of 
purple represents the average expression in the scaled RNA assay. 

 

2.3.2.1 Schwann Cells 
Three clusters were annotated as myelinating Schwann cells: MSC_1, MSC_2 

and MSC_3. MSC_1 and MSC_2 were found in both neuromas and trigeminal nerve 
root samples and are enriched in markers for myelination such as PRX, a gene 

encoding for periaxin, required for maintenance of myelination in peripheral nerves, 
PMP22, encoding for peripheral myelin 22, and MBP, encoding for myelin basic 

protein (Figure 2.10). The top marker genes identified in MSC_1 are SLC25A48, a 
gene encoding for a solute carrier transporter, MLIP, a gene encoding for the 

muscular LMNA interacting protein, previously identified to be expressed in 
Schwann cells (Bargagna-Mohan et al., 2021), PRX, PMP22 and SLC36A2, a 

member of a family of amino acid transporters identified as a biomarker for 
vestibular Schwannoma (Shi et al., 2022). Marker genes for MSC_2 were PMP2, 

encoding for peripheral myelin protein 2, MBP, S100B and CRYAB, encoding for a 
small heat shock protein involved in myelination (Lim et al., 2021). A third 
myelinating Schwann cell cluster, MSC_3, was found only in the neuroma samples. 

MSC_3 expresses markers for myelinating SCs such as PRX but is enriched in 
genes including AATK, an apoptosis induced gene, PLEKHG5, involved in 

autophagy of vesicles, TNFRSF25, member of the TNF receptor family and 
COL18A1, encoding for the alpha chain of type 18 collagen.  

One cluster was annotated as non-myelinating Schwann cells (NMSC), found in 
both neuromas and trigeminal nerve roots, and expresses markers such as L1CAM, 

ERBB3, and SOX10. This cluster is enriched in genes common in non-myelinating 
SCs including NRXN1, which encodes for a cell surface protein involved in forming 

intracellular junctions, SCN7A, a voltage gated sodium channel, also identified as a 
NMSC marker in mice by Yim et al. (2022), PRIMA1, encoding for an 
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acetylcholinesterase membrane anchor precursor protein and CHL1, member of the 
L1 gene family of neural cell adhesion molecules.  

Interestingly, Yim et al. (2022) identified a myelinating Schwann cell 
subpopulation in mouse and human nerves that expresses high levels of PMP2 and 

preferentially myelinates large diameter axons, in particular motor axons, which 
might correspond to the MSC_2 cluster, where PMP2 expression is significantly 

upregulated. While motor axons would be found in the motor root of the trigeminal 
nerve, other large-diameter axons such as Aβ low threshold mechanoreceptors 

present in the sensory root of the trigeminal nerve might be preferentially myelinated 
by the MSC_2 cluster. However, ADAMTSL1 and CLDN14, also identified as 

markers of the PMP2+ subpopulation in mice in Yim et al. (2022), aren’t found in the 
present dataset, which could represent a species or anatomical difference.  

Classic markers of repair Schwann phenotype displayed a very low level of 
expression, such as NGFR (shown in Figure 2.10), NGF, BDNF and GDNF (not 
shown). The absence of the repair Schwann cell phenotype in the injured neuromas 

can be explained by the interval between nerve injury and surgery, which is greater 
than 3 months in both samples, while the repair Schwann cell phenotype is known 

to deteriorate within 2-3 months following injury (Jessen and Mirsky, 2019). 

ERBB3 and SOX10 are markers for immature Schwann cells (Jessen et al., 2015) 

and are expressed to a higher degree in the NMSC cluster, but there isn’t a specific 
cluster that can be identified as the immature Schwann cell phenotype. In Lovatt et 
al. (2022) all cells were classified as myelinating or non-myelinating SCs in the naïve 

sciatic nerve of rats, while less than 1% were classified as dividing Schwann cells. 
The authors also found no Sox10 ISH signal in naïve nerves, whilst this increased 

after injury. However, Bremer et al. (2011) has shown that SOX10 is required in adult 
naïve peripheral nerves to maintain structural and functional integrity of the nerve, 

and the lack of Sox10+ nuclei in Lovatt et al. (2022) could be caused by the 
investigation of a restricted area of tissue. In the present dataset, SOX10 is 

expressed in all Schwann cells subtypes of the healthy trigeminal nerve root, while 
it’s only expressed in the MSC_1 cluster in neuromas. The presence of SOX10 

mRNA in the neuromas is confirmed by RNAscope (Section 4.3.1.4 ). Overall, an 
immature Schwann cell cluster couldn’t be identified. Again, this is in line with the 
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timeframe following nerve injury, where immature Schwann cells develop from 
dedifferentiated Schwann cells and then differentiate into repair Schwann cells, 

within the first 3 months following injury (Jessen and Mirsky, 2019).  

DHH is a gene encoding for desert hedgehog, a gene important for peripheral 

nerve development expressed in precursor Schwann cells (Parmantier et al., 1999) 
and important for peripheral nerve sheath development (Sharghi-Namini et al., 

2006). Interestingly, in the present dataset, DHH expression is prominent in the 
MSC_3 cluster only found in the lingual neuromas; while only present to a smaller 

degree in the trigeminal root MSC_1 cluster, indicating the potential upregulation of 
DHH following nerve injury for the establishment of the peripheral nerve sheath 

architecture. 
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Figure 2.10. Identification of molecular subtypes of Schwann cells in lingual neuromas and 
trigeminal root healthy nerves. 
A: Distribution of Schwann cell subtypes between the trigeminal root and neuroma samples.  
B: Heatmap highlighting the top 5 marker genes in each cluster, where the expression from low to 
high is colour coded on a scale from purple to yellow.  
C: Violin plots showing the expression levels of S100B, PRX, SOX10, DHH, L1CAM, NGFR and 
ERBB3 across each Schwann cluster.  
D: UMAP plot of the Schwann cell clusters.  
MSC: myelinating Schwann cells; NMSC: non-myelinating Schwann cell 
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Differences in gene expression between Schwann cell subtypes in the neuromas 
and the healthy trigeminal nerve roots were investigated by separating the 

myelinating and non-myelinating clusters and performing the MAST test with the 
FindMarker() function in Seurat. The average expression of all genes in the nerve 

and neuroma samples is plotted in Figure 2.11, where purple dots indicate that the 
gene is differentially expressed with an average p-value < 0.05 and a log2FC > 0.5, 

and the labelled dots are the top 20 DE genes.  

In both myelinating and non-myelinating Schwann cells, genes associated with 
nerve repair are upregulated in the Schwann cells from the neuromas compared to 

the ones from the nerve roots, including the AP-1 transcription factor subunits JUN, 
JUNB, JUND, FOS and FOSB, known to direct the transcriptional switch following 

peripheral nerve injury (Jessen and Mirsky, 2019), and EGR1 which is upregulated 
following PNI (Balakrishnan et al., 2021). NR4A1 is an orphan nuclear receptor 

which has been linked with Schwann cell differentiation following nerve injury 
(Zhang et al., 2015a) and is upregulated in the neuroma samples. Mutations in the 

LMNA gene have been shown to cause peripheral neuropathies (Benedetti et al., 
2005) and are linked with morphological abnormalities in Schwann cells (Vital et al., 

2005). Clusterin (CLU) has also been linked with the nerve injury response: Wright et 
al. (2014) found that CLU is required for neurite outgrowth and peripheral nerve 

regeneration, with its transcriptional levels increasing in the DRG 7 days following 
denervation and returning to baseline a month following denervation. Interestingly, 

in this dataset, CLU expression levels are downregulated in the neuromas, but its 
role in late-stage peripheral nerve injuries hasn’t been investigated yet. 
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Figure 2.11 Differentially expressed genes in Schwann cells of healthy trigeminal nerve roots 
and lingual neuromas. 
A: the logarithmic average gene expression level of nuclei classified as Schwann cells from healthy 
trigeminal root nuclei (nerve) and lingual neuromas (neuroma) plotted against each other. The 
significantly differentially expressed (DE) genes (avg_log2FC > 0.5, p-value < 0.05) are colour coded 
in purple, and the top 20 DE genes are labelled.  
B: CLU, CLIC4, GLUL, JUN, FOS, LMNA, NR4A1 and EGR1 expression levels are shown across in 
violin plots across SC clusters, separated by sample type, where pink represents nuclei belonging to 
nerve samples, while teal represents nuclei from neuroma samples. 

 

2.3.2.2 Fibroblasts 
Six fibroblast clusters were identified across all samples (EndoF, PeriF_1-4 and 

Fibro_PRRX1+), whilst two clusters identified as meningeal fibroblasts were found in 

the nerve samples and aren’t included in this section. All clusters express a high 
level of general fibroblast marker genes such as VIM and DCN (Figure 2.12). The 

endoneurial cluster, found in both neuroma and healthy nerve samples, is enriched 
in ABCA10 and ABCA5, members of the ATP-binding cassette (ABC) superfamily, 

APOD, a gene encoding for the apolipoprotein D, and PI16, encoding for peptidase 
inhibitor 16. PI16 has been described as an epineurial fibroblast marker in rodents 

(Singhmar et al., 2020, Yim et al., 2022). However, in the present dataset it was 
found to be co-expressed with CSPG4, also known as NG2, identified as a marker 

for endoneurial fibroblasts by Richard et al. (2014), indicating a potential species 
difference. Its localization in the endoneurium was validated with 

immunohistochemistry in the human neuromas as described in section 4.3.3 PI16 
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was identified by Singhmar et al. (2020) to promote neuropathic pain by inducing 
permeability of the blood-nerve barrier and increasing immune cell infiltration.  

The four perineurial fibroblast clusters are found in varying proportions across 
sample types: PeriF_1,2,3 are largely found in the trigeminal root samples, while 

PeriF_4 is found primarily in the neuroma samples. PeriF_1,2,3 are enriched in 
genes such as IGFBP6, encoding for the insulin growth factor binding protein 6 and 

SLC2A1, a gene encoding for a glucose transporter, also known as Glut-1, and 
widely used as a perineurial marker gene (Piña et al., 2015). PeriF_4 has increased 

expression of THBS1, encoding for thrombospondin 1, CCN1, encoding for Cellular 
Communication Network Factor 1, a protein found to promote SCs proliferation and 

upregulation of c-Jun (Cheng et al., 2021), and ADAMTS14, encoding for a 
metalloprotease with a thrombospondin 1 motif, among others. THBS1 was shown 

to be secreted by fibroblasts in peripheral nerves following transection injury and to 
promote neurite outgrowth (Hara et al., 2023). NGFR is also found in the perineurial 
clusters to a higher expression level compared to Schwann cells, which was 

validated with immunohistochemistry, as discussed in chapter 4. NGFR expression 
in perineurial cells was also previously identified in human peripheral nerves by 

Yamamoto et al. (1992) and Chau et al. (2022).  

Finally, one fibroblast cluster particularly abundant in the neuromas was 

classified as Fibro_PRRX1+ and displays a pro-fibrotic phenotype similar to the 
fibroblast lineage described in Leavitt et al. (2020). This cluster is enriched in ECM-

related genes including COL1A1, FBLN1 and COL5A3, as well as inflammation-
related genes such as FOSB, involved in promoting a profibrotic programme in 

pulmonary fibrosis (Cui et al., 2020) and LSP1, which mediates neutrophil activation 
(Le et al., 2015). 
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Figure 2.12. Identification of fibroblasts subtypes in lingual neuromas and trigeminal root 
nerves. 
A: UMAP plot showing the different fibroblasts clusters in the nerve and neuromas.  
B: Distribution of fibroblasts subtypes between the trigeminal root and neuroma samples.  
C: Heatmap highlighting the top 5 marker genes in each fibroblast cluster.  
D: Violin plots showing the expression levels of VIM, COL1A1, PI16, NGFR, PRRX1, CSPG4 and 
SLC2A1 across each fibroblast subtype.  
EndoF: endoneurial fibroblasts; PeriF: perineurial fibroblasts; Fibro_PRRX1+: PRRX1+ fibroblasts
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2.3.2.3 Immune Cells 
A total of 2,578 nuclei were classified as immune cells, making up 6.5% of the 

nuclei sequenced in the trigeminal nerve root and 1.4% of the nuclei sequenced in 

the neuromas. Two immune cell subpopulations were identified: lymphocytes and 
macrophages, shown in Figure 2.13. The macrophage cluster expressed high levels 

of RGS1, encoding for regulator of G protein signalling 1 found in macrophages as 
well as T-cells (Feng et al., 2022, Bai et al., 2021), CSF1R and CLEC7A commonly 

used as a macrophage markers (Lovatt et al., 2022, Wang et al., 2022b), CD163, a 
marker for M2 macrophages (Hu et al., 2017) and MS4A5A, another potential M2 

macrophage marker (Zhang et al., 2022a).  

The lymphocyte cluster displayed high levels of CXCR4 and CD69, T-cell markers 
(Mousset et al., 2019), CYTIP, also found to be expressed in T cells (Queiroz et al., 

2022), IKZF1, a regulator of lymphocyte differentiation (Ronni et al., 2007) and 
TRBC2, also known as T-cell Receptor Beta Constant 2, involved in antigen binding 

activity (Maciocia et al., 2017).  

In the neuroma samples a higher proportion of lymphocytes are detected 

compared to the macrophages. T-cells have been identified to have an important 
role in nerve repair, modulating remyelination and inflammation (Tang et al., 2022). 

DE analysis was performed comparing macrophages and lymphocytes from the 

trigeminal nerve root and the lingual neuroma samples. Members of the AP-1 family 
of transcription factors, such as FOS, FOSB, JUN and JUND, were upregulated in 

the neuromas in both macrophages and lymphocytes. This is in accordance with Li 
et al. (2021), where the AP-1 TF family was found to be upregulated following nerve 

injury by both Schwann cells and immune cells of the mouse sciatic nerve and high 
JUN and JUNB immunoreactivity was observed in immune cells 9 days after nerve 

injury.  

KLF4, encoding for Kruppel Like Factor 4, is a transcription factors involved in 
axonal regeneration (Qin et al., 2013, Xu et al., 2021). In the current dataset, its 

expression, as well as KLF6 expression, another member of the same TF family, are 
increased in the neuroma samples specifically in macrophages. Interestingly, KLF6 

was reported to promote M2 macrophage polarization (Kim et al., 2016). NLRP3 
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inflammasome was also upregulated in the macrophages found in the neuromas, in 
concordance with the literature which identified a role for NLRP3 in nerve damage 

(Li et al., 2022b) 

The lymphocytes from the neuromas displayed a downregulation of genes that 

have been linked with the interplay between immune cells and axonal regeneration 
such as CXCR4, found to cause nerve entrapment following axotomy of the optic 

nerve (Hilla et al., 2021), and CCL5, which was found to promote robust optic nerve 
regeneration (Xie et al., 2021).  

 
Figure 2.13. Identification of molecular subtypes of immune cells in lingual neuromas and 
trigeminal root nerves. 
A: UMAP plot displaying the macrophages and lymphocytes clusters represented in a 2-dimensional 
plane in the nerve and neuromas.  
B: Distribution of immune cell subtypes between the trigeminal root and neuroma samples.  
C: Heatmap highlighting the top 5 marker genes in each immune cell cluster.  
D: Violin plots showing the expression levels split by sample type of NLRP3, CXCL8, CXCL2, CCL2, 
CCR5; which were identified as differentially expressed between the nerve and the neuromas in the 
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immune subclusters. The red filled violin plots represent the expression level in the trigeminal nerve 
root, while the teal filled violin plots represent the expression levels in the neuroma samples. 
E, F: Differentially expressed genes in the lymphocytes (E) and in the macrophages (F) between the 
nerve and neuromas. The x-y coordinate of each dot in the graph represents the average gene 
expression of a gene in the nerve (x-axis) and in the neuroma (y-axis). The dots that were identified 
as differentially expressed (p-value<0.05, avg_log2FC > 0.5) are colour-coded in purple. The top 20 
DE genes are labelled.  

 

2.3.2.4 Vasculature 
Endothelial cells, vascular smooth muscle cells and pericytes make up the 

vasculature that supplies peripheral nerves. A total of 8,242 nuclei were annotated 

as vascular, where three clusters of endothelial cells (Endo_1, Endo_2, Endo_3) and 
one cluster of mural cells, containing vascular smooth muscle cells and pericytes, 

were identified, shown in Figure 2.14. In the neuromas, a higher proportion of 
endothelial cells were identified, making up 30% of the nuclei in those samples, 

while only 3% of the nuclei in the nerves were annotated as endothelial, the majority 
of which belong to the Endo_3 cluster.  

All the endothelial cell clusters expressed high levels of canonical endothelial cell 
markers such as EGFL7 and CLDN5 (Chen et al., 2021). Additionally, the Endo_1 

cluster is enriched with genes usually found in cytokine activated endothelial cells 
and involved in leukocyte recruitment at the site of injury, such as SELE (Wu et al., 

2017), ICAM-1, considered a master regulator of inflammation and injury resolution 
(Bui et al., 2020) and interleukin-6 (IL6), a hallmark of inflammation arising following 
nerve injury (Sandy-Hindmarch et al., 2022).  

Although several papers performing snRNA-seq on peripheral nerves have 
identified lymphatic endothelial cells, characterised by LYVE1 and CCL21 

expression (Lovatt et al., 2022, Chen et al., 2021, Gong et al., 2022), we were 
unable to identify this cluster in this dataset. 

The mural cells cluster was characterized by high ACTA2, MYH11 and PDGFRA 
expression which are markers for both vascular smooth muscle cells and pericytes 
(Muhl et al., 2020). As noted by Muhl et al. (2020), mural cells displayed less 

heterogeneity than fibroblasts, displaying a more continuous phenotype despite 
including two cell types with a marked morphological difference. 
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Figure 2.14. Identification of molecular subtypes of vascular cells in lingual neuromas and 
trigeminal root nerves. 
A: UMAP plot displaying the vascular cell clusters represented in a 2-dimensional plane in the nerve 
and neuromas.  
B: Heatmap highlighting the top 5 marker genes in each vascular cell cluster.  
C: Distribution of vascular cell subtypes between the trigeminal root (nerve) and neuroma samples.  
D: Violin plots showing the expression levels split by sample type of IL6, CLDN5, SELE, ACTA2, 
EGFL7, ICAM1, PDGFRB. The red filled violin plots represent the expression level in the trigeminal 
nerve root, while the teal filled violin plots represent the expression levels in the neuroma samples. 

 

2.3.3 Inferring neuronal communication in the trigeminal nerve roots and 
lingual neuromas using CellChat 

The cell types discussed in the previous paragraphs make up the 
microenvironment which supports the axons with cell bodies situated in the 

trigeminal ganglia. The interaction between the trigeminal axons and the various cell 
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types that make up the trigeminal nerve is important for neuronal homeostasis, 
providing support, activating a pro-regenerative program after nerve injury but also 

contributing to neuronal sensitization and neuropathic pain following injury. In order 
to disentangle the complex communication network taking place between 

trigeminal axons and peripheral cell types, CellChat, an open-source R package, 
was adopted to computationally infer cell-cell communication in the trigeminal nerve 

roots and the lingual neuromas.  

In order to estimate the communication with trigeminal neurons, the dataset 

generated by Yang et al. (2022) with the trigeminal ganglia from three human donors 
(1 male, 2 female) was combined with the present dataset. The trigeminal ganglia 

cell atlas was generated with single nuclei RNA sequencing using the 10X 
Genomics Chromium platform. A total of 3,873 nuclei annotated by the authors as 

“neuronal” were used in this analysis. The neurons were furtherly classified by the 
authors according to the expression of marker genes in the following subtypes: 
peptidergic nociceptors (PEP, TAC1+), non-peptidergic nociceptors (NP, CD55+), 

pruriceptors (SST, SST+), C-fibre low threshold mechanoreceptors (cLTMR, 
FAM19A4), A-fibre low threshold mechanoreceptors (NF, NEFH+). The trigeminal 

neurons were merged, normalised and scaled with the trigeminal root nerves and 
the lingual neuromas. The communication in each sample type was analysed 

independently in order to preserve the different pathways that might be 
overexpressed in each sample type, characterised by different injury status and 

anatomical location. The CellChat database contains a total of 2,201 manually 
curated ligand-receptor (L-R) pairs, including information from the KEGG pathway 

database, across 229 signalling pathways, overviewed in Figure 2.15.E. A total of 
11,737 interactions were identified in the neuromas, including 10,569 involving at 

least a neuronal subtype, while 18,335 were identified in the trigeminal nerve root, 
including 12,908 involving a neuronal subtype. 

A total of 96 and 77 signalling pathways within the CellChat database displayed 
significant interactions with the nerves and the neuromas respectively, including 
laminin, collagen, thrombospondin, selectin, claudin, WNT, semaphorin 3, 5 and 6, 

neuregulin, NGF, FGF, VEGF, PARs and ephrins. The interactions inferred in the 
CXCL and CCL pathways are discussed in more depth in the following paragraph.  



 79 

 
Figure 2.15. Overview of the Cell-cell interaction analysis performed with CellChat. 
A, B: UMAP plot displaying the 2D representation of the nuclei from trigeminal root nerves and the 
trigeminal neurons used for CellChat analysis. In A they are colour-coded based on the sample ID: 
the trigeminal neurons were sequenced from three human donors (left and right from TG1, left and 
right from TG2 and left from TG3) and the trigeminal nerve root from two organ donors (TN1, TN2). In 
B the nuclei are colour coded by cell-type annotation.  
C, D: UMAP plot displaying the 2D representation of the nuclei from lingual neuromas and the 
trigeminal neurons used for CellChat annotation, grouped by sample ID (A) and by annotation (B).  
E: Pie charts displaying the CellChat database categories, showing the proportion of interactions 
classified as secreted signalling, ECM-Receptor or Cell-Cell contact (left); as heterodimers or others 
(middle); and as interactions identified from the KEGG database or from experiments published in 
the literature (right). 
F, G: Circle plot generated with the CellChat package displaying all the interactions in each group, in 
the trigeminal nerve root (F) and in the neuromas (G). The thickness of each line represents the 
number of interactions between two specific cell-types, while the size of each dot represents the 
total number of interactions involving that cell type. 
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2.3.3.1 Chemokines signalling pathways in the trigeminal nerve root and the human 
neuromas 

Among the interactions inferred by CellChat, several belonging to the chemokine 
signalling pathways CCL and CXCL reached statistical significance. Chemokines 

are inflammatory mediators released following nerve injury, which are primarily 
involved in chemotaxis but can also activate and sensitize nociceptors, leading to 

persistent pain (Solis-Castro et al., 2021, Cambier et al., 2023, Abbadie, 2005). The 
classification of chemokines is based on the arrangement of two cysteine residues: 
the CC group has two adjacent cysteine residues, while the CXC group has one 

amino acid separating the two cysteine residues (Abbadie, 2005). Significant 
interactions between the trigeminal nerve roots and the neuromas with the 

trigeminal axons were identified in the CXCL (Figure 2.16) and CCL (Figure 2.17) 
pathways. 

In the CXCL signalling pathway, the interactions CXCL12 - CXCR4 and CXCL2 – 
ACKR1 reached statistical significance in both the trigeminal root nerves and the 

neuromas, accounting for most of the communication in this category in both 
sample types. The CXCL12/CXCR4 axis has been reported to contribute to 

neuropathic pain generation in rodents (Yu et al., 2017). In the present dataset, 
CXCL12 is expressed by a variety of cell types, including endoneurial fibroblasts, 

injury responsive fibroblasts (Fibro_PRRX1+), endothelial cells (Endo_2, Endo_3) 
and in the trigeminal root nerves, in mural cells and macrophages, as well. CXCR4 
is found in macrophages and lymphocytes in both sample types. In Yu et al. (2017), 

the proteins encoded by CXCL12 and CXCR4 were detected in murine DRG 
neurons; however, in the human trigeminal neurons sequenced by Yang et al. 

(2022), the expression of these two genes was low. Nevertheless, components of 
the CXCL12-CXCR4 signalling axis are expressed in both naïve and injured human 

trigeminal nerves in a variety of cell types that make up the nerve.  

The second ligand-receptor (L-R) pair with the highest contribution is CXCL2-

ACKR1. CXCL2 is expressed by endothelial cells (Endo_1, Endo_2) in both sample 
types and in macrophages in the lingual neuromas. ACKR1, also known as Duffy 

antigen, a highly promiscuous receptor for several chemokines, is expressed in the 
trigeminal neurons. The CXCL2-ACKR1 axis is involved in neutrophil homeostasis 
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(Metzemaekers et al., 2020) but the role of ACKR1 activation in sensory neurons 
hasn’t been investigated yet. 

 
Figure 2.16. CXCL signalling network in the trigeminal root nerves and the lingual neuromas. 
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A: Chord diagram displaying the interaction network in the CXCL category in the trigeminal root 
nerves (A) and in the neuromas (B). 
C, D: Bar plot displaying the relative contribution of each L-R pair in the trigeminal nerve roots (C) 
and in the neuromas (D).  
E, F: Bubble plots displaying the inferred significant L-R interactions between cell types in the 
trigeminal root nerves (E) and in the lingual neuromas (F). 

 

Several interactions annotated as part of the CCL signalling pathways in 
CellChatDB resulted as significant in the trigeminal root nerves and the neuromas. 
In the trigeminal root nerves, interactions involving CCL4 and CCL5, both expressed 

in lymphocytes, and the atypical chemokine receptor. ACKR1, expressed in 
neurons, and CCR5, expressed in lymphocytes, were identified. On the other hand, 

in the neuromas, interactions between the ligands CCL2 and CCL14 and the 
receptor encoded by ACKR1 were statistically significant. In the neuromas, CCL2 is 

expressed on perineurial fibroblasts (PeriF_1, PeriF_2) and CCL14 is expressed in 
endothelial cells (Endo_1), which might interact with ACKR1, expressed in trigeminal 

neurons. CCL2, also known as monocyte chemoattractant protein-1 (MCP-1) is a 
chemokine involved in macrophage chemotaxis which has been linked to 

neuropathic pain (Van Steenwinckel et al., 2011), while the role of CCL14 in chronic 
pain hasn’t been investigated. 
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Figure 2.17. CCL signalling network in the trigeminal root nerves and the lingual neuromas. 
A: Chord diagram displaying the interaction network in the CCL category in the trigeminal root 
nerves (A) and in the neuromas (B). 
C, D: Bar plot displaying the relative contribution of each ligand-receptor (L-R) pair in the trigeminal 
nerve roots (C) and in the neuromas (D).  
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E, F: Bubble plots displaying the inferred significant L-R interactions between cell types in the 
trigeminal root nerves (E) and in the lingual neuromas (F). 

2.4 Discussion 
Single nuclei RNA sequencing highlighted the heterogeneity of cell types within 

the lingual neuromas and trigeminal nerve root samples which were annotated using 

markers from the literature. In Schwann cells and immune cells, the differentially 
expressed genes in naïve and injured nerves were investigated, due to the 

importance of these cell-types in nerve repair and peripheral sensitisation, 
respectively. Finally, the communication between cells in the periphery and 

trigeminal neurons was inferred with CellChat using the dataset of human trigeminal 
ganglia generated by Yang et al. (2022), focusing on the CCL and CXCL chemokine 

signalling due to their role in chronic pain (Jiang et al., 2020, Solis-Castro et al., 
2021). 

2.4.1 AP-1 transcription factor complex is upregulated in Schwann cells 
several months following injury 

Myelinating and non-myelinating Schwann cells were identified in both sample 
types. Myelinating Schwann cells were further subdivided in three clusters (MSC_1, 

2 and 3). Interestingly, MSC_2, which displays increased Pmp2 expression, might 
correspond to a myelinating SC subtype identified by Yim et al. (2022) in murine 

peripheral nerves which preferentially myelinates large diameter axons. In particular, 
Yim et al. (2022) found that Pmp2+ Schwann cells were more likely to be associated 

with motor neurons, as well as Chat- large diameter sensory neurons in sural nerves. 
Further immunohistochemical validation is required to confirm this finding. 

MSC_3 was found exclusively in the human neuromas and due to its expression 
of AATK, an apoptosis induced gene, might represent degenerating or dying 
Schwann cells (Gordon et al., 2019). Another highly expressed gene in this cluster, 

PLEKHG5, has also been linked with apoptosis through the activation of the NF-kB 
pathway (Witte et al., 2020).  

The gene expression across Schwann cells in neuromas and trigeminal nerve 
roots was compared and several differentially expressed genes were identified, 

including FOS, FOSB, JUN, JUND and EGR1, part of the AP-1 transcription factor 
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family that regulates Wallerian degeneration. Additionally, inflammation-related 
genes were also dysregulated, including SOCS3 and EGR1 (Balakrishnan et al., 

2021, Duclot and Kabbaj, 2017, Sobah et al., 2021). These findings underline the 
long-lasting changes in gene expression following nerve injury in Schwann cells, 

which can be observed even in neuromas collected 4 to 13 months following nerve 
injury. 

Interestingly, repair Schwann cells, typically marked by NGFR and the 
upregulation of neurotrophic factors (Jessen and Mirsky, 2019, Lovatt et al., 2022), 

couldn’t be identified. It has been proposed that the fading of repair Schwann cells 
is dependent on the downregulation of c-Jun and STAT3 (Jessen and Mirsky, 2019, 

Wagstaff et al., 2021). However, in this dataset, despite the increased c-Jun 
expression in the injured neuromas compared to the uninjured nerve roots, the 

repair phenotype couldn’t be detected. This might be due to a bias in the 
dissociation method in the neuromas, where fibrotic tissue might prevent the 
successful dissociation of particular Schwann cell subtypes. However, it could also 

indicate that other mechanisms besides c-Jun downregulation are at play in the loss 
of the repair phenotype after long intervals following injury. 

2.4.2 Fibroblasts in peripheral nerves are highly heterogeneous. 

The data highlights the variety and complexity of the fibroblast subtypes present 
in peripheral nerves. Endoneurial, perineurial, pro-fibrotic and meningeal fibroblasts 

were identified based on markers from the literature. Interestingly, epineurial 
fibroblasts weren’t detected. In the neuromas, this might be explained by the 

degree of nerve injury, where transection during dental surgery might have severed 
the epineurial sheath which never regenerated. On the other hand, in the trigeminal 

nerve root samples, epineurial fibroblasts are replaced by meningeal fibroblasts, as 
spinal and trigeminal ganglia and their roots are enclosed by the spinal and cranial 

meninges, respectively (Sakka et al., 2016).  

Four different subtypes of perineurial fibroblasts were identified by their high level 

of SLC2A1 expression. In the neuromas, most of the perineurial fibroblasts 
belonged to the PeriF_4 cluster, which displayed a high level of expression of 
matricellular genes with pro-inflammatory effects such as THBS1, CCN1 and 
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ADAMTS14 (Emre and Imhof, 2014, Bornstein, 2009, Mead and Apte, 2018). 
Thrombospondin-1 (THSB-1) has been shown to promote neurite outgrowth (Hara 

et al., 2023, O'Shea et al., 1991), however, it has a clear role in inflammation 
through the interaction with CD63 and the activation of the NF-kB pathway leading 

to cytokine secretion (Lopez-Dee et al., 2011, Xing et al., 2017). On the other hand, 
in the trigeminal nerve roots, perineurial fibroblasts were equally distributed among 

clusters PeriF_1, 2 and 3. Further characterisation of these subtypes would be 
required to identify differences in their function or anatomical distribution.  

Interestingly, in this dataset, NGFR is found primarily in perineurial, rather than 
endoneurial, fibroblasts, as observed in mice peripheral nerves (Chen et al., 2021, 

Yim et al., 2022). There is evidence in the literature of NGFR expression in 
perineurial cells of human and rat nerves; in particular, increased NGFR 

immunoreactivity was observed in injured nerves distal to the site of injury 
(Yamamoto et al., 1992). Chau et al. (2022) also noted NGFR expression in a cluster 
which contained perineurial cells, but annotated it as a heterogeneous cell cluster; 

however, considering that the samples in Chau et al. (2022) are derived from injured 
sural nerves, it is likely that the perineurial cells in that dataset would express high 

levels of NGFR and therefore this cluster should be annotated as perineurial. The 
expression of NGFR at the protein level in GLUT-1+ cells will be validated in Chapter 

4. 

Another interesting finding is that PI16 is enriched in endoneurial fibroblasts 

cluster, marked by CSPG4 expression (Richard et al., 2014). PI16 has been 
proposed as a regulator of neuropathic pain and its expression was observed in 

perineurial fibroblasts in murine sciatic nerves (Singhmar et al., 2020). However, in 
the present dataset, PI16 is markedly expressed in endoneurial fibroblasts, which 

represents a potential species difference. This observation will be further 
investigated in Chapter 4. 

Finally, a fibroblast cluster particularly abundant in the neuromas was 

characterised by high PRRX1 expression, as well as high expression of ECM-related 
genes such as COL1A1, FBLN1, COL5A3 and FOSB, involved in fibrosis (Cui et al., 

2020). Prrx1+ fibroblasts were recently defined as a profibrotic lineage in the mouse 
ventral dermis (Leavitt et al., 2020). Targeting this fibroblast population when nerve 
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injury is suspected during surgical procedures or at the time of nerve repair might 
be a promising route for the prevention of neuroma formation. 

2.4.3 The expression of AP-1 TF family members in immune cells from lingual 
neuromas 

Amongst the immune cells, two main clusters were identified: one comprising 

myeloid cells, which broadly include resident and monocyte-derived macrophages, 
as well as dendritic cells and mast cells, and another including T and B 
lymphocytes. There was a higher proportion of lymphocytes in the trigeminal nerve 

roots than in the neuromas (0.97% and 0.69%, respectively). It would be expected 
to detect a higher proportion of T cells in injured nerves, as T cells are known to be 

present to a very low number in naïve nervous tissue, while injury triggers their 
infiltration which is thought to contribute to neuropathic pain (Galvin and C, 2021). 

Similarly, myeloid cells make up 5% of the trigeminal nerve roots but only 1% of the 
neuromas. Due to the small number of immune cells isolated, a more detailed 

characterization of further subtypes, such as endoneurial and epineurial 
macrophages, neutrophils, dendritic cells, mast cells and T or B lymphocytes was 

impossible.  

Myeloid cells and lymphocytes from neuromas and trigeminal nerve roots display 

several differentially expressed genes. Members of the AP-1 complex FOS, FOSB, 
JUN, JUND are upregulated in the neuromas, in agreement with Li et al. (2021), who 
have shown that the AP-1 TF family is upregulated in immune cells following nerve 

injury. Additionally, several inflammation related genes are upregulated in the 
neuromas, including NLRP3, EGR-1 and KLF4 and 6. The leukocytes in the 

trigeminal nerve display an upregulation of cytokines such as CCL5 and chemokine 
receptors such as CXCR4, previously identified in the literature to affect nerve 

regeneration (Hilla et al., 2021, Xie et al., 2021). 

2.4.4 Expansion of vascular cell types in the neuromas 

There is a marked difference in the proportion of endothelial and mural cells 

detected in the two sample types: 30% of nuclei are annotated as endothelial and 
8% as mural in the neuromas, whereas in the trigeminal nerve roots 3% and 1% 

were annotated as endothelial and mural cells, respectively. This might be due to 
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several factors, both biological and technical. A biological explanation might be that 
neuroma formation might be accompanied by increased vascularization, as tissue 

injury, repair and inflammation are linked with angiogenesis (DiPietro, 2016). 
Technical factors include the inclusion of neighbouring tissue types in the neuromas 

with a high vascular content, such as muscle tissue, and the dissociation method 
that might be biased against Schwann cell isolation in highly fibrotic tissues such as 

the neuromas, potentially leading to a higher proportion of cells being vascular in 
nature.  

Half of the vascular cells annotated in the neuromas belong to Endo_1 (20% of 
total nuclei), while in the trigeminal nerve roots only 0.7% of total nuclei are 

classified in this cluster. Endo_1 is characterised by the expression of cytokine-
activated genes such as ICAM-1, SELE and IL-6, which play a role in inflammation 

and leukocyte infiltration (Bui et al., 2020, Wu et al., 2017). On the other hand, in 
trigeminal nerve root samples, the majority of endothelial cells are clustered in 
Endo_3, which express typical endothelial cell markers such as FLT-1, VWF and 

A2M (Lovatt et al., 2022). 

2.4.5 Chemokine signalling and the atypical chemokine receptor 1 

Investigating the potential cell-cell communication taking place between neurons 

and cells at the periphery represents an interesting route to generate new 
hypothesis on how the cellular microenvironment might contribute to peripheral 

sensitisation. Nerve injury leads to the secretion of pro-inflammatory mediators from 
axons, Schwann cells and immune cells that promote debris clearance and 

regeneration, but may also lead to inflammation and peripheral sensitisation, 
resulting in changes in gene expression and neuronal hyperexcitability (Chapter 1). 

It was decided to focus on the CCL and CXCL chemokine signalling, due to its 
relevance in peripheral sensitization and chronic pain development (Jiang et al., 

2020, Solis-Castro et al., 2021). 

To infer cell-cell communication with sensory neurons, the dataset generated by 

Yang et al. (2022), which includes trigeminal neurons from healthy donors, was 
used. The neurons from this dataset haven’t been exposed to the sensitizing pro-
inflammatory milieu that results from peripheral nerve injury, therefore they are in a 
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naive state and lack the expression of several chemokine and cytokine receptors, 
which might be, on the other hand, upregulated following injury (Miller et al., 2009). 

Nevertheless, the trigeminal neurons from Yang et al. (2022) did express a variety 
of chemokine receptors, including CCR5, ACKR1, ACKR3, CXCR4 and CXCR6, 

which might potentially interact with chemokines secreted by cell types in the 
periphery. Of interest, in the neuromas, CXCL8 is expressed in macrophages and 

might interact with ACKR1 in the trigeminal neurons. Interestingly, the main CXCL8 
receptor, CXCR2, was shown to be upregulated in trigeminal sensory neurons 

following itch induction producing sensitization (Li et al., 2023a).  

While few chemokine receptors are expressed in the unsensitised naïve 
trigeminal neurons, the atypical chemokine receptor ACKR1, which can bind to 

several chemokines (CCL2, 5, 7, 11, 13, 14, 17; CXCL5, 6, 8, 11) (Bonecchi and 
Graham, 2016), is expressed on both naïve trigeminal and dorsal root ganglia 

sensory neurons, and particularly enriched in putative silent nociceptors (Tavares-
Ferreira et al., 2022b). ACKR1 has been studied in the context of erythrocytes and 

malaria infection (Horuk, 2015), while a global knockout highlighted its effect on 
motor coordination and anxiety, through negative regulation of Purkinje cells in the 

cerebellum (Schneider et al., 2014). The receptor is termed atypical since it doesn’t 
elicit GPCR-mediated intracellular signalling cascades; instead, it acts by 

scavenging chemokines, thereby reducing local inflammation and preventing 
leukocytes extravasation (Horuk, 2015). However, one might wonder what would 

happen in the context of peripheral nerve injury, where ACKR1 on sensory neurons 
might potentially scavenge an increasing number and variety of chemokines. Would 

ACKR1-mediated chemokine scavenging by sensory neurons reduce peripheral 
inflammation? Are the internalised chemokines inert or could they activate internal 

signalling pathways leading to peripheral sensitization in the sensory neurons? 
These questions warrant further investigation; but first, validation of ACKR1 
expression in peripheral axons is required. 

2.4.6 Limitations of the study 

This study generated a large amount of data from rare human samples of naïve 
and injured trigeminal nerves, that could be of use to several researches in the field 
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of pain and nerve regeneration. However, some limitations should be recognised. 
Only two neuromas and two trigeminal nerve roots were used, while usually, a 

minimum of three biological replicates are required to make comparisons across 
different conditions. Due to the rarity of peripheral nerve samples, it is still useful to 

observe changes in gene expression in injured and naïve samples; however, in the 
future, a larger pool of samples should be included. Nevertheless, single cell atlases 

even in a small number of samples are still beneficial, as they can be integrated with 
spatial and bulk RNA sequencing data generated on a larger pool of samples to 

deconvolute cell type composition (Avila Cobos et al., 2020), as will be performed in 
the next chapter. 

In this study, trigeminal nerve roots were used as an uninjured control to be 
compared to injured lingual neuromas. Ideally, healthy lingual nerves from age and 

sex-matched individuals would have been used as a healthy control, allowing the 
clear identification of differences linked with injury status. The comparison with 
trigeminal nerve roots prevents the clear attribution of the differences found with the 

neuromas to the injury state, as they could also be associated with the different 
anatomical location of the samples, as well as the differences in ages and sex of the 

donors. Other control tissues were considered for the study, such as sural nerves 
from organ donors, but they were deemed unsuitable due to their spinal origin and 

the extensive length of their axons, which would also underpin differences in gene 
expression and cell-type composition. Ultimately, due to the scarcity of the relevant 

control tissue types, the comparison with trigeminal nerve roots was deemed as the 
best option available, and yielded fruitful comparisons and several avenues that 

warrant further investigation. As relevant datasets are generated and made available 
in the literature, they can be integrated and compared with the one presented here.  

2.4.7 Conclusion 

The RNA expression at single cell level in human trigeminal nerve roots and 
injured lingual neuromas was investigated with single nuclei RNA sequencing, in 

order to characterise the cellular composition of trigeminal nerves in healthy and 
injured conditions and identify changes in gene expression. The data highlights the 

sustained expression of genes part of the AP-1 transcription factor family in both 
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Schwann cells and immune cells following injury, as well as the heterogeneity of 
fibroblast subtypes that support peripheral nerves. This dataset represents a useful 

resource for researchers in the field of orofacial pain and nerve regeneration, as well 
as to the pharmaceutical industry, enabling the expression of drug targets identified 

in animal models or in genomic studies to be verified in human tissue. 
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Chapter 3.  Identifying novel targets for the 
treatment of neuropathic pain using spatial 
transcriptomics 

3.1 Introduction 
In this chapter, the transcriptome of human lingual neuromas from patients with 

and without symptoms of neuropathic pain will be analysed within the context of the 
tissue morphology using spatial transcriptomics.  

A fundamental question in the field of pain is why in certain individuals the acute 
pain caused by tissue injury or disease transitions to chronic pain, while in others, 
affected by the same injury or disease, this transition doesn’t occur (Costigan et al., 

2009). Human lingual nerve neuromas obtained from nerve repair surgeries provide 
a valuable opportunity to answer this question, as patients are affected by the same 

type of nerve injury, but only a minority develops neuropathic pain (Atkins and 
Kyriakidou, 2021). This enables the identification of changes at the molecular and 

cellular level that correlate with the presence of pain and are unrelated to the 
pathophysiological mechanisms underlying nerve regeneration. The correlation 

between symptoms of pain and the expression of specific proteins, such as Nav1.7, 
Nav1.8, Nav1.9, P2XR, TRPV1 and TRPA1, as well as miRNAs, has been previously 

investigated in our laboratory (Bird et al., 2007, Morgan et al., 2009b, Morgan et al., 
2009a, Bird et al., 2013, Biggs et al., 2007, Tavares-Ferreira et al., 2019). However, 

the unbiased analysis of whole transcriptome in human neuromas hasn’t been 
performed yet and will be the focus of this chapter. 

3.1.1 Methodological considerations 

A commonly used and cost-effective method to analyse whole transcriptome is 
by bulk RNA sequencing, where the RNA content of the homogenised tissue is 

isolated, reverse transcribed and sequenced, obtaining an averaged count of each 
RNA species in the whole tissue (Stark et al., 2019). A pilot study using bulk RNA 

sequencing was performed on the neuromas (not discussed in this thesis) but 
yielded disappointing results stemming from the difficulty of isolating RNA from 

such highly fibrotic tissue. The resulting RNA was highly degraded and of low 
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abundance, as a result of the harsh mechanical and chemical dissociation required 
to extract the RNA. While the protocol could have been further optimised to improve 

the quality of RNA, spatial transcriptomics methodologies that enabled the analysis 
of RNA content in the spatial context were advancing. Visium spatial 

transcriptomics provided a highly validated method with demonstrated efficacy in 
fixed clinical samples to measure gene expression within the spatial context of the 

tissue (Gracia Villacampa et al., 2021). Importantly, this method, unlike bulk RNA 
sequencing, enabled the analysis of pathologically relevant areas such as the nerve 

fascicles, excluding other tissue types present in the neuromas such as muscle and 
fibrotic tissue. 

3.1.2 Spatial transcriptomics to identify the transcriptional profile within the 
morphological context of human neuromas. 

Spatial transcriptomics refers to the measurement of RNA transcripts of several 
genes within the spatial context of the tissue or cells. In recent years, technical 

advances have evolved rapidly and several commercially available methods can be 
used to detect hundreds or thousands of transcripts at variable resolution (Moses 

and Pachter, 2022). Currently, several options for spatial transcriptomics are 
available with variable resolution, number of transcripts that can be detected, cost-

effectiveness and extent of optimization required. In situ hybridisation-based 

technologies such as MERFISH (Chen et al., 2015) or seqFISH+ (Eng et al., 2019) 
enable the subcellular visualization of individual transcripts based on their detection 
with probes, where probe panels are limited to a restricted number of targets (up to 

10,000 targets in MERFISH) (Yue et al., 2023). In situ sequencing based 
technologies rely on the reverse transcription of RNA within the tissue, for example 

through the use of padlock probes and rolling circle amplification (Ke et al., 2013), 
commercialised by 10X Genomics with the Xenium platform. Next Generation 

Sequencing (NGS)-based technologies include 10X Genomics Visium (Ståhl et al., 
2016), Slide-seq and Slide-seqV2 (Stickels et al., 2021) and stereo-seq (Chen et al., 

2022), which are based on the capture of RNA molecules in a barcoded area, 
reverse transcribed and sequenced by NGS. The spatial location is inferred based 

on the barcode attached to each transcript with computational analysis. These 
technologies enable the high-throughput untargeted analysis of the whole 
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transcriptome but are limited by the resolution of each barcoded area, which started 
off as 100 μm in Ståhl et al. (2016) and has now reached 500 nm with Stereo-seq 

(Chen et al., 2022), with the drawback that more sequencing is required, increasing 
costs. Finally, other methods to obtain transcriptomic information within a spatially-

defined area involve the selection of areas of interest, for example with laser 
dissection microscopy (Brown et al., 2002) or with the GeoMX Digital Spatial 

Profiling (Merritt et al., 2020). 

For this project, the unbiased profiling of the whole transcriptome was a priority, 

rather than the use of selected probes, therefore an NGS-based method was 
chosen over targeted methods. Pilot in situ hybridization experiments at the start of 

the project highlighted tissue autofluorescence as a significant issue for image-
based techniques, such as MERFISH (Xia et al., 2019). Therefore, an NGS method 

targeting the whole transcriptome was deemed the most suitable. After 
considerations of cost-effectiveness, Visium spatial transcriptomics was chosen 
above other technologies commercially available at the time, such as the GeoMX 

DSP, due to the increased cost-effectiveness for the analysis of large areas of 
tissue. Additionally, Visium had been validated in FFPE clinical samples, 

characterised by lower RNA quality compared to fresh-frozen samples, taking 
advantage of probes targeting the whole transcriptome that would enable the 

detection of RNA in fixed and slightly degraded samples (Gracia Villacampa et al., 
2021). 

The main limitation of Visium is the size of the barcoded spots, which limits its 
resolution at 55 μm. However, by integrating single nuclei RNA sequencing data 

discussed in Chapter 2, information at single cell resolution can be inferred in a 
process known as cell-type deconvolution (Li et al., 2023b). This approach has its 

drawbacks and limitations since the cellular composition is virtually inferred from a 
similar but separate tissue. Nevertheless, the combination of these techniques 
enables the detection of the cellular populations within a sample in the spatial 

context, providing valuable insight in the cellular and transcriptional composition of 
human neuromas. 
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3.1.3 Aims and objectives 

The overall aim of this chapter is to characterise the cellular and transcriptional 

composition of human neuromas within the spatial context and identify genes 
differentially expressed in human neuromas from patients with and without pain. 
The specific objectives were: 

1. Perform clustering analysis to identify patterns in the spatial distribution of 
gene expression across samples. 

2. Integrate the single nuclei RNA sequencing data to perform cell-type 
deconvolution in the spatial transcriptomics dataset. 

3. Perform pseudo-bulk differential expression analysis of pathologically relevant 
areas between painful and non-painful samples. 

4. Validate the trends displayed by the top differentially expressed genes in the 
single nuclei RNA sequencing data. 

3.2 Methods 
3.2.1 Human Lingual Neuroma Processing 

Lingual neuromas were obtained from patients attending the trigeminal nerve 

injury clinic at the Clifford Dental Hospital in Sheffield, UK. Neuromas were collected 
during nerve repair surgery, carried out by Dr. Simon Atkins. All neuromas were 

collected with the informed consent from the patients, in accordance with ethical 
approvals received by the NHS Health Research Authority (HRA) and Sheffield 

Teaching Hospitals (STH) (19/SC/0308 STH20664). Clinical information including 
patients’ age, sex and pain history was recorded preoperatively and anonymised. 
Patients reported the symptoms of pain, tingling and discomfort on the day of 

surgery on a visual analog scale (VAS) ranging from 1 to 100. Based on the pain 
VAS scores, the neuromas chosen for this study were divided in two groups: 

‘painful’ (pain VAS score higher than 40) and ‘non-painful’ (pain VAS score lower 
than 15). Differences in VAS scores between painful and non-painful groups were 

evaluated using an unpaired t-test assuming equal variance. 

After surgical removal, the samples were placed in Zamboni’s fixative (0.1 mol/L 

phosphate buffer, pH 7.4, containing 4% paraformaldehyde and 0.2% picric acid) 
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and fixed overnight at 4°C, then transferred to 30% sucrose overnight at 4°C and 
finally cryoprotected in OCT and stored at -80°C. 

3.2.2 Assessment of RNA quality in samples for Visium 

To assess the suitability of the samples for spatial transcriptomics, total RNA was 
extracted from a few sections of each sample with the RNeasy FFPE kit (Qiagen, 

73504), according to the manufacturer instructions. The incubation with the 
deparaffinization solution was omitted since the samples weren’t embedded in 

paraffin. Briefly, 6-10 sections were cut using a cryostat and placed in a pre-chilled 
Eppendorf tube. Buffer PKD was added to the sections and vortexed to lyse the 

sample. Formaldehyde bonds were decrosslinked by incubating the lysate with 
proteinase K at 56°C and at 80°C for 15 minutes respectively. The mixture was 

incubated on ice for 3 minutes, then centrifuged for 7.5 minutes at 20,000 x g. 
DNase Booster buffer and DNase I were added to the sample, mixed and incubated 

for 15 minutes to ensure DNA degradation. Buffer RBC was added to the sample to 
adjust binding conditions, then 100% ethanol was added and transferred to the 

RNeasy MinElute spin column. The RNA was captured on the column, washed 
twice with buffer RPE and eluted in 14 μl of RNase-free water. 

The quality of the RNA was assessed using the Bioanalyzer RNA 6000 Pico chip 
(Agilent, 5067-1513). Samples with a DV200 higher than 50, indicating that more 
than 50% of the ribonucleic acids are 200 nucleotides or longer, were deemed to be 

of satisfactory quality to proceed with the Visium protocol. Some examples of the 
Bioanalyzer traces are shown in Figure 3.1. The adherence of the tissue sections 

from a few samples was tested using the tissue adherence test slides (10X 
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Genomics, 1000347). 

 
Figure 3.1. Example Bioanalyzer traces of RNA extracted from fixed-frozen human neuromas 
to assess the samples’ suitability for Visium spatial transcriptomics. 
A, B: The image summarises the result of the RNA quality assessment with the Bioanalyzer of two 
samples of human neuromas. In the graphs, the fluorescence units (FU) are plotted against the size 
distribution of the RNA molecules in nucleotides (nt). The DV200 calculated by the Bioanalyzer 
estimates the proportion of RNA molecules longer than 200 nt, marked by the dotted brown line. The 
presence of peaks for ribosomial RNA (18S and 28S in A) is another positive indicator of RNA quality. 
The sample in A has a DV200 of 71, therefore 71% of RNAs are longer than 200 nt and is suitable for 
Visium. On the other hand, in the sample shown in B, only 16% of the RNA molecules are longer 
than 200, making the sample unsuitable for Visium due to the poor RNA quality. 

 

3.2.3 Spatial Transcriptomics 

Spatial transcriptomics was performed with the Visium Spatial Gene Expression 
for FFPE kit for the Human Transcriptome (10X Genomics, 1000338). An overview of 

the protocol is shown in Figure 3.2, all reagents used are listed in Table 3.1. Briefly, 
fixed-frozen sections of human neuromas embedded in OCT were sectioned at a 

thickness of 7 μm, placed on the capture areas of Visium slides and dried for 45 
minutes. Deparaffinization was omitted and the sections were stained with 

haematoxylin and eosin (H&E) following manufacturer’s instructions. The slides were 
mounted with 100% glycerol and cover-slipped without sealing. The tissue sections 

were imaged through the glass slide with a Leica Thunder DMi8 inverted 
microscope equipped with a FlexaCam C1 Camera system at 10X magnification. 
Tile-scans were merged using the Leica Application Suite X (LAS X) software. The 

coverslip was removed and the slide was placed in the Visium cassette (shown in  

Figure 3.3), sealing each capture area and enabling the localized administration 

of liquid solutions over each section. Decrosslinking for 1 hour at 70°C with TE 
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buffer was performed to reverse the formaldehyde bonds and expose the nucleic 
acids. The sections were hybridised overnight with probes targeting the whole 

human transcriptome: 19,144 genes are targeted by the probe set, 17,943 genes 
without off-target activity are filtered and present in the final output. After probe 

hybridization, stringent washes with 2X SSC were performed to remove non-
specifically bound probes. Then, the left-handed and right-handed probes were 

ligated with a ligase enzyme and the RNA was digested to allow the release of the 
probes, which were captured by the oligos present on the surface of the Visium 

slide. The probes were extended to incorporate the unique molecular identifier, the 
spatial barcode information and the TruSeq Read 1 index. The extended probes 

were eluted in 0.8M KOH and transferred to PCR tubes. Quantitative PCR was 
performed on 1 μl of each library with the KAPA SYBR FAST qPCR Master Mix 

(Merck, KK4600) to estimate the number of PCR cycles required to amplify each 
library. Library amplification was performed with a unique 10X Sample Index from 

the Plate TS Set A (10X Genomics, PN-1000251) for each sample. The library was 
then cleaned using SPRIselect magnetic beads, removing short fragments, 

consisting in primer dimers or singlet probes, that would take up sequencing reads 
(Beckman Coulter, B23317). Quality control was performed with the High Sensitivity 

DNA kit (Agilent, 5067-4626) on a Bioanalyzer. The libraries were sequenced on a 
NovaSeq 6000 S4 platform with 2x150 cycles (PE150) by Novogene Co., Ltd. The 
minimum sequencing depth required was 25,000 reads per spot covered by tissue, 

which was estimated by uploading the H&E images in Loupe browser (10X 
Genomics), manually selecting the area covered by tissue and multiplying the 

number of spots counted by the software by 25,000, as recommended by the 
manufacturer. 
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Figure 3.2. Overview of the spatial transcriptomics protocol. 
The diagrams summarise the spatial transcriptomics protocol by 10x Genomics. The sections are 
placed on the capture areas and stained with H&E, imaged and hybridised to probes targeting the 
whole transcriptome. The hybridised probes are captured by the barcoded oligos shown in panel B, 
which tag them with a spatial barcode that enables the localization of each transcript on the tissue 
section following sequencing and data processing. Diagrams are obtained with permission from 10X 
Genomics’ user manual. 

 

 
Figure 3.3. Placement of the tissue on the Visium gene expression slide. 
Images showing the placement of tissue sections on the capture areas of the slide (A), the slide 
placed in the sealed cassette (B) and the sections in the capture areas incubating in the cassette (C). 
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Table 3.1. List of reagents used in the spatial transcriptomics experiments. 
Item Vendor Product code 
Visium Spatial for FFPE Gene Expression Kit, 
Human Transcriptome, 4 rxns 10x Genomics 1000338 

Invitrogen Utrapure RNase/DNase free water Fisher Scientific 10977035 
DNA LoBind Tubes SLS EP0030108051-250EA 
RNeasy FFPE kit Qiagen 73504 
Visium Accessory kit 10 X Genomics 1000194 
Visium Tissue Section test Slides, 4 Slide Pack 10 X Genomics 1000347 
Dual Index Plate TS Set A, 96 rxns 10 X Genomics 1000251 
Eosin Y-solution, Alcoholic SLS HT110116 
Haematoxylin Solution According to Mayer Merck 51275 
TE Buffer Fisher 12090015 
Tris 1 M Fisher AM9850G 
10x PBS Fisher AM9624 
KAPA SYBR FAST qPCR master mix 2x Merck KK4600 
SPRIselect Reagent kit Beckman Coulter B23317 
8 M KOH SLS P4494-50ML 
20x SSC SLS S6639-1L 

 

3.2.4 Data Analysis 

Sequencing files in fastq format were processed with Spaceranger (10X 
Genomics) to align the reads to the human reference assembly GRCh38 and 

process H&E images to align the fiducial frame and detect the tissue. Downstream 
processing was performed with the R packages Giotto, Seurat, PCAtools and 
DEseq2. The analysis consisted in three main workflows, summarised in Figure 3.4. 
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Figure 3.4 Workflows for the analysis of the Visium experiments on the human lingual nerve 
neuromas. 
The diagram summarises the workflows used for the analysis of Visium spatial gene expression data 
on the human neuromas. The aim of Workflow 1 was to perform an integrated clustering analysis 
across all samples, in order to identify cell type enrichment signatures. The aim of Workflow 2 was to 
integrate the single nuclei RNA sequencing data discussed in Chapter 2 with the spatial 
transcriptomics data and perform cell-type deconvolution. The aim of Workflow 3 was to perform 
differential expression analysis between painful and non-painful samples. 

 

3.2.4.1 Integration and clustering with Giotto 
All sections were processed with the R package Giotto (Dries et al., 2021). The 

Giotto objects for each section were merged, genes were filtered so that the 

expression threshold would be 1 and they were detected in a minimum of two 
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spots, while spots with less than 100 genes were excluded. The sections were 
normalised with a scale factor of 6000. Highly variable features were calculated with 

the calculateHVF() function. PCA was performed with the runPCA() function using 
the highly variable features expressed in more than 3% of spots with a mininum 

average detection threshold of 0.4. The sections were integrated using the Harmony 
package with the runGiottoHarmony() function. The UMAP representation was 

calculated with the runUMAP() function, the nearest neighbour graph was mapped 
with createNearestNetwork() with the first 10 harmony dimensions and clustering 

was performed with doLeidenCluster() at resolution 0.4 with 1000 iterations. Marker 
genes for each cluster were calculated with find_markers_one_vs_all() using the 

scran method on the normalized gene expression values. 

3.2.4.2 Cell-type deconvolution with SpatialDWLS 
Several methods have been developed to perform cell-type deconvolution on 

spatial transcriptomics datasets using single cell datasets generated on the same or 

similar type of tissue as a reference, as reviewed and benchmarked in Li et al. 
(2022a) and Li et al. (2023b). SpatialDWLS (dampened weighted least squares) was 

chosen as it consistently performed well across simulated and real-world datasets 
without requiring large computing resources (Dong and Yuan, 2021). Spatial DWLS 

is implemented in the Giotto package and was adapted from a method developed 
to estimate cell-type composition from bulk RNA sequencing experiments (Tsoucas 

et al., 2019), whereby each spot is treated as a bulk RNA sequencing experiment, 
with extra steps to adjust for the fewer cells that can be present within a spot of a 

Visium slide (5-10 cells). SpatialDWLS involves a first round of deconvolution using 
enrichment analysis with the Parametric Analysis of Gene Set Enrichment (PAGE) 

method to identify the cell types that are likely to be present in each spot, followed 
by a second round of deconvolution using the DWLS method to infer the 

composition of the cell-types using a weighted least square to minimise the overall 
relative rate (Dong and Yuan, 2021). 

To achieve this, a reference single cell dataset on the same or similar type of 
tissue is required: in this case the snRNAseq dataset generated in chapter 2 was 
used for this purpose. To create the reference dataset, the expression matrix 

normalized with Seurat as described in section 2.2.5 and the associated metadata 
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containing cell-type annotation was loaded in Giotto and DE genes were calculated 
with findMarkers_one_vs_all() using the Scran method. The top 10 markers of each 

cluster were used as the signature gene list to create the reference matrix for 
DWLS. Cell-type deconvolution was performed with runDWLSDeconv() on each 

individual tissue section processed with Giotto using the parameters described in 
the previous section. In 18% of the samples (3 technical replicates of LN1, one 

replicate of LN7 and one replicate of LN13), the function wasn’t able to run, 
outputting the error message ‘matrix D in quadratic function is not positive definite!’. 

The root cause of this error couldn’t be identified. 

3.2.4.3 Differential expression analysis with DEseq2 
The feature count matrices in h5 format were loaded in R with the package 

Seurat (Hao et al., 2022). In order to subset the barcodes associated with nerve 

fascicles, the data was accessed on Loupe browser (10X Genomics). The spots 
overlapping nerve fascicles were manually selected and exported as a comma-

separated file format. Barcodes classified as containing nerve fascicles were 
selected as shown in Figure 3.5. When multiple sections were placed on the same 

capture area, the nerve fascicles from each section were classified as separate 
technical replicates. The counts from each section were aggregated for pseudo-

bulk differential expression analysis, performed with DEseq2 (Love et al., 2014).  

The DEseq dataset was created with the function DESeqDataSetFromMatrix(), 

including pain status (P if pain VAS>30, NP if pain VAS <30) in the design formula 
and sex as a covariate, using the unnormalized counts from the Seurat object. The 

replicates from each sample were collapsed using the DEseq2 function 
collapseReplicates(). After performing variance-stabilizing transformation with the 
vst() function from DEseq2, principal component analysis (PCA) analysis was 

conducted with the package PCAtools to summarize the data and investigate 
correlations of the principal components with clinical information (Blighe, 2019). The 

correlation of the PCs with clinical information was performed with the function 
eigencorplot(), using the Pearson correlation method with multiple hypothesis 

testing correction with the FDR method. 

DE analysis was performed with the DESeq() function from DEseq2 as described 

by Love et al. (2014). The logarithmic fold changes (LFC) were shrunk with the 
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approximate posterior estimation for generalized linear model (apeglm) method to 
reduce the variance of LFCs caused by low or variable gene counts (Zhu et al., 

2019). Genes with an adjusted p-value lower than 0.05 were deemed to be 
differentially expressed. The volcano plot and graphs of normalized counts were 

generated with the R package ggplot, while the heatmap was generated with the R 
package pheatmap and the visualization of single nuclei and spatial data was 

generated with Seurat. 

 
Figure 3.5. Annotation of the nerve fascicles using H&E images on Loupe browser. 
Nerve fascicles identified with the H&E staining were manually selected on Loupe browser and 
exported on Seurat to perform pseudo-bulk differential expression analysis. H&E images of two 
samples are shown in A and B. The spots overlapping the nerve fascicles are shown in D and E, 
colour-coded by the number of UMIs detected. One sample is magnified in C and F, where the spots 
overlapping nerve fascicles are displayed in blue. 

 

3.2.4.4 Validation of DE genes with the single nuclei RNA sequencing data 
In Chapter 2, single nuclei RNA sequencing (snRNAseq) data of human lingual 

neuromas and trigeminal nerve roots was presented. The human neuromas were 

obtained from a patient reporting pain (N2, VAS=65) and one reporting no pain (N1, 
VAS=0). For more clinical information, the reader can refer to Table 2.3 in Chapter 2. 

In order to assess whether the genes that were identified as differentially expressed 
in the spatial dataset display a similar trend of expression in the painful and non-
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painful samples analysed with snRNAseq, their fold change was compared. The 
most highly DE genes identified with DEseq2 (p<0.01, LFC>1.33) were selected, the 

expression of these genes in the samples used for snRNAseq was summed across 
all nuclei and normalised with Seurat’s function AggregateExpression(), using the 

normalization method “LogNormalize”. The log fold change (LFC) of expression of 
each DE gene between the two samples analysed with snRNAseq was calculated 

as: 

𝐿𝐹𝐶#$%$	' = 𝑙𝑜𝑔(
𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑑	𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛	𝑜𝑓	𝑔𝑒𝑛𝑒	𝐴	𝑖𝑛	𝑁2
𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑑	𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛	𝑜𝑓	𝑔𝑒𝑛𝑒	𝐴	𝑖𝑛	𝑁1 
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3.3 Results  
3.3.1 Overview of the data  

In order to characterise the transcriptome of human lingual nerve neuromas, 
sections from a total of 7 samples were processed with Visium spatial 

transcriptomics. Spatial transcriptomics enables sequencing of the RNA content in 
a tissue section retaining information on the location of each transcript within the 
tissue, paired with information on the morphological context provided by an H&E 

image of the section. A total of 4 to 5 consecutive tissue sections from the same 
sample were processed as technical replicates. The clinical information linked to 

each sample used for Visium is reported in Table 3.2. 
Table 3.2 Clinical information linked to samples used for spatial transcriptomics 

Clinical 
Code Sex Age 

Time 
since 
Injury 

(months) 

Subjective 
sensation 

(%) 

Pain 
status 

Pain 
VAS 

Tingling 
VAS 

Discomfort 
VAS 

LN1 F 27 12 0 P 55 100 80 
LN2 M 41 7 50 NP 2 85 85 
LN7 F 30 17 20 NP 4 100 84 
LN8 M 36 4 0 NP 14 77 66 
LN12 F 34 16 0 P 43 10 88 
LN13 F 28 4 20 P 65 100 87 
LN15 F 34 12 20 P 61 10 77 

 

Patients in the non-painful group reported an average pain VAS score of 6.7, 
while patients in the painful group had VAS scores ranging between 43 and 65, with 

an average of 56. Overall, there was a significant difference in the pain VAS score 
between the high and low pain groups (p < 0.001). 

A total of 1-3 sections were placed in each capture area: due to the smaller size 
of LN12 and LN13, multiple sections (2-3) were placed within the same capture 

area, while one section per capture area was used for all the other samples. One 
section of LN13 lifted off during the protocol, while other sections from this sample 

generally experienced a higher degree of tissue detachment, indicating a potential 
issue with the sample’s adhesion to the Visium slide or the placement of multiple 

sections in the same capture area.  
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Sequencing metrics are reported in Table 3.3. On average, the median unique 
molecular identifiers (UMIs) detected per spot in each sample was 7,285, with a 

total of 16,079 genes detected in each sample out of a panel of 17,943 genes. 

 
Table 3.3 Sequencing results of spatial transcriptomics 
The spaceranger output for each capture area, summarised in the table, was used to create an 
object with the R package Giotto. All sections were then normalised, integrated and further analysed 
together. 

Sample ID 
Number of 

Spots Under 
Tissue 

Mean Reads 
Under Tissue 

per Spot 

Median Genes 
per Spot 

Median UMI 
Counts per 

Spot 

LN1_0 1,477.00 20,646.79 3,043 5,790.00 
LN1_A1 1,345.00 20,522.41 3,168 6,509.00 
LN1_B1 1,347.00 24,288.17 2,882 5,543.00 
LN1_C1 1,374.00 20,038.56 529 749.50 
LN1_D1 1,350.00 19,204.66 2,987 5,901.50 

LN12_A1 2,849.00 27,745.64 4,362 10,647.00 
LN12_B1 2,804.00 26,309.51 3,915 9,093.50 
LN13_C1 2,031.00 19,525.61 2,828 5,463.00 
LN13_D1 827.00 25,173.44 4,887 12,349.00 
LN15_A1 960.00 7,809.64 938 1,305.50 
LN15_B1 1,165.00 24,411.25 3,909 8,472.00 
LN15_C1 1,075.00 23,084.38 4,185 9,396.00 
LN15_D1 1,159.00 23,340.80 3,978 8,480.00 

LN2_0 1,648.00 29,393.81 3,754 8,862.00 
LN2_A1 1,906.00 17,447.52 2,799 5,684.50 
LN2_B1 1,867.00 20,335.68 2,998 6,329.00 
LN2_C1 1,719.00 26,430.18 3,342 7,283.00 
LN2_D1 1,710.00 23,645.65 3,268 7,175.50 
LN7_0 746.00 16,364.15 1,757 3,067.50 

LN7_A1 834.00 18,835.28 1,395 2,354.50 
LN7_B1 866.00 21,709.14 1,516 2,610.00 
LN7_C1 815.00 21,798.02 2,573 5,100.00 
LN7_D1 845.00 21,131.52 2,580 5,306.00 
LN8_0 1,802.00 26,547.31 4,365 12,570.50 

LN8_A1 1,674.00 24,163.83 4,250 11,704.00 
LN8_B1 1,950.00 20,207.69 4,021 10,921.00 
LN8_C1 2,049.00 21,215.12 4,384 12,485.00 
LN8_D1 2,073.00 20,795.47 4,433 12,822.00 
Average 1,509.54 21,861.47 3,180 7,284.77 
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3.3.2 Cluster analysis identifies spatial compartments with specific cell-type 
enrichment. 

The R package Giotto was used to merge all sections and perform an integrated 

clustering analysis (Dries et al., 2021). The spaceranger output from each capture 
area, corresponding to one or more sections from the same sample, was used as 

the input to create each Giotto object. The Giotto objects were joined, filtered, 
integrated and clustered as described in the methods in workflow 1 (Figure 3.4). A 
total of 17 clusters were identified with the Leiden clustering method (Traag et al., 

2019), shown in a UMAP plot in Figure 3.6.A. The clusters were annotated based on 
the expression of cell-type specific markers, representing the enrichment of a 

certain cell-type in the spots belonging to each cluster. The differentially expressed 
genes in each cluster are displayed in a heatmap in Figure 3.6.B and in Table 3.4. 

Representative images of the H&E staining and the cluster distribution on sections 
from the samples classified as non-painful and painful are shown in Figure 3.7 and 

Figure 3.8, respectively.  
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Figure 3.6 Overview of the clusters identified in the integrated human neuromas and their 
marker genes. 
A: UMAP of all the spots colour-coded by their cluster classification, each cluster was assigned a 
number and then annotated based on the gene expression.  
B: Heatmap of the most differentially expressed genes in each cluster colour-coded by the average 
normalized expression level in each cluster, where purple indicates below average expression, while 
red indicates above average expression.  

 

Six clusters displayed an enrichment in Schwann cell marker genes such as 
MPZ, PMP22, MBP, PRX and S100B and therefore were classified as SC1-6. SC1 is 
enriched with HBA1 and HBA2, markers for erythrocytes, and is localised to the 

outer edge of the tissue sections, potentially indicating the presence of residual red 
blood cells as a result of the surgical removal of the sample. The other five clusters 

were found across all samples mostly overlaying areas containing nerve fascicles. 

The most ubiquitous cluster expressed genes enriched in fibroblasts including 
COL1A1, FBLN1 and COL1A2 (Muhl et al., 2020) and was therefore classed as 

Fibro. The cluster is localised in areas surrounding the nerve fascicles but not 
directly overlaid on them, which might indicate the presence of fibrotic tissue. This 
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cluster displayed over-expression of SFRP2 and 4, secreted frizzled-related 
proteins that act as extracellular regulators of the Wnt signalling pathway by 

competing for Wnt ligand binding (Wawrzak et al., 2007). The Wnt pathway has 
been identified as a critical mediator of fibrosis, contributing to fibroblast activation 

and differentiation into myofibroblasts (Burgy and Königshoff, 2018). Changes in 
Wnt gene expression have been reported in both human and animal models of 

peripheral nerve injury, including SFRP4 over-expression (van Vliet et al., 2021).  

The second most ubiquitous cluster (Endo) expressed AQP1, TM4SF1 and SELE, 

indicating the presence of endothelial cells (Hong et al., 2023, Verkman, 2002, Chen 
et al., 2021). IL6 and CCL14 were also enriched in this cluster suggesting a pro-

inflammatory phenotype of the endothelial cells present in these samples: the role 
of IL-6 as a pro-inflammatory molecule is well-known (Tanaka et al., 2014), while 

CCL14 has been shown to bind to CCR1, 3 and 5, potentially inducing leukocyte 
infiltration (Gu et al., 2020).    

Cluster 5 (Peri) is enriched in PTGDS, CLDN1 and SLC2A1, which are marker 

genes of perineurial cells (Piña et al., 2015, Chen et al., 2021), and is found across 
all samples in areas associated with nerve fascicles. In samples LN15 and LN12, 

which display a more ordered fascicular organization compared to the other 
samples, evidenced by the H&E staining (Figure 3.8C,E), this cluster is distributed 

along the edges of the nerve fascicles, in line with the expected morphology of the 
perineurial barrier. 

Four clusters enriched in myocyte markers, such as MB, TNNT1, CKM and 
ACTC1, were identified, but their distribution varies across the samples. No 
myocyte clusters are identified in LN12, while only two clusters are identified in a 

small number of spots in LN15. These clusters overlay areas with a morphology 
typical of skeletal muscles, characterized by the presence of multinucleated 

myocytes, and are not directly associated with nerve fascicles. 

Finally, two clusters were enriched with immune cell markers: cluster 13 and 

cluster 15. Cluster 13 was enriched in IGKC, encoding the Immunoglobulin Kappa 
Constant and IGHG1-2, encoding the immunoglobulin heavy constant gamma 1 

and 2, respectively. This suggests the presence of immunoglobulin-producing B 
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cells (Hoffman et al., 2016) and was therefore classified as B cells. This cluster was 
found across all samples but is particularly abundant in LN12, LN8 and LN15.  

Cluster 15, classified as Macro, was enriched in genes such as LYZ, encoding for 
lysozyme, a marker for macrophage activation (Keshav et al., 1991), SPP1, 

encoding for Secreted Phosphoprotein 1 and secreted by activated macrophages 
(Dong et al., 2021), LAPTM5, encoding for a transmembrane receptor associated 

with lysosomes and associated with pro-inflammatory activation of macrophages 
(Glowacka et al., 2012) and CHIT1, encoding for chitotriosidase, an enzyme 

involved in macrophage polarization and activation (Sklepkiewicz et al., 2023). This 
cluster also expresses high levels of MMP9, encoding for metalloprotease 9, which 

is known to be secreted by Schwann cells in the early stages following nerve injury, 
promoting blood-nerve barrier breakdown and leukocyte influx at the site of injury 

(Ji et al., 2009). This cluster was particularly abundant in LN15 (Figure 3.8.F), one of 
the samples classified as painful based on the patient’s reported VAS score. 

 
Table 3.4 Top 5 marker genes for each cluster and the putative enriched cell-type. 

Cluster 
number 

Cluster 
name Top 5 DE genes N of 

spots 

Putative 
enriched cell 

type 
1 Fibro COL1A1 SFRP2 FBLN1 COL1A2 SFRP4 4607 Fibroblast 
2 Endo AQP1 CCL14 IL6 TM4SF1 SELE 4422 Endothelial cells 
3 SC1 HBA2 MPZ HBA1 PMP22 MBP 4327 Schwann cells 
4 Myo1 MB TNNT1 TCAP CKM TTN 4214 Myocytes 
5 Peri PTGDS CLDN1 SLC2A1 IGFBP6 MPZ 3873 Perineurial cells 
6 SC2 MBP PMP22 MPZ PRX S100B 3571 Schwann cells 
7 Myo2 MB TNNT1 TCAP CKM TNNI1 2936 Myocytes 
8 SC3 PMP22 MBP MPZ PRX APOD 2882 Schwann cells 
9 Myo3 MB TNNT1 CKM TCAP TTN 2458 Myocytes 

10 SC4 APOD MPZ PMP22 MBP PRX 2162 Schwann cells 
11 Myo4 ACTC1 THBS4 MYLPF CA3 COL1A1 1937 Myocytes 
12 SC5 MPZ PRX MBP PMP22 S100B 1549 Schwann cells 
13 Bcells IGKC IGHG2 APOD IGHG1 S100B 1083 B cells 
14 SC6 PMP22 MBP MPZ PRX S100B 449 Schwann cells 
15 Macro LYZ MMP9 SPP1 LAPTM5 CHIT1 353 Macrophages 
16 NA PRX APOD MPZ CNP MBP 8 NA 
17 NA GPM6B EGR2 MPZ CARD8 FGFBP2 5 NA 
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Figure 3.7 Representative H&E staining and clusters overlay of lingual neuromas classified as 
non-painful. 
A, C, E: H&E tiled image of a representative replicate of LN2, LN7 and LN8; the samples classified as 
non-painful used in the Visium experiments. Scale bar: 1 mm. 
B, D, F: Spatial plot displaying the spots from each adjacent tissue section colour-coded by the 
cluster classification. 
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Figure 3.8 Representative H&E staining and cluster overlay of lingual neuromas classified as 
painful. 
A, C, E: H&E tiled image of a representative replicate of LN1, LN12 and LN15; three of the samples 
classified as painful used in the Visium experiments. Scale bar: 1 mm. 
B, D, F: Spatial plots displaying the spots from each adjacent tissue section colour-coded by the 
cluster classification. 
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3.3.3 Deconvolution of cell-types using single nuclei RNA sequencing labels 

Since each barcoded spot has a diameter of 55 µm which is larger than the 

average size of most cells, the Visium technology is unable to capture the 
transcriptome at single cell resolution. Clustering and differential expression 
analysis enables the inference of cell-type enrichment in each spot based on 

markers from the literature but is unable to accurately identify all the cell types 
present at each location and quantify their proportion. Several computational 

methods have been developed to overcome this limitation and identify the cell-type 
identities and distribution in the Visium barcodes with the use of a single cell 

reference dataset from the same or similar type of tissue (Li et al., 2022a, Li et al., 
2023b). Here, cell-type deconvolution was performed using the spatial DWLS 

algorithm developed by Dong and Yuan (2021) with the snRNAseq dataset 
generated in Chapter 2 as reference, using the neuroma samples only. This 

algorithm is based on DWLS, a previously developed cell-type deconvolution 
method for bulk RNA sequencing, which was adapted to spatial datasets (Dong and 

Yuan, 2021). Spatial DWLS was run on each section individually. The results of cell-
type deconvolution are shown in Figure 3.9. In a few technical replicates (LN1_C1, 

D1, 0; LN7_C1 and LN13_D1), the algorithm couldn’t run to completion and the 
reason couldn’t be identified.  

The cell types identified are consistent across samples. Out of the Schwann cell 
clusters, MSC_2 and MSC_3 are the most abundant, accounting for 27.0% and 
14.6% of all samples on average, while MSC_1 and NMSC are identified in fewer 

spots, but are still present across all samples, accounting for 2.3% and 0.8% of cell 
types across all samples on average. Among the fibroblast subtypes, PeriF_1 is 

most common subtype of perineurial fibroblasts identified, accounting for 12.0% of 
cellular composition. Endoneurial fibroblasts and PRRX1+ fibroblasts are identified 

across all samples, on average making up 4.4% and 9.7% of cellular composition. 
Among the endothelial cell subtypes, Endo_3 is the most abundant (13.6%). 

Macrophages and lymphocytes make up 0.5% and 0.1% of cellular composition, 
respectively. Myocytes are present only in LN1, LN2, LN7 and LN8, where they 

make up around 18% of each tissue section, but they are absent from LN12, LN13 
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and LN15. None of the salivary gland cells are detected to a significant degree in 
any of the samples. 

 
Figure 3.9 Cell-type composition of the Visium dataset across the samples. 
A: Barplot displaying the proportion of the cell-types annotated in the snRNAseq dataset identified in 
each Visium sample with spatial DWLS deconvolution. Technical replicates from each sample are 
grouped together, each bar represents a capture area. Some replicates are missing as the 
deconvolution algorithm was unable to run on specific Giotto objects. 
B-G: Cell-type deconvolution shown on representative sections of LN2 (B), LN7 (C), LN8 (D), LN1 (E), 
LN12 (F) and LN15 (G). Each spot is represented by a pie-chart displaying the cell-types predicted to 
be present in each location and their proportion. 
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Table 3.5. Distribution of cell-types in the human neuromas calculated with spatial DWLS. 
The proportion of each cell type was averaged across technical replicates of each sample and 
expressed as a percentage. 

 LN1 LN2 LN7 LN8 LN12 LN13 LN15 Average 

MSC_1 0.60% 1.51% 0.39% 0.29% 5.65% 1.55% 5.73% 2.25% 

MSC_2 44.16% 35.42% 24.16% 31.48% 22.57% 26.20% 11.72% 27.96% 
MSC_3 6.80% 13.23% 17.86% 0.26% 20.64% 15.25% 28.01% 14.58% 

NMSC 0.95% 1.05% 0.27% 0.46% 1.78% 0.39% 0.67% 0.80% 

EndoF 1.03% 1.41% 1.17% 0.23% 10.40% 6.73% 9.81% 4.40% 
PeriF_1 3.70% 4.95% 16.47% 1.46% 18.31% 22.12% 16.72% 11.96% 

PeriF_2 1.11% 2.31% 1.98% 0.81% 1.42% 0.36% 0.65% 1.23% 

PeriF_3 0.07% 0.07% 0.07% 0.06% 0.04% 0.07% 0.07% 0.07% 
PeriF_4 0.13% 0.22% 0.05% 0.11% 0.06% 0.07% 0.03% 0.09% 

Fibro_PRRX1+ 11.28% 13.42% 8.38% 18.63% 2.61% 5.99% 7.24% 9.65% 

Mural 0.38% 0.65% 0.51% 0.34% 0.11% 0.01% 0.09% 0.30% 
Endo_1 1.54% 2.43% 0.53% 0.77% 4.39% 0.52% 0.89% 1.58% 

Endo_2 0.76% 0.87% 0.71% 0.46% 0.46% 0.03% 0.23% 0.50% 

Endo_3 8.49% 6.94% 13.73% 17.33% 11.03% 20.58% 16.83% 13.56% 
Macrophages 0.63% 0.43% 0.29% 0.54% 0.39% 0.14% 0.97% 0.49% 

Lymphocytes 0.11% 0.07% 0.21% 0.07% 0.09% 0.02% 0.20% 0.11% 

SGC_1 0.08% 0.01% 0.01% 0.01% 0.00% 0.00% 0.00% 0.02% 
SGC_2 0.00% 0.00% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00% 

SGC_3 0.02% 0.03% 0.13% 0.00% 0.05% 0.00% 0.16% 0.05% 

Myo 18.23% 15.02% 13.08% 26.09% 0.00% 0.00% 0.03% 10.35% 

 

3.3.4 Pseudo-bulk differential expression analysis comparing painful and non-
painful neuromas. 

The human neuromas collected as part of this study are linked with clinical 
information including the patients’ self-reported score of pain. The patients they are 

derived from are affected by the same type of injury to the lingual nerve, but only a 
portion of them report symptoms of pain. Are there any differences in gene 

expression among painful and non-painful samples that might be contributing to 
neuropathic pain development and maintenance?  

Characterization of the cellular composition of the neuromas with single nuclei 
RNA sequencing highlighted the heterogeneity within these samples, which contain 

several subtypes of Schwann cells, fibroblasts, endothelial cells, myocytes, immune 
cells and salivary gland cells. Spatial transcriptomics uncovered the spatial 

distribution of these cell types within the morphological context, highlighting the 
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presence of nerve fascicles containing Schwann cells, endoneurial and perineurial 
fibroblasts and endothelial cells, and areas containing scar tissue and myocytes not 

directly associated with the nerve fascicles. 

Bulk RNA sequencing is widely used as a technique to compare gene expression 

among different samples in an unbiased fashion, which often involves the lysis of 
the whole sample. Therefore, the transcriptional profile of specific morphological 

structures is lost. Nociception is a process driven by the nervous system, however 
these samples also contain muscle tissue incidentally resected during surgery and 

scar tissue developed as a result of tissue injury. In order to identify changes in 
gene expression that might be driving neuropathic pain generation and 

maintenance, differential gene expression analysis was focused on the areas 
involved with nociception, i.e. the nerve fascicles. 

H&E sections were manually annotated to identify the barcodes that contain 
nerve fascicles, which can be identified by the presence of densely packed nuclei 
characterised by an elongated shape, typical of Schwann cells. The gene 

expression of all the nerve fascicles from each section was aggregated and 
analysed with pseudo-bulk differential expression analysis. The technical replicates 

were collapsed and exploratory PCA analysis was performed with PCAtools.  

3.3.4.1 Principal Component Analysis 
Principal component analysis is a widely used technique for data exploration that 

enables the summary of multivariate data to identify its fundamental structure 

(Blighe, 2019). RNA sequencing data consists in the measurement of several 
thousands of genes (in this case ~18,000) for each sample. PCA is performed to 

identify the trends and patterns that can most accurately explain the variation of the 
data (Blighe, 2019). This involves the reduction of the dimensionality of the data, 

where each variable is geometrically projected onto lower dimensions called the 
principal components (PCs) and the goal is to identify the best summary of the data 

using the lowest number of PCs (Lever et al., 2017). The first component (PC1) is 
obtained by minimizing the distance between the data and its projection, the 

following PCs are chosen similarly, but in addition they need to be uncorrelated with 
previous PCs (Lever et al., 2017). The resulting PCs are always smaller or equal to 

the number of samples or variables (whichever is smallest). In other words, the PCs 
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are linear combinations of the data’s original variables, where the coefficients, 
stored in the loadings matrix, can be interpreted as a rotation matrix such that the 

rotated values with the greatest variance go along the first principal component 
(Lever et al., 2017). The first few PCs capture the greatest variance and are the most 

useful to explain the data variability, while the latter PCs capture noisy fluctuations 
and explain only a small percentage of the variance (Lever et al., 2017). 

PCA analysis was performed on the pseudo-bulk RNA sequencing dataset in 
order to explore the source of the variability of the dataset. The biplot shown in 

Figure 3.10.A shows the samples’ distribution in the PCA space according to the 
first two principal components, which account for 31% and 21% of the variability, 

respectively, overlaid with a loadings plot, which highlights the variables (genes) that 
have the highest effect on each component. LN12, LN13 and LN15 (painful 

samples) cluster closely together, whilst LN1 (painful sample) clusters more closely 
to the other non-painful samples. The genes driving most of the variation are shown 
in the plots in Figure 3.10.A and B. Variation is driven by the expression of muscle 

marker genes (MB, CKM, MYH7, CA3) and genes associated with the immune 
response (HLA-A, CHIT1, MMP9, IGKC). The expression of muscle marker genes is 

highest in the samples LN8, LN7, LN2 and LN1, which as highlighted in the previous 
paragraphs, contain a large proportion of myocytes – despite this analysis including 

only spots that overlay morphologically resembling nerve fascicles.  

Since there are several sample-specific variables in the dataset, including age, 

sex, interval between injury and neuroma resection, patient-reported subjective 
sensation and discomfort, pain, discomfort and tingling VAS (reported in Table 3.2); 

the correlation of each of these variables with the principal components that 
summarise the variation in the data was investigated. The Eigencor plot (Figure 

3.10.C) displays the r2 coefficient of determination for the correlations between each 
principal component and clinical variable. Following multiple test correction with the 
false discovery rate, none of the correlations were statistically significant (p<0.05). 

However, PC1 displays a stronger relationship with pain status and tingling, while 
PC3 with sex, age and time since injury. 
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Figure 3.10 Principal component analysis of gene expression in nerve fascicles from human 
lingual neuromas 
A: Biplot showing the samples’ first two principal components and the genes explaining most of the 
variance in the dataset. 
B: Coefficient of determination r2 between the first 7 principal components and clinical metadata. The 
correlation coefficients are calculated with the Pearson correlation test and corrected for multiple 
testing with the false discovery rate. None of the correlations are statistically significant. 
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C: Loading plot showing the correlation coefficient of variables (i.e. gene) driving the variation in the 
first 5 PCs. 

 

Overall, the principal component analysis was useful to explain the source of the 

variability in the data in an unsupervised manner. A large part of the variability 
between samples can be traced back to the presence of muscle, where genes 
related to muscles might diffuse in areas that were selected as morphologically 

resembling nerve fascicles. Nevertheless, there are trends of correlations (although 
not significant) with pain and tingling in PC1 and with sex in PC3, indicating that 

these clinical features might also influence the variability in the data. 

3.3.4.2 Differential Expression analysis 
Differential expression analysis was performed with DEseq2. 59 genes were 

significantly dysregulated (adjusted p-value < 0.05). The DE genes are displayed in 
Figure 3.11. Among the most highly upregulated genes in the painful group 

compared to the non-painful are HLA-A, belonging to the antigen-presenting Major 
Histocompatibility Complex (MHC) Class I family, NID2, a gene encoding for a 
basement protein, the chemokines CXCL2 and CXCL8, JMJ1DC, encoding for a 

protein interacting with the thyroid hormone receptor, and SLC52A3, encoding for a 
riboflavin transporter protein. All the DE genes are displayed in a heatmap in Figure 

3.11.B, while the normalized counts of the top 20 DE genes are shown in Figure 
3.11.C. 
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Figure 3.11 Differentially expressed genes between nerve fascicles of painful and non-painful 
neuromas. 
A: Volcano plot displaying the fold change (x-axis) and adjusted p-value (y-axis) of genes after 
differential expression analysis with DEseq2. DE genes with adjusted p-value of less than 0.01 are 
colour coded in red and labelled. The vertical dotted lines represent a logarithmic fold change of 0.5, 
and the horizontal line represent a p-value of 0.05.  
B: Heatmap displaying the z-scores, representing the centred and scaled normalized expression, of 
all significant DE genes (adjusted p-value < 0.05), colour coded on a scale from yellow (under-
expression) to red (over-expression). 
C: Graph displaying the normalised counts of the top 20 DE genes colour-coded by pain status. The 
counts are normalized with variance-stabilizing transformation. 
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3.3.4.3 Validation of the DE genes in the snRNA-seq dataset 
The expression of the top DE genes (adjusted p-value < 0.01, LFC>1.33) was 

investigated in the single nuclei RNA sequencing dataset discussed in chapter 2, 

where nuclei from one painful and one non-painful neuroma sample were 
sequenced and annotated by their cell-type. The counts across the nuclei in each 

neuroma sample were aggregated and log2-normalized. The change in expression 
in the snRNAseq data is compared to the fold change of the top DE genes in the 

spatial data (Figure 3.12.A). The aggregated expression of each DE gene in the 
neuromas’ single nuclei dataset is shown in Figure 3.12.B. The expression of 10 out 

of 12 genes found as most highly DE in the spatial dataset is in concordance with 
the single nuclei dataset. The expression of HLA-A couldn’t be compared, as 
probes for HLA genes are excluded from the probe set used for single nuclei RNA 

sequencing. CXCL8, SLC52A3, JMJD1C, NLRC5, NID2, CXCL2, TNFAIP3, MMP19, 
ADGRG1 and IGFBP2 were found to be upregulated in the spatial dataset in painful 

samples, and their aggregated expression is higher in the painful sample in the 
single nuclei dataset. However, two genes display an opposite trend in expression 

in the snRNA-seq dataset: PUS7L, which is upregulated in the spatial dataset, 
displays a lower level of expression in the snRNA-seq dataset, and ZNF77, which is 

downregulated in painful samples in the spatial dataset, displays a higher level of 
expression in the painful neuroma used for snRNA-seq. Of note, these genes 

display low counts in the single nuclei dataset, detecting less than 350 log-
transformed counts across all sequenced nuclei in each sample.  

In Figure 3.12.C, the cell-type distribution of the top DE genes in the single nuclei 
dataset is shown. CXCL8 and CXCL2 are found in macrophages. Endothelial cells 
also express CXCL2, JMJD1C, ADGRG1, encoding for Adhesion G Protein-Coupled 

Receptor G1, and NLRC5, member of the NLR family that regulates the expression 
of MHC class I genes (Meissner et al., 2010) - which is also expressed in 

lymphocytes. NID2 is found in non-myelinating SCs. TNFAIP3, encoding for TNF 
Alpha induced protein 13, is found in lymphocytes and macrophages. 
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Figure 3.12 Validation of DE genes in the single nuclei dataset. 
A: Comparison of the non-painful versus painful gene expression change in the snRNAseq data 
(calculated as log2(n2/n1)) and the fold change expression from DEseq2 analysis of the spatial 
dataset. A green cell indicates a gene that has increased expression in the painful sample(s), a red 
cell indicates a gene that has decreased expression in the painful sample(s). The genes displayed are 
the top DE genes in the spatial dataset (p<0.01, LFC>1.3). LFC= log fold change. 
B: Aggregated expression (y-axis) of the top DE genes in the spatial dataset (x-axis) in the snRNA-
seq data of the neuromas are shown, colour-coded by the pain status of the neuromas used for 
snRNA-seq.  
C: Dotplot displaying the average expression of the top DE genes (x-axis) across the cell types in the 
snRNA-seq dataset (y-axis), where the size of each dot represents the percentage of cells that 
express each gene, and the colour of the dots represents the scaled average expression in each cell-
type. 
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3.3.4.4 Spatial expression of selected DE genes 
DE analysis was performed by aggregating the counts detected in the barcodes 

classified as nerve fascicles. Figure 3.13 displays the distribution of normalized 

counts in representative sections of the samples used for DE analysis. HLA-A 
displays a stark difference in expression in painful and non-painful samples (Figure 

3.13.A), while the level of expression of the other DE genes isn’t as obvious (Figure 
3.13.B-D). 
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Figure 3.13 Spatial expression of HLA-A, JMJD1C, CXCL2 and NID2 in the lingual neuromas. 
A-D: Spatial plots displaying 4 of the top DE genes in representative sections (from left to right: LN1 
and LN15, painful; LN2 and LN8, non-painful). SCT normalized counts across the sections are 
displayed for HLA-A (A), JMJD1C (B), CXCL2 (C) and NID2 (D). Spots classified as nerve fascicles 
are displayed at full saturation, while other spots are semi-transparent. 
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3.4 Discussion 
In this chapter, the analysis of the gene expression in human lingual neuromas 

within their morphological context was presented. Spatial transcriptomics was 
chosen to measure the unbiased expression of 17,943 genes within tissue sections 

from 7 samples of human neuromas linked with clinical information including self-
reported symptoms of pain. The use of spatial transcriptomics on human neuromas 

enabled a large amount of information to be obtained from a small portion of tissue 
and allowed the selection of pathologically relevant areas during post-processing by 

the examination of the H&E associated image. In this way, several differentially 
expressed genes were identified in painful and non-painful neuromas. 

3.4.1 Cell-type characterization with spatial transcriptomics combined with 
single nuclei RNA sequencing. 

Despite the lack of single cell resolution, clustering analysis revealed areas 
enriched in cell-type specific genes, in agreement with the histology of the tissue. 

For example, Schwann cell markers were enriched in areas overlaying nerve 
fascicles, perineurial cell markers were enriched in areas directly surrounding nerve 

fascicles and myocyte-associated genes were primarily located in areas containing 
muscle tissue.  

Additionally, clustering analysis enabled the identification of cell types which 
sparsely populate the samples, such as immune cells. One cluster displayed the 

expression of lysosome specific genes (LYZ, MMP9, SPP1, LAPTM5, CHIT1), 
typical of degranulating cells such as macrophages and dendritic cells. Lyzozyme 

(LYZ) is a bacteriolytic enzyme found in phagocytes such as macrophages, 
neutrophils and dendritic cells. It was shown to contribute to neuropathic pain via 

TLR4-mediated neuronal sensitization (Yadav and Surolia, 2019, Yadav et al., 
2023b). MMP9 is also present in the late phase of peripheral nerve injury 

regeneration in rat nerves (Remacle et al., 2018) and promotes mechanical 
nociception (Kobayashi et al., 2008). Although there wasn’t any difference in the 

frequency of the distribution of this cluster between painful and non-painful 
samples, this cluster is highly abundant in one specific sample, LN15. Further 

characterization of the microenvironment within this sample would be of interest, as 
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it emerges from spatial transcriptomics analysis that an area adjacent to the nerve 
fascicle at the site of injury is enriched with genes linked to the immune response, 

which might result in neuronal sensitization through the activation of specific 
receptors, such as TLR4 (Yadav and Surolia, 2019, Yadav et al., 2023b).   

On the other hand, another cluster displayed an enrichment of genes encoding 
for immunoglobulins (IGKC, IGHG2, IGHG1), indicating the potential presence of B 

cells. In the single nuclei RNA sequencing data, a B cell cluster couldn’t be 
identified, perhaps due to the absence of B lymphocytes in the samples used, by 

the lack of probes targeting IG variable regions in the probe set or due to the use of 
nuclei which excludes cytoplasmic transcripts. Nevertheless, the transcripts 

enriched in this cluster could be detected using spatial transcriptomics and were 
particularly enriched in LN12, where spots classed as “Bcells” are found 

overlapping nerve fascicles, indicating the infiltration of B lymphocytes in the nerve. 
Immunoglobulins have been linked to autoimmune pain disorders, where they can 
attack components of the somatosensory pathway (Xu et al., 2018), in this case 

however, it’s impossible to establish the relevance of the presence of 
immunoglobulin genes in the sample and what their targets are. Further validation of 

the presence of immunoglobulins and antibody-secreting plasma cells derived from 
B cells is required. 

3.4.1.1 Cell-type deconvolution to increase the resolution of spatial transcriptomics 
data. 

Cell-type deconvolution provides another way to identify cell-specific signatures 
in a spatial dataset, benefitting from the integration of a single cell or single nuclei 
reference dataset, where the cell types likely to be present in the spatial dataset are 

previously identified and transcriptionally characterised. With this method, the 
presence of endoneurial fibroblasts located within the nerve fascicles could be 

identified, which was otherwise missed due to the overwhelming expression of 
Schwann cell-specific genes in these areas. The annotation of Fibro_PRRX1 as a 

profibrotic fibroblast cluster, is also confirmed in the spatial dataset, where this 
cluster is highly abundant and overlays areas where H&E staining indicates the 

presence of fibrosis.  
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The cell-type assignment among replicates, which were run independently, is 
consistent, providing reassurance in the cell-type deconvolution method to predict 

the cell-types present within each spot. The predictions are dependent on the 
quality of the single cell reference data, where it’s possible that some cell-types 

were missed due to technical factors, such as the use of a limited number of 
samples, the use of nuclei rather than whole cells, and the different genes included 

in the probe set. However, the combination of these two types of data presents the 
advantage of overcoming each technique’s limitation, inferring single cell 

information within the spatial context of the tissue.  

The use of more samples would enable the identification of trends and 

correlations linked with clinical information, including longitudinal changes linked 
with time since injury, sex differences and correlations with other clinical measures 

such as levels of pain, tingling and discomfort. In this work, the samples were 
divided into a painful and non-painful group and differentially expressed genes 
within nerve fascicles were identified. 

3.4.2 Pseudo-bulk analysis identified several differentially expressed genes 

Spatial transcriptomics was adopted to perform pseudo-bulk RNA sequencing 
due to the ability to select pathologically relevant areas of the tissue, in this case the 

nerve fascicles. Human lingual neuromas display a high degree of heterogeneity 
within the histological composition, including muscle and scar tissue, which might 

not be directly relevant to neuropathic pain generation. Among the differentially 
expressed genes, several were previously identified to be linked with chronic pain. 

3.4.2.1 HLA-A and its transactivator NLRC5 are upregulated in painful neuromas. 
HLA-A is a group of the Human Leukocyte Antigens, part of the major 

histocompatibility complex (MHC) class I antigens. Variation in this region is 

associated with a large number of human diseases, primarily with an immunological 
component (Dendrou et al., 2018). Genetic variants in the HLA-A gene have 
previously been shown to correlate with the risk of developing neuropathic pain 

following traumatic nerve injury (Miclescu et al., 2023) and postherpetic neuralgia 
following Herpes Zooster infection (Sato-Takeda et al., 2004, Sato et al., 2002). 

Other HLA loci have also been associated with increased risk of developing 
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neuropathic pain following inguinal hernia surgery and lumbar disc herniation 
(Dominguez et al., 2013) and complex regional pain syndrome type I with dystonia 

(de Rooij et al., 2009). Additionally, variants in the HLA class II region were shown to 
bear a protective role against the development of peripheral neuropathy in patients 

with type 2 diabetes (Marzban et al., 2016). Finally, rat strains with different 
susceptibility to autoimmune neuroinflammation, characterised by allelic variants in 

the MHC regions, displayed increased susceptibility to the development of 
mechanical allodynia following nerve injury (Dominguez et al., 2008). These findings 

highlight the role of genes in the HLA region in neuropathic pain development in 
conditions where tissue injury, whether caused by viral infection, trauma or 

diabetes, leads to neuropathic pain in some, but not all, patients. 

The functional effects of the variants identified in the aforementioned studies 

haven’t been investigated, however one might hypothesise that variation in the HLA 
region might be indicative of a hyperactive immune system where tissue injury 
triggers exaggerated immune responses that lead to maladaptive changes in the 

nervous system. This might occur with increased antigen presentation by the MHC 
molecules, caused by increased expression of the HLA genes, triggering immune 

activation.  

HLA-A significant upregulation is observed in lingual neuromas from patients that 

report neuropathic pain, compared to those who do not report pain. Additionally, its 
transactivator NLRC5 (Carey et al., 2019, Meissner et al., 2012, Kobayashi and van 

den Elsen, 2012) is also upregulated in the painful samples. NLRC5 is activated by 
IFNγ and is involved in the inflammatory response by regulating the NF-kB, 

inflammasome and IFN1 signalling pathways, and is associated with several 
nervous system disorders (Zhang et al., 2021).  

Accumulating evidence points to the importance of MHC molecules in the 
development of neuropathic pain (Dominguez et al., 2008, Hartlehnert et al., 2017), 
but it’s unknown whether their effect might occur due to immune activation alone or 

via neuronal-specific pathways as well. Nevertheless, identifying biomarkers of 
immune activation from patients with neuropathic pain might help to stratify patients 

and identify potential subgroups that could benefit from therapies targeting the 
immune response. Additionally, genotyping for variants in the HLA region might help 
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to identify patients more susceptible to the development of neuropathic pain 
following surgery or infection and take preventative measures. 

3.4.2.2 Chemokines and trigeminal neuropathic pain 
While HLA class I antigens are critical for the lymphocytes-mediated acquired 

immune response, on the other hand, chemokines are mediators of the innate 

immune response and accumulating evidence attributes them a role in the 
pathogenesis of neuropathic pain (White et al., 2007, Abbadie, 2005, Solis-Castro et 

al., 2021).  

In human lingual neuromas, CXCL2 and CXCL8 are upregulated in patients with 
neuropathic pain. These chemokines and their receptor, CXCR2, have previously 

been associated with pain conditions affecting the trigeminal system (Solis-Castro 
et al., 2021). Infraorbital nerve constriction leads to the increase of CXCL2 in the 

trigeminal ganglia, while anti-CXCL2 injection resulted in the reduction of nerve 
injury induced-mechanical hypersensitivity (Iwasa et al., 2019). CXCL8 was shown 

to be increased in the serum of patients with migraines (Duarte et al., 2015) and 
trigeminal neuralgia (Liu et al., 2019), and its receptor, CXCR2, was upregulated in 

trigeminal neurons following sensitization by pruritogens (Li et al., 2023a). CXCR2 
contributes to peripheral and central sensitization both through intracellular Calcium 

release and by increasing TRPV1 function (Silva et al., 2017, Dong et al., 2012). 
CXCR2 is upregulated in DRG neurons following nerve injury and its inhibition 

reduces symptoms of nerve injury induced neuropathic pain (Piotrowska et al., 
2019) as well as chemotherapy-induced neuropathic pain, specifically through the 

suppression of CXCL8 signalling in the DRG (Brandolini et al., 2019). 

Overall, there is plenty of evidence for CXCL2 and CXCL8 involvement in pain 
generation, particularly in the trigeminal system, through the expression of their 

receptor CXCR2 on primary afferents following sensitization. The effect of their 
interaction with the atypical chemokine receptor ACKR1, expressed in trigeminal 

neurons in naïve states as discussed in Chapter 2, hasn’t been explored yet. 
Several mechanisms might drive the effect of chemokines on neuropathic pain, 

including both leukocyte recruitment and secretion of pro-nociceptive molecules, as 
well as in the direct neuronal stimulation and sensitization. 
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3.4.2.3 Other genes identified as differentially expressed.  
A total of 59 genes displayed a statistically significant change in expression 

between painful and non-painful samples. Among the top dysregulated genes 
besides HLA-A, CXCL2 and CXCL8, there were several genes with a previous link 

with neuropathic pain or peripheral nerve biology. 

A member of the solute carrier family 5, SLC52A3, was upregulated in samples 
linked with neuropathic pain. This gene encodes for a plasma membrane 

transporter which mediates the uptake by cells of vitamin B2/riboflavin. Congenital 
mutations in SLC52A3 are associated with Brown-Vialetto-Van Laere syndrome, 

where patients present neuropathies and other neurological symptoms (Thulasi et 
al., 2017, Manole et al., 2017). The supplementation of B12 partially ameliorates the 

progression of the condition (Foley et al., 2014), and, while evidence for benefits of 
B12 to neuropathic pain is scarce, it might be effective in some subgroups (Buesing 

et al., 2019).  

Another gene upregulated in the painful samples and expressed in profibrotic 

fibroblasts is matrix metalloprotease 19 (MMP19), involved in the breakdown of the 
extracellular matrix. Some members of the metalloprotease family have been linked 
to neuropathic pain development (Ji et al., 2009, Marcianò et al., 2023, Lakhan and 

Avramut, 2012).  

The Adhesion G-protein-Coupled Receptor G1 (ADGRG1, also known as 

GPR56), upregulated in the painful samples and expressed in endothelial cells, is 
involved in cell matrix adhesion and regulates the development and maintenance of 

peripheral myelin (Ackerman et al., 2018).  

The Jumonji Domain Containing 1C (JMJD1C) interacts with thyroid hormone 
receptors and is thought to be a histone demethylase and a coactivator for key 

transcription factors (Viscarra et al., 2020). It’s upregulated in the neuromas and 
expressed in endothelial cells. Other members of the JMJD family were found to be 

involved in neuropathic pain development in animal models (Wen et al., 2018, Li et 
al., 2023c).  
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GSTM3 is a glutathione S-transferase downregulated in the painful samples. Its 
protein and transcriptomic expression was associated with stomach or abdominal 

pain in a study investigating pain in individuals with depression (Zhang et al., 
2022b). It was also reported to synthetise the prostaglandin PGE2 in the brain, 

known for its pro-inflammatory effects (Beuckmann et al., 2000).  

NID2 encodes a member of the nidogen family which makes up basement 

membrane proteins which plays a role in Schwann cell migration following nerve 
transection (Lee et al., 2007), and was found to be expressed in non-myelinating 

Schwann cells in the human neuromas by single nuclei RNA sequencing.  

Insulin-like growth factor binding protein 2 (IGFBP2) binds to insulin-like growth 
factors I and II (IGF-I and IGF-II) and is upregulated in the painful samples. IGF-I 

was shown to be upregulated in the TG and infraorbital nerve following injury, 
contributing to sensitization (Miura et al., 2011, Sugawara et al., 2019).  

Notch signalling was shown to be activated and required for neuropathic pain 
development (Xie et al., 2015). NOTCH-1, encoding one of the four receptors 

involved in Notch signalling, is upregulated in the painful samples. 

Validation in a larger pool of samples is required to draw any definite 
conclusions, however, the results show promise as several of the genes identified 

are already linked specifically with neuropathic pain, and this list might include novel 
potential biomarkers or candidates involved in neuropathic pain development or 

maintenance in humans. 

3.4.3 Limitations of this study 

Analysis of human neuromas by spatial transcriptomics is a valuable method to 

obtain a high amount of information from a single tissue section from these rare 
samples. The use of Visium provided a relatively cost-effective approach to profile 

RNA expression within the spatial context. However, it prevented single cell 
resolution, allowing only the identification of enriched cell types in each barcoded 

spot. With cell-type deconvolution, the resolution was improved, but this approach 
is based on computational inference and requires validation with cell-type specific 

markers. In Chapter 4, a few cell types will be further characterised using 
immunohistochemistry and RNAscope, including macrophages, perineurial cells 
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and endoneurial fibroblasts. However, more extensive work to confirm the cell-
types present, the best markers to identify them and whether there are any 

correlations linked with sex, age, time since injury, tingling, discomfort and pain 
scores is required. 

Another drawback of spatial transcriptomics is the potential of transcript 
diffusion, where the RNA molecules in the tissue diffuse horizontally and are 

captured by adjacent barcodes, affecting the accurate representation of the spatial 
distribution of gene expression. While transcript diffusion is observed to a minimal 

degree with the Visium technology, there is variation between samples due to tissue 
detachment and other technical factors (Ståhl et al., 2016). Potential RNA diffusion 

was observed in the present dataset when selecting areas containing nerve 
fascicles for pseudo-bulk analysis, where myocyte-specific genes were still 

detected in the samples that contained muscle tissue in other areas of the section. 
Nevertheless, several differentially expressed genes with a previous link to 
neuropathic pain were detected, despite the small sample size, and warrant further 

investigation in the future. Future studies are required to confirm the differential 
expression of these genes at the protein level in a larger pool of samples. 

Additionally, analysis of the biofluids collected from the patients, including saliva, 
whole blood and serum, would be of interest to identify whether any biomarkers 

that correlate with the gene expression at the site of injury can be detected. 

3.4.4 Conclusion 

Spatial transcriptomics provided a complementary tool to analyse the 

transcriptome of human neuromas that, when integrated with single nuclei RNA 
sequencing, generates a vast amount of information on the microenvironment within 

these samples. In this chapter, the spatial distribution of gene expression was 
discussed, highlighting immune-specific signatures, including antibody-secreting B 

cells and degranulating macrophages, enriched in a subset of samples. Spatial 
transcriptomics was integrated with snRNAseq to infer the cellular composition at 

higher resolution. Pseudo-bulk analysis on the pathologically-relevant areas of the 
tissue identified several dysregulated genes between painful and non-painful 

samples. Some of the dysregulated genes were previously identified to be linked 
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with neuropathic pain, including HLA-A, CXCL2 and CXCL8, highlighting the role of 
neuroimmune interactions in neuropathic pain generation. This approach has paved 

the way for future studies, which should aim to identify the role of chemokine 
signalling and HLA genes in chronic neuropathic pain, in order to further elucidate 

the pathophysiological mechanisms, identify potential therapeutic targets, and 
identify biomarkers that might recapitulate the gene expression at the site of injury 

and inform the clinician on the best courses of treatment. 
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Chapter 4.  Immunohistochemistry and in situ 
hybridisation investigation of human lingual nerve 
neuromas 

4.1 Introduction 
In this chapter the protein and RNA expression of several genes will be 

investigated to validate single nuclei RNA sequencing and spatial transcriptomics 
experiments, attempt to quantify their expression in a broader pool of samples and 

investigate potential correlations with patients’ reported pain scores.  

The molecules chosen for investigation were selected based on their relevance to 
neuropathic pain generation and maintenance as evidenced in the literature. 

RNAscope was employed to investigate the expression of ion channels, including 
SCN9A, SCN10A and TRPV1, the Schwann cell marker SOX10, the macrophage 

marker CD68, the macrophage-secreted cytokine Oncostatin M and the 
prostaglandin synthase encoded by PTGDS, involved in the inflammatory response. 

Immunohistochemistry was employed to validate the expression of NGFR in GLUT-
1-labelled perineurial fibroblasts and to investigate PI16 expression in human 

injured nerves and its correlation with symptoms of pain.  

4.1.1 The expression of ion channels in the neuromas. 

The protein expression of several ion channels, including Nav1.7, Nav1.8, Nav1.9 

and TRPV1 in human neuromas was investigated in previous work (Bird et al., 2007, 
Bird et al., 2013, Biggs et al., 2007). These studies demonstrate that the above ion 

channels are expressed in human lingual nerve neuromas and that expression of 
Nav1.8 correlates with the presence of neuropathic pain. In the spatial 

transcriptomics dataset presented in Chapter 3, the expression of Nav1.7 and 
TRPV1 was detected at the mRNA level, while Nav1.8 and Nav1.9 transcripts weren’t 

detected.  

In this chapter, the expression of these genes will be investigated with RNAscope 
to verify that the lack of signal for specific ion channels’ mRNAs was not caused by 

the probes used in the spatial transcriptomics protocol, and whether it might reflect 
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biological differences in how ion channels are trafficked and inserted in the plasma 
membrane.  

SCN9A (Nav1.7), SCN10A (Nav1.8) and TRPV1 were selected for validation using 
RNAscope to investigate whether their pattern of expression reflects that detected 

with spatial transcriptomics. 

4.1.2 The role of macrophages and Oncostatin M in neuropathic pain. 

Previous work from our laboratory identified the infiltration of CD68+ 

macrophages within nerve fascicles in human lingual nerve neuromas (Vora et al., 
2007). In Chapter 2, macrophages were found to potentially interact with trigeminal 

neurons in the neuromas through CXCL8/ACKR1 interaction, and CXCL8 was 
identified as differentially expressed in painful neuromas compared to non-painful 

ones in chapter 3.  

In this chapter, the presence of CD68+ macrophages within nerve fascicles will 
be validated with RNAscope, along with the expression of Oncostatin M (OSM). 

OSM is a pro-inflammatory cytokine secreted by macrophages (Repovic and 
Benveniste, 2002) and highly expressed in human DRGs from male donors 

associated with a history of neuropathic pain (Ray et al., 2023). 

4.1.3 Perineurial cells and prostaglandin signalling in neuropathic pain. 

Perineurial cells surround nerve fascicles and make up the blood-nerve barrier, 

protecting axons from pathogens, toxins and external fluctuations in ionic 
composition and pH. In Chapter 2, perineurial cells were identified by the 

expression of GLUT-1, encoded by SLC2A1 (Piña et al., 2015). Additionally, this 
cluster expressed NGFR, which encodes for the neurotrophin p75 NGF receptor, 

involved in nerve regeneration following injury (Cosgaya et al., 2002), as well as 
PTGDS, which encodes Prostaglandin D2 synthase - an enzyme that catalyses the 

conversion of prostaglandin H2 to prostaglandin D2, involved in inflammation and 
pain (Tavares-Ferreira et al., 2022a).  

This cell type will be further investigated in this chapter: PTGDS expression in the 
neuromas will be validated with RNAscope, while co-localisation of GLUT-1 and 
NGFR receptor will be investigated with immunohistochemistry. 
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4.1.4  PI16 as a regulator of neuropathic pain. 

Peptidase Inhibitor 16 (PI16) is a fibroblast-derived protein recently proposed as 

a regulator of neuropathic and inflammatory pain (Singhmar et al., 2020, Garrity et 
al., 2023). In these studies, PI16 was shown to be expressed in perineurial and 
epineurial fibroblasts in injured mouse sciatic nerves; however, in Chapter 2 single 

nuclei RNA sequencing highlighted its expression in endoneurial fibroblasts in 
human trigeminal nerves.  

In this chapter, the expression of PI16 in human neuromas will be further 
investigated with immunohistochemistry, with the aim to identify a potential 

correlation between PI16 expression and pain in human neuromas. 

4.1.5 Aims and objectives. 

The overall aim of this chapter is to provide a broad overview of the genes and 

proteins expressed in human lingual neuromas and whether Visium and single 
nuclei RNA sequencing data can be qualitatively confirmed with different 

methodologies.  

The specific objectives are as follows: 

1. Optimise combined RNA detection and immunohistochemistry in fixed 

human neuromas. 
2. Validate the RNA expression of SCN9A, SCN10A, TRPV1, CD68, OSM and 

PTGDS in TUJ1+ areas in human neuromas with RNAscope. 
3. Validate PI16 expression associated with TUJ1-labelled axons in human 

neuromas with immunohistochemistry. 
4. Identify the correlation between PI16 expression in human neuromas and 

symptoms of pain. 
5. Validate NGFR expression in GLUT-1-labelled perineurial cells in human 

neuromas with immunohistochemistry. 

Due to the small number of samples where RNAscope could be successfully 
performed, quantification and comparison across painful and non-painful samples 

wasn’t possible. Nevertheless, the findings described here provide evidence of the 
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expression of selected pain-relevant targets in human injured nerves, stimulating 
questions for future studies. 

4.2 Methods 
4.2.1 Human Lingual Neuromas 

As indicated in Table 4.1, a portion of the samples used in this chapter were also 
used in previous chapters for spatial and single nuclei RNA sequencing. Lingual 
neuromas were obtained from patients attending the trigeminal nerve injury clinic at 

the Clifford Dental Hospital in Sheffield, UK. Neuromas were collected during nerve 
repair surgery, carried out by Dr Simon Atkins. All neuromas were collected with the 

informed consent from the patients, in accordance with the South Sheffield 
Research Ethics Committee (06/Q2305/151) STH13926 and East of England - 

Cambridge Central Research Ethics Committee (17/EE/0238) STH 19847. Clinical 
information including patients’ age, sex and pain history was recorded 

preoperatively and anonymised. Patients reported symptoms of pain, tingling and 
discomfort on the day of surgery on a visual analogue scale (VAS) ranging from 0 to 

100.  

After the surgical removal, the neuromas were placed in Zamboni’s fixative (0.1 

mol/L phosphate buffer, pH 7.4, containing 4% paraformaldehyde and 0.2% picric 
acid) for immunohistochemistry and in situ hybridization. Each sample was fixed 
overnight at 4°C, then transferred to 30% sucrose for 12 h at 4°C and finally 

cryoprotected in OCT and stored at -80°C. The tissue was sectioned in a cryostat at 
a thickness of 10 μm and placed on Superfrost Plus slides (Epredia, 10149870). 

Sections were dried for 45 minutes and stored at -80°C. 
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Table 4.1 Summary of samples used for RNAscope and immunohistochemistry 
For each sample clinical information including age, sex and pain VAS are reported, as well as the 
assays they have been used for. The table includes information on whether they have been tested for 
RNAscope, immunohistochemistry and which antibodies combinations have been used, spatial 
transcriptomics (ST) and single nuclei RNA sequencing (snRNA-seq). 
 

Sample Age Sex Pain VAS RNAscope 

IHC Experiments Other uses 

PI
16

 +
 

TU
J1

 

PI
16

 +
 

C
D4

5 

N
G

FR
 +

 
G

LU
T-

1 

ST
 

Sn
RN

A-
se

q 

LN7 30 F 4 - +	   +  

LN6 25 F 0  + + +   

LN17 41 M 0  + + +   

LN10 39 F 0 + +     

LN11 33 F 3 + + + +   

LN1 27 F 55 + +   +  

LN4 65 F 100 + + + +   

LN15 34 F 61  +   +  
LN12 34 F 43 + +   +  
LN13 28 F 65 + +   + + 

 

4.2.2 Immunohistochemistry 

Indirect immunofluorescence assays were used to determine the expression of 
several cell-type specific markers including NGFR, GLUT-1, CD45, TUJ1 and PI16. 

Several of the immunohistochemistry experiments were performed by Evgeniya 
Anisimova as part of a Wellcome Trust Biomedical Vacation Scholarship. Based on 

recommendations on the data sheets provided by the manufacturers, different 
dilutions of antibodies were first evaluated to determine the optimal dilution for each 

antibody, detailed in Table 4.2. 

Sections were thawed and dried for 45 minutes at room temperature prior to the 
start of the protocol. Slides were washed in phosphate buffered saline (PBS) for 5 

minutes with agitation, then washed with PBS-T (0.2% Triton-X in PBS) twice for 7 
minutes. A hydrophobic barrier was drawn surrounding each section with ImmEdge 
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Hydrophobic Barrier PAP Pen (Vector Laboratories, H-4000). The sections were 
incubated with 20% Normal Donkey Serum (NDS, Jackson Laboratories, 017-000-

121) in PBS-T for 1 hour at room temperature. Primary antibodies were diluted in 
5% NDS in PBS-T and incubated overnight at 4°C. The following day, the slides 

were washed twice with PBS-T for 7 minutes and a secondary antibody was diluted 
in 1.5% NDS in PBS-T and incubated for 90 minutes in the dark. In dual-labelling 

experiments, the incubation steps were repeated with markers of specific cell types 
and a secondary antibody (Table 4.2). Finally, they were mounted in Vectashield 

Antifade Mounting Medium with DAPI (Vector Laboratories, H-1200-10), cover-
slipped and sealed. 

 
Table 4.2. Details of the antibodies used for fluorescent immunohistochemistry 

Antibody Source Cat number Lot number Antibody 
type 

Optimal 
dilution 

Rabbit anti-PI16 Cambridge 
Bioscience HPA043763 000038964 Polyclonal 1/200 

Mouse anti-NGFR abcam ab3125 1016053-5 Monoclonal 1/200 

Mouse anti-CD45 Abcam ab8216 1037004-6 Monoclonal 
MEM-28 1/400 

Rabbit anti-S100B Proteintech 15146-1-AP 103243 Polyclonal 1/100 

Rabbit anti-GLUT1 Abcam ab115730 1030236-10 Monoclonal 
EPR3915 1/400 

Mouse anti-TUJ1 BioLegend 801202 B354042 Monoclonal 1/200 
Donkey anti-mouse 
Cy3 

Jackson 
ImmunoResearch 715-165-150 163873 Polyclonal 

(H&L) 1/500 

Donkey anti-rabbit 
Cy3 

Jackson 
ImmunoResearch 711-165-152 165051 Polyclonal 

(H&L) 1/500 

Donkey anti-mouse 
FITC 

Jackson 
ImmunoResearch 715-095-150 146034 Polyclonal 

(H&L) 1/500 

Donkey anti-rabbit 
FITC 

Jackson 
ImmunoResearch 711-095-152 122195 Polyclonal 

(H&L) 1/500 

 
4.2.2.1 Specificity control 

A pre-absorption control was used to confirm the specificity of the antibody 
against PI16. The antibody was diluted at the optimal dilution (Table 4.2) in 5% NDS 

in PBS-T and then mixed with its blocking peptide (Cat# APrEST84407, SLS), 5 μg 
peptide per 1 μg antibody. The solution was then left at 4°C for approximately 18 

hours prior to performing the immunofluorescence staining assay. For the remaining 
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antibodies a blocking peptide wasn’t available, therefore a negative control was 
performed where the protocol was conducted as described above but the primary 

antibody was omitted. 

4.2.3 Simultaneous detection of mRNAs and proteins using RNAscope. 

RNAscope enables the detection of up to four RNA molecules by in situ 

hybridization within one tissue section. Immunohistochemistry can be incorporated 

in the RNAscope protocol to enable simultaneous detection of proteins and 
mRNAs. RNAscope Multiplex Fluorescent v2 Assay (ACD, 323100) was used to 

visualise several RNA targets (listed in Table 4.3) in TUJ1 labelled human neuromas. 
Tissue sections were dried at room temperature for 30 minutes, washed in PBS and 

post-fixed by immersing in 10% Normal Buffered Formalin (NBF) for 15 minutes at 
4°C. The sections were dehydrated by immersion in increasing ethanol 

concentrations (50%, 70%, 100% and 100%) for 5 minutes each, dried, then 
treated with 0.3% hydrogen peroxide for 10 minutes at room temperature and 

washed in fresh distilled water. Antigen retrieval was performed in a steamer at 
95°C with ACD 1X Antigen Retrieval reagent. Incubation times of 5 and 15 minutes 

were tested. A hydrophobic barrier was drawn around the tissue sections with 
ImmEdge Hydrophobic Barrier PAP Pen (Vector Laboratories, H-4000). Protease 
treatment was performed with Protease III at room temperature. Incubation times of 

1, 3 and 5 minutes were tested. The probes were mixed at the dilution suggested by 
the manufacturer, with the proportion between the probe in channel 1 (C1), channel 

2 (C2) and channel 3 (C3) as C1:C2:C3=50:1:1,and were hybridised in the 
hybridization oven for 2 hours at 40°C. In order to detect the probes, a series of 

channel-specific signal amplifications were performed, as illustrated in Figure 4.1. 
All incubations were performed in the hybridization oven at 40°C and slides were 

washed twice with 1X RNAscope wash buffer in a Coplin jar between all 
incubations. The sections were incubated with the amplification reagents for each 

channel, AMP1, AMP2 and AMP3 for 30, 30 and 15 minutes respectively. The signal 
from each channel was amplified by incubating the slides with a channel-specific 

horseradish peroxidase (HRP) enzyme (HRP-C1, HRP-C2 or HRP-C3) for 15 
minutes, then with a TSA vivid fluorophore 520, 570 or 650 diluted 1:1,500 in 

RNAscope TSA Buffer (ACD, 322809) for 30 minutes, and finally with HRP blocker 
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for 15 minutes to stop the reaction. This process was repeated for each probe 
channel for labelling with the desired fluorophore.  

When all channels were amplified, immunolabelling of TUJ1 was performed. The 
slides were washed in PBS-T, blocked with 20% normal goat serum (NGS, Abcam, 

ab7481) for 1 hour at room temperature and incubated with mouse anti-TUJ1 
(BioLegend, 801202) in 10% NGS in PBS-T (1:100) overnight at 4°C. The slides 

were washed with PBS-T and incubated with goat anti-mouse secondary antibody 
(H+L) conjugated with AlexaFluor 488 (Invitrogen, A28175) in 10% NGS in PBS-T 

(1:500) for 90 minutes at room temperature. The slides were washed in PBS-T and 
incubated with DAPI in PBS (1:3,000) for 1 minute. The slides were washed in PBS, 

mounted with ProLong Gold, coverslipped and stored in the darkness until imaging. 

 
Figure 4.1. Overview of RNAscope-based detection of RNA molecules. 
The diagram illustrates how RNA molecules are detected with RNAscope. The probes are designed 
to detect the target mRNA through the binding of multiple short oligos: only when all oligos are 
hybridised to the target sequence the signal can be detected, which reduces background staining 
due to unspecific binding of the probes. The signal is detected through a series of amplification 
rounds specific for each mRNA targeted by the probes. Image obtained with permission from 
Advanced Cell Diagnostics (ACD), USA. 

 
Table 4.3. Details of the probes used for the RNAscope experiments. 
Item Probe target Channel Fluorophore 

RNAscope™ 3-plex Positive Control Probe- Hs 
POL2RA C1 Cy5 

PPIB C2 Cy3 
RNAscope™ 3-plex Hs-CD68-C1 CD68 C1 Cy3 
RNAscope™ 3-plex Hs-TRPV1-C2 TRPV1 C2 Cy3 
RNAscope™ 3-plex Hs-SCN9A-C1 SCN9A C1 Cy5 
RNAscope™ 3-plex Hs-SCN10A-C2 SCN10A C2 Cy3 
RNAscope™ 3-plex Hs-OSM-C1 OSM C1 Cy5 
RNAscope™ 3-plex Hs-SOX10-C1 SOX10 C1 Cy5 
RNAscope™ 3-plex Hs-PTGDS-C2 PTGDS C2 Cy3 
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4.2.4 Imaging 

4.2.4.1 Widefield Fluorescence Microscopy 
Images for the immunohistochemistry experiments were acquired using a Leica 

DMi8 inverted microscope fitted with a Leica K5 sCMOS microscope camera 

system. The microscope was equipped with a LED 3 fluorescent light source in the 
390-680 range, and 4 filter cubes for epifluorescence excitation: DAPI, FITC, Cy3 

and Cy5. Tile scans and z-stacks were acquired at 20X and 40X magnification and 
processed on the Leica Application Suite X (LAS X) software and on Fiji (v2.14). 

4.2.4.2 Confocal Microscopy 
Confocal microscopy of the RNAscope experiments was performed on an 

Olympus FV3000RS Confocal Laser Scanning inverted microscope at the University 
of Texas at Dallas. The samples were imaged with 405 nm, 488 nm, 561 nm and 

640 nm diode laser lines at 20x, 40x and 100x magnification. Images were acquired 
on the Fluoview acquisition software and processed on Fiji. 

Confocal microscopy of immunohistochemistry experiments was performed on a 
Zeiss LSM980 Airyscan 2 system at the University of Sheffield, using a blue diode 

405 nm laser, an argon 488 nm laser and a HeNe 543 nm laser. The images were 
acquired using Airyscan with the ZEN software and processed on Fiji (2.14). 

4.2.5 Image Analysis and Quantification 

Based on the pain VAS scores, the neuromas chosen for the PI16 
immunohistochemical analysis were divided in two groups: ‘painful’ (pain VAS score 
higher than 40) and ‘non-painful’ (pain VAS score lower than 15). Differences in VAS 

scores between painful and non-painful groups were evaluated using an unpaired t-
test assuming equal variance.  

Images labelled with PI16 and TUJ1 were analysed in Fiji (2.14) by Evgeniya 
Anisimova as part of a Wellcome Trust Biomedical Vacation Scholarship. She was 

blinded to the clinical information linked to each sample. Maximal intensity 
projections were generated from z-stacks of tile-scans of the tissue sections 

imaged at 20X magnification. The areas of the tissue positive for TUJ1 were 
selected and PI16 average signal intensity in the TUJ1 positive areas was recorded. 

Statistical analysis of PI16 signal intensity between the samples classified as painful 
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and non-painful were performed using GraphPad Prism (10.0.2, GraphPad software, 
San Diego, CA, USA). Unpaired Student’s t-test was used to test the statistical 

difference between PI16 signal intensity in painful and non-painful neuromas, and 
Pearson correlation test was used to test the correlation of PI16 signal intensity with 

the patient’s self-reported pain VAS scores. 

4.3 Results 
4.3.1 Validation of spatial transcriptomics and single cell RNA sequencing with 
RNAscope. 

4.3.1.1 Rationale of target selection for RNAscope validation. 
RNAscope was employed in order to validate the expression of selected targets 

from spatial transcriptomics and single nuclei RNA sequencing in human neuromas. 

The choice of the targets to validate was based on their relevance to neuropathic 
pain development and peripheral nerve homeostasis.  

Firstly, the RNAscope protocol was optimised to enable combined detection of 
RNA molecules in TUJ1+ putative axons labelled by immunohistochemistry. The 
RNA expression of genes important for nociceptive transduction (SCN9A, SCN10A, 

TRPV1) was investigated in TUJ1-labelled axons. The protein expression of these 
genes in axons is well-established in the literature and has been previously 

investigated in lingual nerve neuromas (Biggs et al., 2007, Bird et al., 2007, Bird et 
al., 2013). However, the presence of axonal mRNAs, which would suggests local 

translation, is a topic that has more recently come into focus (Holt et al., 2019). 
Visium data indicated that SCN9A and TRPV1 transcripts are expressed in the 

neuromas, while SCN10A mRNA is absent. We aimed to confirm these findings with 
RNAscope-based mRNA detection. 

SOX10 expression was also validated with RNAscope, to confirm whether 
Schwann cells in the neuromas still express the transcript several months after 
nerve injury, as suggested from the single nuclei data.  

Another target that was chosen to validate with RNAscope is PTGDS, encoding 
for an enzyme involved in prostaglandin synthesis, due to its relevance in 

inflammation and sex-specific pain perception (Shen et al., 2023). PTGDS was 
found to be expressed in perineurial fibroblasts and to a lower degree in 
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endoneurial fibroblasts and Schwann cells in single nuclei RNA sequencing data 
(Chapter 2). 

Finally, CD68 and OSM expression was validated with RNAscope. CD68 was 
investigated to confirm the presence of macrophages in the nerve fascicles and 

identify co-expression of OSM, a cytokine with an emerging role in neuropathic pain 
development (Ray et al., 2023). 

In the following sections, the RNA expression of these molecules detected with 
RNAscope will be compared to the signal detected with Visium spatial 
transcriptomics. Due to the high variability of RNAscope signal across samples, the 

investigation was focused on one sample, LN8, which displayed a strong signal for 
the positive control probes, as will be explained in more detail in the following 

section. 

4.3.1.2 Optimization of combined RNAscope and immunofluorescence detection  
RNAscope enables the detection of up to four RNA molecules within a tissue 

section. The protocol includes a protease treatment to expose RNAs in the tissue, 
enabling the probes to hybridise to their complementary sequences. The protease 

treatment causes digestion of protein antigens, which results in decreased 
immunoreactivity affecting the detection of protein targets with 
immunohistochemistry (Ball et al., 2023). Human lingual neuromas contain a variety 

of tissue types, including scar tissue, muscle tissue and nerve fascicles. In order to 
detect RNAs associated with nerve fascicles, it was desirable to simultaneously 

detect axons. TUJ1 was chosen as a marker for neuronal axons (Geisert and 
Frankfurter, 1989). This required optimisation to identify the optimal protease and 

antigen retrieval (AR) treatment to enable combined RNA and protein detection.  

Sections were incubated with different durations of protease treatment and AR 

and labelled with the positive control RNAscope probes, targeting house-keeping 
genes PPIB and POL2RA (Highet et al., 2021). Following the RNAscope protocol, 

the sections were immunolabelled with an antibody targeted against TUJ1 and 
detected by a secondary antibody conjugated to FITC. The negative control 

consisted in the use of RNAscope negative control probes, targeting bacterial 
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genes, and the omission of the primary antibody targeted against TUJ1 (Figure 
4.2.E). 

Different incubations of protease treatment and AR were tested to identify which 
combination would yield positive RNA and protein signals. Protease treatment was 

tested for 1 and 5 minutes and AR was tested for 5 and 15 minutes: representative 
images of the fluorescence from the tissue with a combination of these treatments 

is shown in Figure 4.2.A-D. With 5 minutes of protease incubation, TUJ1 
immunofluorescence was severely reduced compared to 1 minute incubation. The 

sections treated with 15 minutes AR displayed a stronger signal for both TUJ1 
immunoreactivity and RNA hybridisation, while the sections treated with 5 minutes 

AR exhibited high autofluorescence (Figure 4.2.A). Therefore, subsequent 
experiments were performed with 1 minute protease treatment and 15 minutes AR.  

This optimization experiment was performed on one sample assuming that these 
parameters would be suitable for all samples. However, when multiple samples 
were tested using the optimised protocol, the signal detected for the positive 

control probes varied considerably, as summarised in Table 4.4 and shown in 
Figure 4.3. This may be caused by variable RNA quality across samples and 

differences in fixation length, which can vary from 16 to 24 hours and may affect the 
accessibility of RNAs due to varying degrees of cross-linkage (Mostegl et al., 2011). 

Due to the high variability in RNAscope signal across samples, direct comparison 
between samples and pain levels couldn’t be performed. Localised expression of 

the RNAs of interest in selected targets could still be assessed qualitatively in the 
samples that displayed a positive signal of the house-keeping genes. LN8 was used 

for the majority of the RNAscope experiments showed in the following sections due 
to the strong signal detected with the positive control probes (Figure 4.3.B). 

 
Table 4.4 Summary of clinical information across samples of human neuromas tested in the 
RNAscope experiments.  

ID 
Time since 
injury 
(months) 

Age Sex Subjective 
Sensation Pain Pain VAS RNAscope positive 

control signal 

LN4 19 65 F 0 Yes 100 Low 
LN8 4 36 M 0 No 14 High 
LN10 69 39 F 0 No 0 Low 
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LN11 18 33 F 0 No 3 Medium 
LN12 16 34 F 0 Yes 43 Medium 
LN13 4 28 F 20 Yes 65 Low 

 

 
Figure 4.2 Optimization of combined immunofluorescence and RNAscope on human lingual 
neuromas. 
Confocal images displaying TUJ1 (FITC) immunofluorescence combined with PPIB (Cy3) and 
POL2RA (Cy5) RNAscope in samples of human neuromas. Each row of images displays a different 
treatment: treatment with protease III was tested for 1 min (A, B) and 5 min (C, D), while antigen 
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retrieval was tested for 5 min (A, C) and 15 min (B, D). The negative control (E) was treated with PIII 
of 1 min and AR of 15 min, no primary antibody and negative control probes. Scale bar: 20 µm, 40x 
magnification. 

 

 
Figure 4.3 Variability in the positive control RNAscope probes’ signal among different samples 
of human neuromas. 
Confocal images displaying TUJ1 (FITC) immunofluorescence combined with PPIB (Cy3) and 
POL2RA (Cy5) RNAscope in samples of human neuromas. Each row displays a different sample. 
Scale bar: 20 µm, 40x magnification. 
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4.3.1.3 SCN9A and SCN10A 
SCN9A and SCN10A encode for Nav1.7 and Nav1.8 respectively, two voltage 

gated sodium channels specifically expressed in the peripheral nervous system. The 

protein expression of these channels in human lingual neuromas was confirmed in 
earlier studies from our group (Bird et al., 2013, Bird et al., 2007). Using Visium 

spatial transcriptomics, SCN9A mRNA was detected across all tissue sections while 
SCN10A mRNA was detected at a very low level in a small number of spots across 

sections. A representative Visium section from LN8 showing the spatial distribution 
of SCN9A and SCN10A mRNA is shown in Figure 4.4.C-D. For reference, a section 

from the same sample labelled with anti-TUJ1 and an H&E image of the section 
used for Visium are shown in Figure 4.5.A-B, to highlight the location of nerve 
fascicles. 

 
Figure 4.4 Spatially resolved expression of SCN10A and SCN9A detected with Visium in a 
human neuroma. 
Section of LN8 immunolabelled with TUJ1 (Cy3) (A) and stained with H&E for Visium spatial 
transcriptomics (B). The sections displayed are 100 µm apart within the same sample. The transcript 
counts detected with Visium of SCN9A (C) and SCN10A (D) from one representative section of LN8 
are displayed. The spots are colour-coded from blue to yellow by the number of transcripts 
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detected, where yellow spots contain a higher number of transcripts. The diameter of each spot is 55 
μm. 

 

We investigated the mRNA expression of SCN9A and SCN10A using RNAscope 
in situ hybridisation in order to validate the Visium data and, by simultaneous TUJ1 

immunolabelling, observe whether any putative axonal transcripts could be 
detected.  

RNAscope for SCN9A identifies several puncta (Figure 4.5.A) co-localised with 
cell nuclei, indicating the expression of SCN9A mRNA in cell-types associated with 

axons. Puncta that are closely associated to TUJ1+ labelling were also observed, 
indicating potential axonal SCN9A transcript expression.  

On the other hand, only a few puncta could be detected for SCN10A RNAscope 
(Figure 4.5.A). The signal for the SCN10A probe is slightly more abundant than in 
the negative control and a few puncta are associated with TUJ1+ labelling, 

indicating potential axonal SCN10A transcript expression. However, the few 
transcripts that were detected with RNAscope cannot confidently be differentiated 

from background signal observed with the negative control probes. 
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Figure 4.5 Combined SCN9A and SCN10 RNAscope and TUJ1 immunofluorescence in human 
lingual neuromas. 
Confocal images displaying TUJ1 immunofluorescence (FITC), SCN10A mRNA (Cy3) and SCN9A 
mRNA (Cy5) in LN8 (A) and negative control for the same sample (B). A few puncta can be identified 
for SCN10A, while SCN9A expression is clearly visible. In C, white and red arrowheads point to 
SCN9A and SCN10A puncta, respectively, closely associated to TUJ1+ labelling. Scale bar: 20 µm, 
all images were taken at 40x magnification. 
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4.3.1.4 TRPV1 and SOX10 
TRPV1, transient receptor potential vanilloid 1, is an ion channel expressed in 

most human nociceptors (Shiers et al., 2020). TRPV1 protein was previously 

detected in human neuromas in our group (Biggs et al., 2007). Using Visium spatial 
transcriptomics, TRPV1 mRNA was detected across all tissue sections. 

Representative Visium sections from LN8 showing the spatial distribution of TRPV1 
mRNA is shown in Figure 4.7.A. 

The SRY-box transcription factor 10 (SOX10) plays a key role in glial 
differentiation during development. In peripheral nerves, SOX10 is key to establish 
Schwann cells’ cellular identity and its knockout leads to loss of structural integrity 

of peripheral nerves (Finzsch et al., 2010, Bremer et al., 2011). In injured human 
nerves, SOX10+ cells’ density was found to peak at 90-100 days following injury 

and to severely decrease following this time point (Wilcox et al., 2020). 

 
Figure 4.6 Spatially resolved expression of TRPV1 and SOX10 detected with Visium in a human 
neuroma. 
Transcript counts of TRPV1 (A) and SOX10 (B) in Visium barcodes of one representative section of 
LN8. The spots are colour-coded from blue to yellow by the number of transcripts detected, where 
yellow spots contain a higher number of transcripts. Each spot’s diameter is 55 μm. 
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C-D: TRPV1 (C) and SOX10 (D) mRNA expression in single nuclei annotated as Schwann cells in 
human trigeminal nerves and neuromas. The x-axis represents the number of transcripts detected in 
each nuclei. 

 

The expression of TRPV1 and SOX10 mRNA was investigated using RNAscope 

in situ hybridisation in order to validate the Visium data. SOX10 is detected in 

several nuclei associated with TUJ1+ labelling (Figure 4.7.A), indicating the 
presence of SOX10+ cells in LN8, which was removed 120 days following nerve 

injury. 

RNAscope in situ hybridization for TRPV1 identifies a small number of puncta 

(Figure 4.7.A) associated with TUJ1+ labelling, which can be differentiated from the 
negative control probe, indicating potential TRPV1 transcript expression in the 

axons. At the same time, several TRPV1+ puncta are found in association with 
SOX10+ puncta, which hints to the potential expression of TRPV1 mRNA in a 

subset of Schwann cells. The expression of TRPV1 in Schwann cells was also 
observed in the snRNAseq data (Figure 4.6.C), particularly abundant in MSC_3, a 

cluster of myelinating Schwann cells only found in the neuromas and absent in the 
healthy trigeminal nerve roots. TRPV1 protein expression in Schwann cells cultured 
from rat sciatic nerve has been previously reported (Grüter et al., 2020). Whether the 

transcript is translated into a functional protein in Schwann cells in human 
neuromas should be further investigated.  

 Overall, in the sample analysed with RNAscope, it’s impossible to conclude 
whether TRPV1 mRNA detected is axonal in origin. However, the RNAscope signal 

taken together with evidence from single nuclei RNA sequencing hints to the 
expression of TRPV1 mRNA in Schwann cells. 
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Figure 4.7 Combined TRPV1 and SOX10 RNAscope and TUJ1 immunofluorescence in samples 
of human neuromas. 
Confocal images displaying TUJ1 immunofluorescence (FITC), TRPV1 mRNA (Cy3) and SOX10 
mRNA (Cy5) in one sample of human neuroma (A) and negative control for the same sample (B). A 
few puncta can be identified for TRPV1 (red arrows), while SOX10 expression is clearly visible in cell 
nuclei associated with TUJ1+ labelling (white arrows). Scale bar: 20 µm, all images were taken at 
100x magnification. 
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4.3.1.5 CD68 and OSM 
CD68 encodes for a glycoprotein expressed in macrophages (Chistiakov et al., 

2017). Nerve resident macrophages are activated following nerve injury to clear 

tissue debris and attract circulating macrophages to the site of injury through the 
release of cytokines and other pro-inflammatory mediators, which can sensitize 

sensory neurons resulting in neuropathic pain (Silva et al., 2021). One of the 
cytokines released by macrophages during the inflammatory response is Oncostatin 

M (OSM) (Repovic and Benveniste, 2002), which is required for noxious behavioural 
responses to nociceptive stimuli (Morikawa et al., 2004). OSM mRNA expression is 

increased in human DRG from male patients with neuropathic pain undergoing 
thoracic vertebrectomy in a sex-specific manner (Ray et al., 2023). The presence of 
CD68+ cells in human lingual neuromas was identified with immunohistochemistry 

but no correlation with the symptoms of pain were identified (Vora et al., 2007).  

Data from Visium spatial transcriptomics confirms CD68 mRNA expression in 

human lingual neuromas (a representative section from LN8 is shown in Figure 
4.8.A). OSM mRNA was detected at a low level in all samples analysed with Visium 

(LN8 is shown in Figure 4.8.B). Single nuclei RNA sequencing evidenced the 
expression of OSM mRNA in a small subset of CD68+ macrophages (Figure 4.8.D).  

We aimed to investigate whether any CD68+ OSM+ cells could be identified in 
the neuromas with RNAscope in situ hybridization (Figure 4.9). Several CD68+ cells 

were identified with RNAscope in association with nerve fibres labelled by TUJ1. A 
few OSM mRNA puncta could be observed, in agreement with the Visium data. A 

few cells displayed positive signal for both CD68 and OSM mRNA (Figure 4.9.C-D). 
Due to the high variability of RNA quality between samples, sex and pain-related 

differences in OSM expression couldn’t be quantified. Positive RNAscope signal for 
OSM could only be identified in the male sample LN8 out of the samples examined 

(Table 4.4). 
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Figure 4.8 Spatially resolved and single cell expression of CD68 and OSM mRNA in human 
neuromas and trigeminal nerves. 
A-B: Transcript counts of CD68 (A) and OSM (B) mRNA in Visium barcodes of one representative 
section of LN8. The spots are colour-coded from blue to yellow by the number of transcripts 
detected, where yellow spots contain a higher number of transcripts. Each spot’s diameter is 55 μm. 
C-D: CD68 (C) and OSM (D) mRNA expression in single nuclei annotated as immune cells in human 
trigeminal nerves and neuromas. The x-axis represents the number of transcripts detected in each 
nuclei.  
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Figure 4.9 Combined CD68 and OSM RNAscope and TUJ1 immunofluorescence in samples of 
human neuromas. 
TUJ1 immunofluorescence (FITC), CD68 mRNA (Cy3) and OSM mRNA (Cy5) in LN8 (A) and negative 
control for the same sample (B). The signal is displayed at higher magnification in C and D. The white 
arrows point to cells that display puncta for both CD68 and OSM mRNA. Scale bar: 20 µm, 40x and 
100x magnification. 
 

4.3.1.6 PTGDS 
PTGDS encodes for prostaglandin D2 synthase, an enzyme involved in the 

conversion of PGH2 to PGD2 (Shen et al., 2023). PGD2 is one of several 

prostaglandins (PGs): bioactive lipids converted from arachidonic acid through the 
action of COX1-2 enzymes. PGs can bind to several receptors coupled to GPCRs, 

leading to intracellular signalling cascades mediated by cAMP or Ca2+ that lead to 
neuronal sensitization and pro-nociceptive effects (Jang et al., 2020). PTGDS mRNA 

TUJ1 CD68 mRNA OSM mRNA Composite

TUJ1 Negative probe Negative probe Composite

A

B

C DTUJ1
CD68 mRNA
OSM mRNA

TUJ1
CD68 mRNA
OSM mRNA



 158 

in murine neurons is differentially expressed in a sex-specific manner, potentially 
driving the sex-specific behavioural response to PGE2 induced algesia (Tavares-

Ferreira et al., 2022a). Increased expression of PTGDS in female neurons was also 
identified in human DRGs (Shen et al., 2023).  

In human lingual neuromas, PTGDS mRNA was detected across all samples with 
Visium (representative section shown in Figure 4.10.A) in areas associated with 

nerve fascicles. However, due to the low resolution of Visium it was impossible to 
infer the cellular origin of PTGDS mRNA. Single nuclei RNA sequencing evidenced a 

high level of expression of PTGDS in perineurial fibroblasts, followed by endoneurial 
fibroblasts and to a lower degree by Schwann cells (Figure 4.10.B). 

 
Figure 4.10 Spatially resolved and single cell expression of PTGDS mRNA in human neuromas 
and trigeminal nerves. 
A: Transcript counts of PTGDS in Visium barcodes of one representative section of LN8. The spots 
are colour-coded from blue to yellow by the number of transcripts detected, where yellow spots 
contain a higher number of transcripts. Each spot’s diameter is 55 μm. B: PTGDS mRNA expression 
in single nuclei annotated by cell-type in human trigeminal nerves and neuromas. The x-axis 
represents the transcripts detected in each nuclei. The expression is highest in perineurial fibroblasts 
followed by endoneurial fibroblast and Schwann cells. EndoF: endoneurial fibroblasts, PeriF: 
perineurial fibroblasts, Fibro_PRRX1+: PRRX1+ fibroblasts, MSC: myelinating Schwann cells, NMSC: 
non-myelinating Schwann cells.  

 

RNAscope in situ hybridization confirms PTGDS expression in perineurial-like 
structures surrounding TUJ1+ labelling of putative axons (Figure 4.11). Co-labelling 

with SOX10 RNAscope indicates the presence of a few putative Schwann cells that 
express PTGDS mRNA in the neuromas (Figure 4.11.C-D). 
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Figure 4.11 Combined PTGDS and SOX10 RNAscope and TUJ1 immunofluorescence in 
samples of human neuromas. 
Confocal images displaying TUJ1 immunofluorescence (FITC), PTGDS mRNA (Cy3) and SOX10 
mRNA (Cy5) in one sample of human neuroma (A) and negative control for the same sample (B). The 
signal is displayed at higher magnification in C and D. PTDGS mRNA is localised to perineurial-like 
structures surrounding TUJ1+ labelling. Small white arrows indicate SOX10 and PTGDS co-
expression in putative Schwann cells (C). Scale bar: 20 µm, 20x and 40x magnification. 

 

Overall, RNAscope validation of selected targets was in accordance with Visium 
spatial transcriptomics, providing information at a higher resolution in the sample 

analysed. This should be confirmed in a larger pool of samples, where potential 
differences in mRNA expression could be quantified and correlated with pain 

intensity, sex, time since injury and other clinical information. Unfortunately, this 
was impossible in the samples analysed due to the high variability of the signal 
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generated by hybridization with the positive control probe. In future, protease and 
antigen retrieval optimization of samples should be performed on an individual 

basis, since different treatment durations might be optimal in different samples due 
to the slight differences in fixation times, which might affect RNA accessibility.  

4.3.2 Characterization of perineural cells with immunohistochemistry in human 
neuromas 

Perineurial cells are specialised fibroblasts that form the blood-nerve barrier, 
protecting axons from antigens, invading pathogens, toxins and changes in 

extracellular ionic composition (Bunge et al., 1989, Iwanaga et al., 2022). They make 
up a continuous barrier separated by tight junctions surrounding the axon-schwann 

cell complexes and express GLUT-1, encoded by SLC2A1, a glucose transporter 
that enables the transport of nutrients into the endoneurial space to sustain the high 

energetic demand of axons (Piña et al., 2015, Rawat and Morrison, 2021). NGFR 
protein expression in perineurial cells was first reported in rat peripheral nerves 

(Yamamoto et al., 1992, Byers, 1990). Its presence in perineurial-like cells was 
observed by Chau et al. (2022) in human sural nerves analysed with single nuclei 

RNA-seq. NGFR, also known as p75 neurotrophin receptor and member of the 
tumour necrosis factor receptor superfamily, is a receptor for neurotrophins that 

mediates their neurotrophic actions but also regulates apoptosis (Roux and Barker, 
2002, Dechant and Barde, 2002). The function of NGFR in perineurial cells has not 

been characterised yet. 

NGFR and SLC2A1 mRNA is detected across all samples in the Visium data 
(Figure 4.12). In samples which exhibit an ordered fascicular organization such as 

LN15, their expression is localised at the boundary of the nerve fascicles where the 
perineurial barrier would be expected (Figure 4.12.B,F). Single nuclei RNA 

sequencing confirms NGFR and SLC2A1 mRNA expression in the clusters 
annotated as perineurial fibroblast in the neuromas and trigeminal nerve roots 

(Figure 4.12.I-J). 
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Figure 4.12 Spatially resolved and single cell expression of SLC2A1 and NGFR mRNA in human 
neuromas and trigeminal nerves. 
A-H: Transcript counts of SLC2A1 (A-D) and NGFR (E-H) mRNA in Visium barcodes of representative 
sections from painful human neuromas, LN1 (A) and LN15 (B) and non-painful human neuromas, LN2 
(C) and LN8 (D). The spots are colour-coded from blue to yellow by the number of transcripts 
detected, where yellow spots contain a higher number of transcripts. Each spot’s diameter is 55 μm.  
I-J: SLC2A1 (I) and NGFR (J) mRNA expression in single nuclei annotated as fibroblasts in human 
trigeminal nerves and neuromas. Both transcripts are expressed in perineurial fibroblasts. EndoF: 
endoneurial fibroblasts, PeriF: perineurial fibroblasts, Fibro_PRRX1+: PRRX1+ fibroblasts. 

 

NGFR and GLUT-1 (encoded by SLC2A1) protein expression was investigated 

with immunohistochemistry in human lingual neuromas (Figure 4.13), which 
confirmed the observations from Visium and single nuclei RNA sequencing data. 

GLUT-1 strongly localises to perineurial-like structures (Figure 4.13.B). NGFR co-
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localizes with GLUT-1 (Figure 4.13.C and H). NGFR immunoreactivity is also 
observed in structures resembling axons, which is expected (Wyatt et al., 1990).  

 

 
Figure 4.13 Protein expression of GLUT-1 and NGFR in human neuromas. 
A-C: Representative section of NGFR (Cy3) and GLUT-1 (FITC) immunofluorescence showing co-
localization in one sample of human neuroma. E-F: Negative control where both primary antibodies 
were omitted. H: Detailed view of two small nerve fascicles (LN6) displaying co-localization of NGFR 
and GLUT-1 in perineurial cells, pointed out by the white arrows. NGFR+ putative axons are also 
visible within the nerve fascicle. Scale bar: 100 μm, magnification 40x. 
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4.3.3 Immunohistochemical investigation of PI16 and potential correlation with 
symptoms of pain in human neuromas 

Using single nuclei RNA sequencing, PI16 was identified as a marker for 

endoneurial cells, as shown in section 2.3.2.2 PI16, encoding for peptidase inhibitor 
16, was recently identified as a regulator of neuropathic pain (Singhmar et al., 2020) 

and inflammatory pain (Garrity et al., 2023) in animal models, where its deletion 
reduces behavioural responses indicative of pain following nerve injury and CFA 
injection, respectively. Its expression was identified in fibroblasts located in the 

perineurium/epineurium of the murine sciatic nerve and the meninges of the DRG. In 
human DRG, PI16 mRNA is expressed in fibroblasts surrounding GFRA+ neurons 

(Garrity et al., 2023). In the SNI-induced neuropathic pain model, PI16 protein 
expression is associated with an increased epi/perineurial thickness in the murine 

sciatic nerve (Singhmar et al., 2020). In the absence of PI16 expression, there was a 
reduction in CD45+ leukocyte influx following SNI, indicating a potential mechanism 

of neuropathic pain development where PI16 encourages leukocyte infiltration by 
disrupting the blood-nerve barrier (Singhmar et al., 2020). This mechanism was not 

confirmed in the CFA-induced model of inflammatory pain, where PI16 expression 
did not affect leukocyte infiltration or the permeability of the blood-nerve barrier. 

Instead, its deletion resulted in increased anti-inflammatory macrophages infiltration 
in the meninges of murine DRG, accelerating the recovery from CFA injections 

(Garrity et al., 2023). 

PI16 mRNA is detected in human neuromas analysed with Visium (representative 
sections from four samples are shown in Figure 4.14.A-D). Single nuclei RNA 

sequencing identified PI16 expression to be originating in the cluster annotated as 
endoneurial fibroblasts (Figure 4.14.E), which is also positive for CSPG4, the gene 

encoding for NG2, a marker for endoneurial fibroblasts (Richard et al., 2014). This is 
contraposed to the findings by Singhmar et al. (2020), where PI16 expression was 

observed in α-SMA and P4HB+ fibroblasts and lacked in NG2+ endoneurial 
fibroblasts (Singhmar et al., 2020). 

Here, validation of PI16 protein expression in human neuromas and the potential 
correlation between its expression and the symptoms of pain reported by the 

patients was investigated. A total of 5 painful (pain VAS > 30) and 5 non-painful 
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(pain VAS < 30) samples were selected for immunohistochemical analysis with TUJ1 
dual-labelling to identify PI16 expression associated with TUJ1+ axons. The clinical 

information of the samples used is reported in Table 4.5. 

 
Figure 4.14 Spatially resolved and single cell expression of PI16 mRNA in human neuromas 
and trigeminal nerves. 
A-D: Transcript counts of PI16 mRNA in Visium barcodes of representative sections from painful 
human neuromas, LN1 (A) and LN15 (B) and non-painful human neuromas, LN2 (C) and LN8 (D). The 
spots are colour-coded from blue to yellow by the number of transcripts detected, where yellow 
spots contain a higher number of transcripts. Each spot’s diameter is 55 μm. E: PI16 mRNA 
expression in single nuclei annotated as fibroblasts in human trigeminal nerves and neuromas. PI16 
is expressed in endoneurial fibroblasts. EndoF: endoneurial fibroblasts, PeriF: perineurial fibroblasts, 
Fibro_PRRX1+: PRRX1+ fibroblasts. 
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Table 4.5 Clinical information of the human neuromas used for the quantification of PI16 
protein expression. 

Sample 
Time since 

injury 

(months) 

Age Sex Pain 
Pain 
VAS 

Tingling 
VAS 

Discomfort 
VAS 

LN7 17 30 F N 4 100 84 

LN6 14 25 F N 0 0 0 

LN17 29 41 M N 0 0 0 

LN10 69 39 F N 0 100 49 

LN11 18 33 F N 3 100 21 

LN1 12 27 F Y 55 100 80 

LN4 19 65 F Y 100 50 100 

LN15 12 34 F Y 61 100 77 

LN12 16 34 F Y 43 10 88 

LN13 4 28 F Y 65 100 87 

 

Patients in the non-painful group reported an average pain VAS score of 1.4, 
while patients in the painful group had VAS scores ranging between 43 and 100, 
with an average of 64.8. Overall, there was a significant difference in the pain VAS 

score between the high and low pain groups (p < 0.001). 

Immunolabelling and data analysis were performed blinded to the clinical 

information and the investigator did not know which samples belonged to the 
painful and non-painful group. All samples analysed were from female patients 

except of LN17. To assess the antibody’s specificity, a pre-absorption control was 
performed where the antibody was incubated with its blocking peptide prior to the 

incubation on the tissue (Figure 4.15.B). PI16 immunoreactivity is localised to cells 
in close proximity to TUJ1-labelled putative axons. Its location within the nerve 

fascicles suggests the expression of PI16 in endoneurial fibroblasts as suggested 
by the single nuclei RNA sequencing data, however this needs to be confirmed with 
endoneurial marker NG2 dual-labelling.  
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Figure 4.15 Specificity controls of anti-PI16 HPA043763 and expression in TUJ1+ areas. 
A: Immunoreactivity of PI16 (Cy3) detected with HPA043763 (Atlas) overlaid with DAPI. B: Pre-
absorption control where HPA043763 was incubated with its blocking peptide prior to the incubation 
with the tissue. C: Negative control where the primary antibody was omitted. D: Dual-labelling of 
PI16 (Cy3) with TUJ1 (FITC), indicating a close association between PI16-positive cells and putative 
nerve fibres labelled with TUJ1. Scale bar: 100 um, 40x magnification. 
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Figure 4.16 PI16 dual labelling with TUJ1 in painful and non-painful neuromas. 
Representative images of painful (A-E) and non-painful (F-J) human neuromas dual-labelled with 
PI16 (Cy3) and TUJ1 (FITC). Each panel includes one representative area from each sample showing 
Cy3 only (left) and Cy3 overlaid with FITC (right). Scale bar: 100 um, 20x magnification. 

 

Ten samples were dual-labelled with PI16 and TUJ1 antibodies (Figure 4.16) and 
the entire tissue section was imaged and analysed in at least two technical 

replicates. PI16 immunoreactivity was variable across samples, with samples 
displaying localised expression in endoneurial-like cells within the nerve fascicles 
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(Figure 4.16.A,B,J), while in other samples the signal was more wide-spread and 
less localised, but still associated with TUJ1+ areas (Figure 4.16.C,D,I). 

PI16 fluorescent intensity in areas containing nerve fascicles was analysed by 
identifying TUJ1+ areas and measuring PI16 mean fluorescent intensity, which was 

performed in a blinded manner. No significant difference was identified in the mean 
fluorescent intensity of PI16 immunoreactivity in TUJ1+ areas in painful versus non-

painful groups (Figure 4.17.A). No statistically significant correlation between PI16 
mean fluorescent intensity and intensity of pain reported by the patient was 

identified (Figure 4.17.B), and no correlation between discomfort, tingling, time 
since injury or age was identified. 

 

 
Figure 4.17 Quantification of PI16 fluorescence intensity associated with TUJ1+ areas in 
human neuromas. 
A: Mean fluorescence intensity of PI16 immunoreactivity in areas associated with positive TUJ1+ 
signal in painful (n=5) and non-painful samples (n=5). No statistical difference was identified between 
the groups (unpaired t-test). The scatter plot displays each group’s mean with standard deviation. B: 
Correlation between mean fluorescent intensity of PI16 in areas associated with positive TUJ1 signal 
and the intensity of pain reported by the patient. Pearson r= 0.1329, r2=0.0165. The correlation 
wasn’t statistically significant. 
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between samples independently from PI16 immunoreactivity: for example LN11, 
which displays high fluorescent intensity for PI16, has a low number of CD45+ cells 

(Figure 4.18.B), whilst LN6 shows the opposite trend (Figure 4.18.C).  

Overall, PI16 protein expression was demonstrated with immunohistochemistry 

to be localized to endoneurial-like cells within nerve fascicles of human neuromas. 
No correlation was identified between PI16 fluorescent intensity and symptoms of 

pain or leukocyte infiltration in the samples analysed.  
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Figure 4.18 Protein expression of PI16 and CD45 in human neuromas. 
A-D: PI16 (Cy3) and CD45 (FITC) immunoreactivity is shown in representative areas from different 
human neuromas. It was hypothesised that PI16 expression might be correlated with leukocyte 
infiltration, labelled with CD45. No apparent relationship was observed between PI16 and CD45 
immunoreactivity. Scale bar: 100 um, 20x magnification. 
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4.4 Discussion 
In this chapter the experiments that aimed to validate the findings from previous 

chapters were described. Visium and single cell RNA sequencing experiments 
provide whole-transcriptome information on whole samples or tissue sections, 

enabling mapping of cell-types in each sample characterised at a molecular level. 
Selected targets were validated in order to broadly confirm the validity of these 

techniques. RNAscope and immunohistochemistry were used to validate this data, 
providing information on selected targets at higher resolution. The cheaper cost per 

sample of these techniques allowed the analysis of the expression level of specific 
targets across samples linked with different pain intensities, as performed with PI16, 

which was investigated to identify potential correlations with the symptoms of pain 
reported by the patients. 

4.4.1 Axonal localization of ion channels transcripts 

SCN9A, SCN10A and TRPV1 are well-known genes relevant to pain generation 
and maintenance (Goodwin and McMahon, 2021, Katz et al., 2023). Whilst their 

protein expression in the axons of primary sensory afferents is well-characterised 
(Krishnan et al., 2009), there is also evidence for the presence of mRNA for these 

channels suggesting local translation, including a few studies observing SCN10A 
and TRPV1 mRNA in axons of animal models (Ruangsri et al., 2011, Hirai et al., 

2017a, Tohda et al., 2001, Thakor et al., 2009). Evidence for mRNA expression of 
SCN9A in axons of primary afferents is lacking (Akin et al., 2019). 

Interestingly, SCN9A and TRPV1 mRNA expression was detected with Visium 
and RNAscope, while SCN10A was almost undetectable with both techniques. All 
of the above ion channels were identified to be expressed in human lingual 

neuromas at the protein level in studies previously performed in our group (Bird et 
al., 2007, Bird et al., 2013, Biggs et al., 2007). 

Ion channels are transported anterogradely in vesicles to the axons, where they 
are inserted in the membrane (Higerd-Rusli et al., 2023). However, local translation 

has been identified as another important mechanism of ion channel expression: 
increased axonal mRNA level of ion channels, including Nav1.8, have been detected 

at the site of injury in several animal models (Gale et al., 2022, Thakor et al., 2009). 
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The translocation of mRNAs to the axon might be dependent on the presence of 
alternative 3’UTR sequences: a novel long 3’UTR sequence in Nav1.8 mRNA was 

identified exclusively at the site of injury following sciatic nerve entrapment (Hirai et 
al., 2017b). The probe for SCN10A used in the Visium assay targets the 3’ UTR, 

however the targeted sequence is present in all three transcript variants, including 
the alternative longer 3’UTR associated with axonal targeting. Whilst it can’t be 

excluded that the presence of a longer 3’ UTR in the preferentially axonal Nav1.8 
mRNA could affect its conformational structure preventing probe binding, 

RNAscope confirmed the observations from Visium. The probe used for the 
RNAscope experiments targets a different region of the SCN10A transcript (nt 2-

1090), which is not in the 3’UTR. The low SCN10A mRNA signal detected with both 
RNAscope and Visium suggests that, at least in human lingual neuromas, local 

axonal Nav1.8 mRNA expression and translation is rare, unlike what is observed in 
animal models (Ruangsri et al., 2011, Thakor et al., 2009, Hirai et al., 2017a). 

Targeting local protein synthesis of ion channels has been suggested as a potential 
path to pain relief (Obara et al., 2012). The findings discussed above suggest that 

whilst targeting this mechanism might be promising in animal models (Ruangsri et 
al., 2011), they might not always translate in humans, as is the case of Nav1.8 

mRNA.  

Nav1.7, encoded by SCN9A, is another important sodium channel specifically 
expressed in primary sensory afferents and its trafficking to the membrane has been 

well characterised (Higerd-Rusli et al., 2023, Akin et al., 2019), whilst evidence of 
local translation is lacking. SCN9A mRNA expression in the human neuromas was 

independently detected with both Visium and RNAscope. RNAscope enabled to 
visualize its expression at a higher resolution, highlighting its localization in axons, 

but also in association with nuclei within nerve fascicles, hinting to its expression in 
non-neuronal cell-types. Single nuclei RNA sequencing suggests SCN9A transcript 

expression in 27% of non-myelinating Schwann cells (Figure 4.19). Nav1.7 
expression in non-myelinating Schwann cells has not been previously reported to 

my knowledge, and its potential function in this cell-type has not been 
characterised.  
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Figure 4.19 Expression of the genes validated by RNAscope or immunohistochemistry in the 
single nuclei RNA dataset. 
Dotplot displaying the cluster-specific expression of the genes validated in this chapter. The size of 
each dot represents the percentage of cells within one cluster that express the transcript, whilst the 
colour represents the fold change compared to other clusters, where a darker shade of purple 
indicates increased expression. MSC: myelinating Schwann cells. NMSC: non-myelinating Schwann 
cells. Astro: astrocytes. Oligo: oligodendrocytes. EndoF: endoneurial fibroblasts. PeriF: perineurial 
fibroblasts. MenF: meningeal fibroblasts. Fibro_PRRX1: PRRX1+ fibroblasts. Endo: endothelial cells. 
SGC: salivary gland cells. Myo: myocytes. 

 

Transient receptor potential vanilloid 1 (TRPV1) is a cation channel activated by 
capsaicin and heat (Katz et al., 2023). Evidence of increased TRPV1 mRNA axonal 
transport during inflammation was found in the central and peripheral afferents of 

primary sensory neurons in mice (Tohda et al., 2001). Whilst TRPV1 mRNA 
expression in human neuromas was independently detected with both Visium and 

RNAscope, its location in the axons of human primary afferents couldn’t be 
confirmed. Single nuclei RNA sequencing and RNAscope, however, hint to its 

expression in myelinating Schwann cells, particularly in the cluster enriched in 
injured trigeminal nerves (MSC_3). TRPV1 expression in Schwann cells was also 

reported in rat sciatic nerves by Grüter et al. (2020). Here, the authors show that 
capsaicin administration on cultured Schwann cells results in the decrease of MHC-

II receptor presentation, TLR4 and ICAM1 expression and increased CGRP 
expression, overall exhibiting an immunomodulatory profile (Grüter et al., 2020). The 

intracellular mechanisms driving these changes and whether they are specifically 
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further investigation. In the literature, TRPV1 was also reported to be expressed in 
vascular cells in the rat (Tóth et al., 2014) and in human tooth pulps (Morgan et al., 

2005), however this wasn’t observed in the neuromas at the transcript level (Figure 
4.19). In lingual human neuromas, previous work in our lab identified a negative 

correlation between TRPV1 protein expression and time since injury (Biggs et al., 
2007). TRPV1 was mostly found in PGP9.5-labelled nerve fibres; however, 

expression of TRPV1 in areas not associated with axons was observed, which might 
indicate TRPV1 expression in blood vessels (Biggs et al., 2007). 

These findings don’t exclude the possibility of SCN9A and TRPV1 local 
translation in human peripheral axons, however, they hint to the expression of these 

transcripts to a significant degree in non-neuronal cell types, particularly Schwann 
cells.  

4.4.2 SOX10 expression in mature Schwann cells. 

SOX10 belongs to the SOX family of transcription factors and is expressed in 
development in migratory multipotent neural crest cells and the cell-types derived 

from them, including immature Schwann cells (Pingault et al., 2022). Wilcox et al. 
(2020) investigated the protein and RNA expression of SOX10 in injured brachial 
nerves obtained from patients undergoing nerve reconstruction: SOX10 mRNA 

levels weren’t correlated with time since nerve injury, however, the density of cells 
expressing SOX10 at the protein level peaked at 90-100 days following injury. In 

animal models, SOX10 is required for Schwann cell specification (Finzsch et al., 
2010), whilst the expression of SOX10 mRNA in mature Schwann cells is required to 

maintain the structural integrity of peripheral nerves in adult mice (Bremer et al., 
2011).  

In the human neuromas, SOX10 mRNA was detected in a sample obtained 120 
days post-injury with RNAscope (Figure 4.7). Immunohistochemical validation is 

required to establish whether the protein is expressed as well. Since RNAscope 
resulted in positive signal in only one sample, a correlation between the density of 

SOX10 positive cells with time since injury in human lingual neuromas couldn’t be 
performed.  
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4.4.3 OSM expression in CD68+ macrophages in human neuromas. 

Nerve resident macrophages are activated following nerve injury to clear tissue 

debris and attract circulating macrophages to the site of injury through the release 
of cytokines and other pro-inflammatory mediators, which can sensitize sensory 
neurons resulting in neuropathic pain (Silva et al., 2021). The presence of CD68+ 

cells in the neuromas was previously investigated with immunohistochemistry by 
our group, where CD68+ cells were observed within the nerve fascicles (Vora et al., 

2007). This was confirmed at the RNA level with RNAscope.  

Additionally, the expression of Oncostatin M (OSM) was investigated. OSM is a 

cytokine secreted by macrophages during the inflammatory response (Repovic and 
Benveniste, 2002) and is differentially expressed in human DRGs from male donors 

associated with a history of neuropathic pain (Ray et al., 2023). OSM mRNA was 
detected in all samples with Visium, while snRNA sequencing indicates its 

expression in 3% of macrophages (Figure 4.19). Using RNAscope, a few CD68+ 
and OSM+ cells could be detected within the nerve fascicles (Figure 4.9). Due to the 

high variability of RNA quality between samples, sex and pain-related differences in 
OSM expression couldn’t be quantified. However, the role of OSM in human lingual 
neuromas should be further characterised at the protein level to confirm whether a 

sex-specific increase of OSM can be detected in the neuromas from patients with 
neuropathic pain.  

4.4.4 Perineurial cells in human neuromas express the p75 neurotrophin 
receptor.  

Perineurial cells surround nerve fascicles and create a protective layer between 
the endoneurium, containing the axons, and the external environment, protecting it 

from changes in ionic compositions, toxins, pathogens and other insults (Iwanaga et 
al., 2022). The role of perineurial cells in peripheral neuropathies and neuropathic 

pain has not been investigated extensively.  

Using single nuclei RNA sequencing and spatial transcriptomics, four clusters of 

perineurial cells were identified, expressing SLC2A1 (GLUT-1), a widely used marker 
for this specialised cell-type (Piña et al., 2015). The presence of perineurial 
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fibroblasts was here validated with immunohistochemistry, showing strong and 
localised GLUT-1 signal in structures surrounding nerve fascicles. 

In the snRNAseq data, perineurial cells were observed to express NGFR to a 
higher degree compared to Schwann cells (Figure 4.19). NGFR is often used as a 

marker for repair Schwann cells, however, since the neuroma samples were 
obtained 4+ months following nerve injury, the lack of NGFR+ Schwann cells can be 

explained by the decrease of repair Schwann cells several months after injury 
(Jessen and Mirsky, 2016).   

The expression of NGFR in perineurial cells has been previously reported by 
Yamamoto et al. (1992), who observed increased NGFR immunoreactivity 3 days 
following nerve transection in rat peripheral nerves. Interestingly, NGFR 

immunoreactivity was identified in murine endoneurial cells, co-localising with NG2 
(Stierli et al., 2018) and was used as an endoneurial fibroblast marker to analyse 

single cell data from intact murine nerves, where it was also co-expressed with 
Cspg4 (NG-2) (Chen et al., 2021).  

In the human neuromas, co-localization of NGFR with GLUT-1 was validated with 
immunohistochemistry. NGFR immunoreactivity is strongly co-localized with GLUT-

1, whilst also producing a weaker signal in structures resembling axons (Figure 
4.13). The immunohistochemical validation confirms the expression of NGFR in 

human perineurial cells, as observed in rats by Yamamoto et al. (1992). The 
presence of both mRNA, detected in the snRNA-seq data (Figure 4.19), and protein 
(Figure 4.13) is observed several months following injury. This highlights species 

differences where NGFR is expressed in human and rat perineurial cells (GLUT-1+), 
whilst in mice, NGFR is found in endoneurial cells (NG2+) (Stierli et al., 2018). 

Overall, this data suggests sustained production of NGFR in human lingual 
neuromas, several months following nerve injury. When activated by neurotrophins, 

NGFR has pro-apoptotic effects (Bruno et al., 2023), but its role in perineurial cells 
following nerve injury has not been investigated yet. Whilst a global p75-NTR 

(NGFR) knockout resulted in reduced myelination in murine peripheral nerves, a 
conditional knockout specific to Schwann cells didn’t produce any major changes in 

myelination during development or following nerve crush injury (Gonçalves et al., 
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2019). Perhaps, NGFR-expressing perineurial cells might have a role in axonal 
remyelination and regeneration following nerve injury. 

4.4.5 Immunohistochemical investigation of PI16 and potential correlation with 
symptoms of pain in human neuromas. 

Fibroblast-derived PI16 is proposed to be a regulator of pain: in its absence, rats 

were protected from SNI-induced neuropathic pain (Singhmar et al., 2020) and 
CFA-induced inflammatory pain (Garrity et al., 2023). Its hypothesised mechanism 
of action in these two injury models differs: whilst in the neuropathic model Pi16 

knockout was shown to induce endothelial permeability and CD45+ leukocytes 
influx in the DRG (Singhmar et al., 2020), in the inflammatory model it promotes a 

bias towards anti-inflammatory CD206+ macrophages in the DRG and skin (Garrity 
et al., 2023). 

The expression of PI16 was investigated in human neuromas. In the single nuclei 
data, PI16 is highly expressed in the endoneurial fibroblast cluster (Figure 4.19). 

Immunohistochemistry confirmed its expression localised to endoneurial-like cells 
within nerve fascicles (Figure 4.15). This represents a species difference, since 

Singhmar et al. (2020) identified PI16 expression in rodent perineurial and epineurial 
cells. Whether this difference has any biological relevance is unknown but should be 

further investigated: whilst endoneurial cells aren’t identified as critical players in the 
blood-nerve barrier (Weerasuriya and Mizisin, 2011), they are closely associated 
with axons. 

In the neuromas, no correlation was identified with the symptoms of pain and 
PI16 immunoreactivity (Figure 4.17). No apparent correlation with CD45+ leukocyte 

infiltration could be identified (Figure 4.18). In the neuropathic pain model, Singhmar 
et al. (2020) showed that PI16 expression leads to CD45+ leukocyte influx in the 

DRG. Here, the presence of CD45+ leukocytes was investigated in the neuromas at 
the site of injury, as the trigeminal ganglion from the patients is inaccessible. 

These results don’t exclude PI16 involvement in neuropathic pain. Any potential 
differences at earlier stages of neuropathic pain development might be lost at the 
time points where the neuromas are usually obtained, ranging from 4 to 69 months 

post-injury. Nevertheless, PI16 expression in human neuromas supports its role as a 
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potential novel analgesic target. Its mechanisms of action in human nerves should 
be further investigated, as it might differ from the rodent models due to the different 

source of the protein in endoneurial fibroblasts as opposed to perineurial 
fibroblasts.  

4.4.6 Challenges and limitations of the study 

RNAscope was used to validate the mRNA expression of selected targets to 
confirm findings from Visium and snRNAseq in human lingual neuromas. Out of the 

samples tested, only LN8 displayed strong signal from the positive control probes 
(Figure 4.3), which was later used to test all the selected combinations of target 

probes. Visium and snRNAseq data could therefore be validated in this sample. 
However, due to the reduced signal of the positive control probes in the other 

samples, the RNA expression of the selected targets couldn’t be compared across 
samples, preventing the assessment of correlations between gene expression and 

intensity of pain, sex, time since injury or other clinical features. 

The RNAscope assays were further complicated by the necessity to visualise 

TUJ1 immunoreactivity, which required the optimization of the protease treatment 
to increase protein signal detection (Figure 4.2). A longer protease treatment is 
beneficial to detect RNA in samples that have been fixed for longer periods of time 

(Mostegl et al., 2011). Whilst the fixation intervals in the neuroma samples never 
exceeded 30 hours, they could sometimes be as short as 18 hours. Even small 

differences in fixation times might affect the degree of cross-linking in the tissue, 
preventing the accessibility of RNA. Additionally, the variable size of the samples 

also affects the extent of fixation. Extended protease treatment should reverse the 
cross-linkage, but can also impact the integrity of protein antigens, reducing 

immunoreactivity. Individual sample optimization of protease treatment duration 
might be required to obtain a comparable baseline signal of the positive control 

probes across samples. Alternative antigen retrieval methods might also be tested 
in future optimization experiments.  

Another reason for the variability of the RNAscope signal across samples might 
be caused by RNA degradation of the samples during surgical removal. The RNA 
quality of a subset of samples was tested with a fragment analyzer following RNA 
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isolation to test the samples’ suitability for Visium spatial gene expression, including 
LN4 and LN8. Despite following the same fixation protocol, only LN8 was deemed 

suitable for Visium spatial transcriptomics, whilst LN4 had to be excluded due to 
high RNA fragmentation. This might explain why LN8 displayed positive RNA 

signals for house-keeping genes while LN4 did not. The variation in RNA quality 
might potentially arise during the surgical procedure or in the interval between 

which the sample is removed and placed into fixative, which is dependent on the 
events that occur in the operation theatre. Nevertheless, the probe combinations 

successfully tested on LN8 confirmed the findings from Visium and snRNA 
sequencing, enabling the detection of several transcripts at higher resolution in one 

human sample. 

The variability in fixation is a factor that may affect immunoreactivity of protein 

epitopes as well. Indeed, variable immunoreactivity is observed across samples 
labelled with anti-PI16, which might be affected not only by biological differences 
but by sample processing and fixation as well. For this reason, quantification of 

immunolabelling in human tissue is challenging. In this work, mean fluorescent 
intensity was used to quantify PI16 protein expression, but fluorescent intensity 

might be largely affected by technical factors. Alternative approaches include 
measuring the area of positive staining, where the establishment of a threshold for 

what is considered positive staining, which might vary sample to sample, presents a 
different challenge. In future, different quantification methods may be tested to 

identify which one represents more faithfully what is observed qualitatively by the 
investigator.  

4.4.7 Conclusions and future work 

In this chapter, the experiments performed with immunohistochemistry and 
RNAscope exploring the protein and RNA expression of a variety of targets in 

human lingual neuromas were described. 

The targets validated with RNAscope in LN8 confirmed some of the observations 

from the data generated with Visium and single nuclei RNA sequencing, which can 
be summarised as follows: 
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1. SCN9A mRNA is found in the neuromas and might originate from the axons 
and non-myelinating Schwann cells. 

2. SCN10A mRNA expression is scarcely detected in the neuromas. 
3. TRPV1 mRNA expression might originate from axons or myelinating Schwann 

cells from injured nerves. 
4. SOX10 mRNA is expressed in Schwann cells in the neuromas. 

5. PTGDS mRNA is expressed to a high degree in perineurial fibroblasts, and to 
a lower degree in endoneurial fibroblasts and Schwann cells. 

6. CD68+ mRNA is found in putative macrophages associated to nerve 
fascicles. A subset of macrophages express OSM mRNA. 

Immunohistochemical investigation verified other observations at the protein level 
in a larger pool of samples: 

1. PI16 is expressed in putative endoneurial fibroblasts in close association with 
nerve fibres. No correlation or statistical difference was identified between 
PI16 expression and pain VAS score reported by the patient, nor with CD45+ 

leukocytes infiltration. 
2. NGFR is co-localised with GLUT-1 in perineurial cells in the neuromas. 

This broad characterization of cell-type specific RNA and protein expression 
prompts follow-up questions that could be tested in future studies, for example:  

1. Are SCN9A and TRPV1 translated into functional proteins in Schwann cells 
and what is their function? 

2. Does local translation of ion channels occur in human peripheral nerves? 

What are the different trafficking mechanisms that drive the expression of 
SCN9A, TRPV1 and SCN10A? 

3. How does PTGDS expression in perineurial fibroblasts affect 
neuroinflammation and the integrity of the blood-nerve barrier? 

4. Are there sex differences in the expression of OSM and PTGDS in the 
neuromas? 

5. Does PI16 expression in human endoneurial fibroblasts affect neuronal 
excitability and the integrity of the blood-nerve barrier? 
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6. What is the role of NGFR expression in perineurial fibroblasts following nerve 
injury? 

These questions are relevant to the characterisation of the mechanisms that lead 
to neuronal sensitization and chronic neuropathic pain, in particular through the 

dysregulation of ion channels’ expression in the axonal membrane, the integrity and 
function of the perineurial barrier and the interaction of the axons with the immune 

system and pro-inflammatory mediators.  

The visualization of the transcript or protein expression of a potential pain target 
within human nerves, even if in a limited number of samples, is useful to assess 

whether to further investigate it to develop a new analgesic. Further investigations 
are required in in vitro co-culture systems of human primary cells or in vivo models 

to dissect the mechanisms that involve a molecular target and whether it 

contributes to neuronal sensitization. 
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Chapter 5.  General Discussion 

5.1 Summary of findings 
In this thesis, the cell types and the transcriptional landscape that compose 

human trigeminal nerves in health and injury were characterised using single nuclei 
RNA sequencing, spatial transcriptomics and RNAscope. Additionally, the molecular 

changes linked with neuropathic pain in human injured lingual nerves were 
investigated using spatial transcriptomics and immunohistochemistry. A visual 
summary of the work presented in this thesis is shown in Figure 5.1. 

In Chapter 2, the analysis of the transcriptome at single cell level from human 

lingual neuromas and healthy trigeminal nerve roots was performed, identifying 

several cell types that support the axons in peripheral nerves. A high degree of 
heterogeneity was observed in fibroblasts, where several subtypes of perineurial 

cells were selectively associated with healthy and injured nerves. Species 
differences were noted regarding fibroblast-expressed genes compared to previous 

reports: for example, PI16, reported to be expressed in perineural cells in mice 
(Singhmar et al., 2020), was found in endoneurial cells; while the NGF receptor p75, 

expressed in mice in endoneurial fibroblasts (Chen et al., 2021, Yim et al., 2022), 
was expressed in perineurial cells in the human samples examined in this thesis. 

The neuromas were characterised by the presence of a pro-fibrotic fibroblast 
cluster expressing PRRX1, which might contribute to scar formation and impair 

axonal regeneration (Leavitt et al., 2020, Atkins et al., 2006). Both myelinating and 
non-myelinating Schwann cells were identified, but myelinating Schwann cells 

exhibited a higher degree of heterogeneity. One subtype of myelinating Schwann 
cells (MSC_2) was marked by PMP2 expression, which had been previously 
identified as a marker for Schwann cells myelinating large-fibre neurons (Yim et al., 

2022). When comparing the transcriptional profile between Schwann cells from the 
neuroma and the trigeminal nerve root samples, the AP-1 transcription factor family 

remained upregulated months after nerve injury. The AP-1 TF family was also 
upregulated in immune cells, as previously reported (Li et al., 2021). There was a 

marked increase of vascular cells in the neuromas, comprising 30% of the nuclei 
sequenced compared to 3% in the trigeminal nerve roots, including a cluster of 
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endothelial cells that highly expressed cytokine activated genes such as SELE, 
ICAM-1 and IL6, indicating the presence of inflammation. The cell-cell 

communication between trigeminal neurons, obtained from Yang et al. (2022), and 
the cells in the trigeminal nerve roots or neuromas was inferred computationally, 

focusing on chemokine signalling. The trigeminal neurons, obtained from healthy 
donors, expressed chemokine receptors investigated in the literature in the context 

of neuronal sensitisation including CXCR4, CCR5 (Oh et al., 2001), but also the 
atypical chemokine receptors ACKR1 and ACKR3, which have not been 

investigated in the context of neuronal sensitisation. Several chemokines expressed 
in both healthy and injured nerves displayed potential interactions with these 

receptors. Of particular interest, the macrophage-derived chemokine CXCL8 was 
expressed in the neuromas, but not in healthy trigeminal roots, where it exhibited a 

potential interaction with ACKR1. While the CXCL8 receptors CXCR1 and CXCR2 
are usually expressed at a low level in healthy neurons, studies in animal models 

report that CXCR1 and CXCR2 are upregulated following injury (Nasser et al., 2009, 
Zhou et al., 2016, Silva et al., 2017, Piotrowska et al., 2019, Zhou et al., 2020), and 

CXCL8 upregulation has also been reported in the serum of patients with trigeminal 
neuralgia and migraines (Duarte et al., 2015, Liu et al., 2019). 

In Chapter 3, spatial transcriptomics was used to characterise the transcriptional 

composition of painful and non-painful human neuromas. Clustering analysis 
identified several areas characterised by the enrichment of specific cell types, 

including Schwann cells, fibroblasts, endothelial cells and perineurial cells. A cluster 
characterised by the expression of activated macrophage markers, such as CHIT1 

(Sklepkiewicz et al., 2023), and lysozyme activity such as LYZ and LAPTM5 (Keshav 
et al., 1991, Glowacka et al., 2012) was highly enriched in LN15, a sample from a 

patient reporting a pain VAS score of 61. LN12, another sample in the painful group 
with a pain VAS score of 43, exhibited a high proportion of a cluster marked by the 

expression of immunoglobulin genes such as IGKC, IGHG1-2, suggesting the 
presence of B-cell derived plasma cells (Hoffman et al., 2016). Cell-type 

deconvolution was performed to identify the cellular composition at a higher 
resolution than allowed by the Visium barcoded spots, revealing the distribution of 

the cell-types identified in Chapter 2. Pseudo-bulk differential expression analysis 
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was performed on the pathologically relevant areas by manually selecting the 
barcodes overlaying nerve fascicles, identified by H&E staining. The analysis 

highlighted 59 genes as differentially expressed in the painful and non-painful 
neuromas. HLA-A, an MHC class I antigen, and NLRC5, its trans-regulator 

(Kobayashi and van den Elsen, 2012) were highly upregulated in the painful 
neuromas, and genetic variants in the HLA region have previously been identified to 

be associated with conditions including post-herpetic neuralgia and traumatic-injury 
induced neuropathic pain (Sato et al., 2002, Veluchamy et al., 2018, Miclescu et al., 

2023). CXCL2 and CXCL8 were also upregulated in the painful neuromas, in 
agreement with reports in animal studies (Kiguchi et al., 2012, Iwasa et al., 2019) 

and clinical samples (Duarte et al., 2015, Liu et al., 2019). Other genes differentially 
expressed between painful and non-painful samples include the basement 

membrane protein NID2 expressed in non-myelinating Schwann cells, the matrix 
metalloprotease MMP19 expressed in profibrotic fibroblasts and the riboflavin 

transporter SLC25A3, which warrant further investigation. 

In Chapter 4, selected RNA and proteins relevant to pain development were 

characterised in human neuromas to confirm the data from previous chapters and 
visualise their expression at higher resolution. The expression of transcripts 
encoding the ion channels Nav1.7, Nav1.8 and TRPV1 recapitulated the observations 

from spatial transcriptomics, where Nav1.8 mRNA is scarcely detected while Nav1.7 
and TRPV1 mRNA are detected in association with axons and non-neuronal cells, 

most likely Schwann cells. The presence of CD68+ macrophages was identified, 
confirming data from previous chapters, where a portion expressed the cytokine 

Oncostatin M, reported to be important in neuropathic pain development in a sex-
specific manner (Ray et al., 2023). Prostaglandin D2 synthase, an enzyme involved 

in the conversion of PGH2 to PGD2, also involved in pain generation in a sex-specific 
manner (Ray et al., 2023), was expressed at the RNA level in cells resembling 

perineurial fibroblasts, confirming data from previous chapters. NGFR and GLUT-1 
co-labelling with immunohistochemistry confirmed the expression of the p75 

neutrophin receptor (NGFR), involved in nerve regeneration and repair, in perineurial 
fibroblasts. Finally, the protein expression of PI16, recently proposed as a regulator 

of neuropathic pain (Singhmar et al., 2020), was analysed across 10 neuroma 
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samples. While no significant correlations were identified between the signal 
intensity and symptoms of pain, it was confirmed that PI16 expression in human 

nerves is localised to endoneurial-like cells, supporting the single nuclei RNA-seq 
data and in contrast with what is reported in animal models (Singhmar et al., 2020, 

Garrity et al., 2023). 

 

 
Figure 5.1 Visual summary of the main findings from this thesis. 
Human neuromas were processed with spatial and single nuclei RNA sequencing to characterise the 
cellular and molecular composition within the spatial context. Pseudo-bulk differential expression 
analysis between painful and non-painful samples identified several differentially expressed genes, 
such as HLA-A and its transactivator NLRC5 and the chemokines CXCL2 and CXCL8, which were 
upregulated in the painful samples, and which might interact with the atypical chemokine receptor 
ACKR1 expressed in healthy trigeminal neurons (Yang et al., 2022) as well as other CXCR1 and 
CXCR2, upregulated in sensitised neurons and following nerve injury (Li et al., 2023a, Piotrowska et 
al., 2019). Molecular validation with RNAscope and immunohistochemistry was performed to validate 
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the expression of several molecules, including Peptidase Inhibitor 16, expressed in endoneurial 
fibroblasts and relevant to neuropathic pain development, the p75 neurotrophin receptor (NGFR), 
prostaglandin D2 synthase and glucose transporter 1 (GLUT-1) in perineurial fibroblasts, CD68+ 
macrophages and SOX10+ Schwann cells, as well as ion channels in axons and non-neuronal cells. 

 

5.2 Inflammation and neuropathic pain in traumatic 
neuromas 

Using spatial transcriptomics, areas characterised by the accumulation of 

inflammatory cells were identified. In LN15, a cluster characterised by the 
expression of lysozyme activity and activated macrophages genes was localised in 

close proximity to the nerve fascicles. In LN12, a cluster characterised by the 
expression of immunoglobulin genes, indicating the presence of B cell-derived 

plasma cells, was found partially overlaying the nerve fascicles. Both samples were 
obtained from patients displaying symptoms of pain, however in other painful 

neuromas examined, no visible inflammatory cell accumulation was observed. While 
inflammatory infiltrates could still be present in areas of the sample that weren’t 
examined, this was in line with previous studies. Vora et al. (2007) identified the 

presence of mononuclear cell inflammatory infiltrate in 42% of lingual neuromas 
examined, and while the majority of patients with signs of inflammation reported 

symptoms of pain, a large group of patients with symptoms didn’t display evident 
signs of inflammation, similar to what was found by Peszkowski and Larsson (1990) 

and Sist and Greene (1981). 

What drives the symptoms of pain in traumatic neuromas where no inflammatory 

infiltrate cluster can be identified? Is it ectopic activity driven by the endogenous 
changes in ion channels expression and excitability? More generally, what are the 

main driver of symptoms of pain in neuropathic pain and how can this guide 
clinicians to identify the best treatments? 

A critical feature of neuropathic pain has been identified in ectopic activity 
produced by intrinsic changes in the membrane properties due to alterations in 
sodium, potassium and calcium channel expression and excitability (North et al., 

2018). Electrophysiological studies demonstrated spontaneous firing of both intact 
and axotomized fibres in animal models of traumatic neuromas (Bernal et al., 2016, 
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Bongenhielm and Robinson, 1996, Yates et al., 2000) and upregulation of ion 
channels in human painful neuromas compared to control tissue from the same 

patients (Black et al., 2008). A multitude of studies in animal models report 
accumulation of ion channels in the nerve following nerve injury associated with 

increased hypersensitivity to thermal and mechanical stimuli (Gold et al., 2003, 
Vilceanu et al., 2010, Devor et al., 1993). Crucially, a key difference between studies 

on clinical samples and animal models is that the control group in several animal 
studies consists of sham-treated animals, therefore the changes identified are 

linked not only with nociception, but with nerve injury as well. Instead, in humans 
who can communicate their levels of spontaneous pain, a distinction can be made 

between patients who experience pain and those who do not, given the same injury 
type, and a different picture emerges (Vierck et al., 2008).  

In our group, the ongoing investigation of the differences between samples from 
patients with pain and without pain hasn’t identified clear correlations between ion 
channels protein expression in peripheral axons and symptoms of pain, with the 

exception of Nav1.8 expression, which was increased in neuromas from patients 
with pain (Bird et al., 2013). The analysis of Nav1.7, Nav1.9, TRPA1 and P2X7 

receptor expression didn’t identify any significant correlation with pain (Bird et al., 
2007, Morgan et al., 2009b, Bird et al., 2013, Morgan et al., 2009a). Biggs et al. 

(2007) identified a negative correlation between TRPV1 expression and time since 
injury, contributing to the idea that changes in excitability are linked with neuroma 

formation itself, rather than symptoms of pain. This suggests that the constitutive 
upregulation of ion channels’ expression isn’t a critical driver of symptoms of pain in 

traumatic neuromas.  

In fact, the direct activation of nerve fibres by local inflammatory cells entrapped 

in the neuromas might have a more prominent role. Frisén et al. (1993) has shown a 
close relationship between infiltrating macrophages and unmyelinated axons found 
in rat sciatic nerve neuromas, observing that macrophages seem to contribute to 

demyelination, potentially disturbing axonal conductance and exciting C-fibres with 
the release of pro-inflammatory mediators. Cui et al. (2000) has shown that in rat 

models of mononeuropathy, only a portion of the animals develop tactile allodynia 
which, when compared to non-allodynic animals, display increased macrophage 
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infiltration, as well as increased IL6 and TNFα secretion. Several other studies since 
then have highlighted the importance of the interaction between axons and 

peripheral non-neuronal cells for neuropathic pain development, as reviewed in Ji et 
al. (2016). In this thesis, it was demonstrated that even in the absence of a visible 

inflammatory cell cluster by histological examination, painful samples are still 
characterised by the increased expression of inflammatory marker genes (HLA-A, 

CXCL2, CXCL8, NLRC5). Additionally, the removal of the neuroma is in most cases 
sufficient to significantly reduce symptoms of pain (Atkins and Kyriakidou, 2021). 

This supports the idea that spontaneous pain in traumatic neuromas is in many 
cases caused by the activation of nerve fibres by local inflammatory mediators and 

cell infiltrates; while the constitutive increase in ion channels expression in the 
axons, resulting in endogenous hyperexcitability and spontaneous firing, is a 

secondary factor which promotes the amplification and transmission of external 
stimuli, but doesn’t itself lead to symptoms of pain.  

The approach taken in studying clinical samples of neuromas is biased as the 
investigation focuses on peripheral tissue without cell bodies, where transcriptional 
changes in ion channels’ expression might be more easily detected. However, even 

when investigating clinical tissue associated with neuropathic pain that includes 
neuronal cell bodies, the results also highlight the importance of inflammatory 

mediators and fail to identify transcriptional changes in ion channels expression. 
Ray et al. (2023) investigated the transcriptome of 50 human dorsal root ganglia 

derived from thoracic vertebrectomy, where a portion of the samples was 
associated with neuropathic pain, paying attention to include high quality neuronal 

mRNA based on the baseline expression of neuronal marker genes in all samples 
employed. Despite detecting increased spontaneous activity in the DRG neurons 

associated with pain, the transcriptional changes detected were mainly linked with 
inflammation but not with ion channels expression or regulation (Ray et al., 2023, 

North et al., 2019). In both sexes, the most highly differentially expressed genes 
were indeed inflammatory mediators, including Oncostatin M, CXCL2 and several 

other cytokines in males and genes linked with interferon signalling in females (Ray 
et al., 2023).  



 189 

A caveat of these studies is that transcriptomic studies such as the one 
presented in this thesis or by Ray et al. (2023) might be missing changes at the 

post-translational modification level which might affect trafficking and gating 
properties of ion channels. Indeed, there are certainly cases where spontaneous 

firing in primary afferents drive pain sensation, where silencing signal transmission 
is successful in abolishing pain, as evidenced by the effectiveness of sodium 

channel blockers in the treatment of trigeminal neuralgia (Lambru et al., 2021). 
Indeed, trigeminal neuralgia is a unique neuropathic pain condition that seems to be 

driven primarily by abnormal electrical behaviour in trigeminal neurons resulting 
from endogenous dysregulation of ion channels expression, most likely caused by 

focal demyelination due to vascular compression (Devor et al., 2002). Instead, in 
traumatic neuromas, a primary driver of ectopic activity and pain symptoms might 

be inflammation at the site of injury, leading to secondary changes in excitability 
which promote the transmission and amplification of local nociceptive signals.  

This is a reminder of the heterogeneity in pain conditions that we classify as 
neuropathic and the need to identify biomarkers to detect the main drivers of pain 
on a patient-specific basis. An important step in this direction would be to 

investigate whether inflammation at the site of injury can be inferred from systemic 
biomarkers, which might help the clinician to identify the best course of treatment. 

Hypothesis: Systemic biomarkers might correlate with the inflammatory cell 
infiltrate in traumatic neuromas and inform surgical outcomes for pain 
management. 

Identifying correlations between markers of inflammatory cell accumulation in 
patients’ biofluids and the cellular composition in the neuromas might be a 

promising route to stratify patients which might benefit from (for example) either a) 
pharmacological modulation of inflammation, b) surgical removal of the neuroma 

and its associated inflammatory infiltrate or c) the use of ion channel blockers to 
reduce spontaneous activity caused by axotomy. The latter option might be 

beneficial in patients who don’t display local cellular infiltrates or where surgical 
removal of the neuroma isn’t sufficient to fully abolish symptoms of spontaneous 

pain, as reported in a case study in Sist and Greene (1981), where the treatment 
with phenytoin sodium, a sodium channel blocker for the treatment of epilepsy and 



 190 

trigeminal neuralgia, lowered the pain symptoms to a manageable level in a patient 
that displayed residual pain following neuroma removal.  

In our lab, we have collected the saliva, serum and whole blood from patients 
with lingual neuromas, where this hypothesis could be tested by investigating the 

correlation between different inflammatory cell markers, symptoms of pain and 
outcomes of surgical intervention. Analysing the expression of inflammatory 

markers in biofluids linked to the samples used for spatial transcriptomics could 
highlight whether the systemic expression of these markers is correlated with local 

inflammation and predictive of surgical outcomes. Experiments to test this 
hypothesis include: 

1. Measurement of protein concentration of inflammatory markers, including 
CXCL2, CXCL8 and HLA-A, in the serum and saliva of patients with lingual 
nerve injury and correlation of their expression with symptoms of pain, 

surgical outcomes of neuroma removal and their relative protein expression at 
the site of injury. 

2. In patients with linked transcriptomic data from the neuroma, explore the 
correlation of systemic biomarker expression in biofluids with the 

transcriptional profile at the local site of injury. 
3. Perform whole-exome sequencing in whole blood from patients with lingual 

nerve injury to identify whether genetic variants, particularly in the HLA region, 
are correlated with the presence of pain and surgical outcomes of neuroma 

removal. 

5.3 Considerations on chemokines and pain 
In this thesis, the relevance of chemokines in nerve injury and pain generation 

was highlighted. Chemokines, or chemotactic cytokines, are important inflammatory 

mediators secreted during tissue injury and infection, creating chemical gradients 
that guide leucocytes to damaged tissues (Abbadie, 2005). Chemokines have long 

been known to directly activate sensory neurons, which express several chemokine 
receptors (Oh et al., 2001). Several chemokine receptors are upregulated as a result 
of inflammation and nerve injury, including but not limited to CXCR4, CCR2, CCR4, 
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CCR5, CXCR1, CXCR2 and XCR1 (Miller et al., 2009, Bird et al., 2018, Silva et al., 
2017). 

In human neuromas, CXCL2 and CXCL8 were found to be upregulated in the 
painful samples compared to non-painful using unbiased spatial transcriptomics. 

These chemokines might potentially interact with their receptors CXCR1 and 
CXCR2 as well as the atypical chemokine receptor ACKR1, whose function in 

sensory neurons has not been investigated yet. Here, I will discuss more in detail 
the potential relevance of these molecules in pain generation and future studies that 

might be undertaken to test these findings. 

5.3.1 The Atypical Chemokine Receptor 1 

ACKR1, also known as Duffy antigen receptor for chemokines (DARC), was 

described as a “deceptor” by Balkwill (2004) since it binds to chemokines without 
eliciting intracellular signalling cascades. Chemokine receptors have an extracellular 

N-terminal with several binding regions for CXC and CC chemokines, 7 
transmembrane domains and an intracellular C terminus. ACKR1 lacks the 

“DRYLAIV” sequence in the intracellular loop of the third transmembrane helix, 
which prevents G-protein coupling and the activation of intracellular signalling 
cascades (Horuk, 2015).  

ACKR1 was first identified as the receptor on red blood cells for entry of 
Plasmodium Vivax, the infectious agent for malaria. An allele of this gene prevalent 

in African and Arabian peninsula populations and their descendants, which contains 
a SNP affecting the binding region of the transcription factor GATA1, abolishes 

ACKR1 expression in erythrocytes conferring resistance to malaria infection 
(McManus et al., 2017, Oliveira et al., 2012). This genotype also results in reduced 

neutrophil counts in the blood stream, a condition known as benign neutropenia 
(Rappoport et al., 2019). While the mechanisms underlying this phenotype aren’t 

fully understood, hypotheses include the role of ACKR1 expressed by erythrocytes 
in haematopoiesis (Duchene et al., 2017), as well as endothelial-expressed ACKR1 

in leucocyte extravasion from the blood stream (Pruenster et al., 2009).  

ACKR1 can bind to over 20 chemokines, acting as a chemokine “sink” at site of 
local inflammation: ACKR1-bound chemokines are scavenged and internalised, and 
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therefore unable to activate leucocytes (Rappoport et al., 2019). However, ACKR1 
expressed on endothelial cells in blood vessels was found to actually mediate 

leukocyte infiltration: chemokines bound to ACKR1 at the basal surface of venular 
endothelial cells are transported by transcytosis to the luminal surface, where they 

are exposed to circulating leucocytes in the blood stream, stimulating extravasation 
(Pruenster et al., 2009). Interestingly, unlike other atypical receptors such as ACKR2 

which result in chemokine degradation (Weber et al., 2004), only minor degradation 
of internalised ACKR1 is reported (Pruenster et al., 2009, Szpakowska et al., 2023). 

Despite its wide expression in the central and peripheral nervous system, its role 
in the nervous system has only been characterised in cerebellar Purkinje cells 

(Schneider et al., 2014). Ackr1-/- mice have impaired balance, ataxia and anxiety-like 
behaviour (Schneider et al., 2014). ACKR1 is expressed in human trigeminal and 

dorsal root ganglia neurons, particularly in silent nociceptors (Yang et al., 2022, 
Tavares-Ferreira et al., 2022b), which warrants the investigation of its role in 
neuronal sensitization. Spatial transcriptomics confirms ACKR1 expression in 

human neuromas (Figure A1, page 206 in the appendix), likely originating from 
endothelial cells, as suggested from single nuclei RNA-sequencing, and potentially 

from axons as well. 

Hypothesis: ACKR1 in sensory neurons scavenges chemokines and 
contributes to leucocyte infiltration in the DRG and neuronal sensitisation. 

The role of ACKR1 in peripheral sensitization and neuroinflammation hasn’t been 

investigated yet. In areas of tissue damage, ACKR1 acts as a chemokine scavenger 
reducing local inflammation by internalising local chemokines (Bonecchi and 

Graham, 2016). However, depending on the cellular context, internalization may be 
followed by the activation of alternative signalling pathways or transcytosis, 

resulting in the presentation of chemokines in areas where they can elicit an 
inflammatory response (Metzemaekers et al., 2020), therefore it’s difficult to predict 

its potential role in chronic pain. Since ACKR1 hasn’t been shown to lead to 
chemokine degradation following internalisation (Pruenster et al., 2009), one might 

wonder what happens to the internalised chemokines in sensory neurons. Are 
internalised chemokines transported as observed in endothelial cells and presented 

elsewhere, such as in the DRG or spinal cord, eliciting leucocyte infiltration or 
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microglial activation? Do they activate any alternative signalling pathways? 
Additionally, ACKR1 is expressed in the blood brain barrier where it promotes 

neuroinflammation (Marchetti et al., 2022), potentially playing a role in migraines 
(DosSantos et al., 2014). 

To begin elucidating the potential role of ACKR1 in chronic pain, the following 
experiments should be considered: 

1. Validation of ACKR1 expression in peripheral axons in human neuromas with 
immunohistochemistry by co-labelling with TUJ1 and investigation of any 
correlations with symptoms of pain and time since injury. 

2. Assessment of behavioural responses to pain in animal models of 
inflammatory and neuropathic pain in Ackr1-/- mice. 

3. Investigation of the extent of infiltration of leucocytes in the DRG of 
inflammatory and neuropathic pain animal models in Ackr1-/- mice. 

4. Assessment of sensitization following chemokine administration in primary 
sensory neurons from naïve and Ackr1-/- mice using calcium imaging and 

electrophysiology. 

5.3.2 CXCR2 signalling in neuropathic pain. 

CXCR2, the receptor for CXCL2 and CXCL8, has been associated with peripheral 

neuronal sensitization (Silva et al., 2017). CXCR2 is a 7 transmembrane receptor 
that when activated triggers intracellular signalling pathways mostly involving G-

protein activation. Kiguchi et al. (2012) have shown that perineurial injection of 
CXCR2 antagonist reduces mechanical and thermal hyperalgesia following nerve 

injury. Piotrowska et al. (2019) demonstrated the upregulation of CXCR2 in dorsal 
horn neurons following nerve injury, while its inhibition with an antagonist alleviated 

mechanical and thermal hyperalgesia following nerve injury. Zhou et al. (2020) 
confirmed this finding, showing that CXCR2 inhibition with another antagonist 

induces reduced microglial activation and proliferation in the spinal cord. CXCR2 is 
endogenously modulated by the interaction with G-protein kinase 6 (GRK6), which 

mediates β-arrestin-mediated receptor desensitization and internalisation: when 
GRK6 is over-expressed, CXCR2 expression in DRG neurons is reduced, together 
with neuronal hyperexcitability and mechanical and thermal hyperalgesia following 
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CCI (Zhou et al., 2016). In the trigeminal system, neuronal sensitization by 
pruritogens was shown to be mediated by CXCR2 upregulation, whilst its inhibition 

reversed itch behaviour (Li et al., 2023a). In summary, several studies have 
demonstrated CXCR2 upregulation following nerve injury and how its inhibition 

leads to the attenuation of behavioural responses to pain.  

Hypothesis: CXCL2 and CXCL8 produce peripheral sensitization in human 
trigeminal neurons via CXCR2 activation 

Cell-cell communication inference indicated that macrophage-derived CXCL8 in 

neuromas, and not healthy trigeminal nerve roots, may interact with ACKR1 
expressed in sensory neurons. Spatial transcriptomics identified the upregulation of 

CXCL2 and CXCL8 mRNA in painful neuromas compared to non-painful, both 
ligands for CXCR2. Several studies evidence CXCR2 upregulation in neurons of rat 

and mice DRG and spinal cord following nerve injury, while its inhibition is shown to 
attenuate neuronal hyperexcitability and behavioural responses to pain (Kiguchi et 

al., 2012, Zhou et al., 2016, Silva et al., 2017, Piotrowska et al., 2019, Zhou et al., 
2020, Li et al., 2023a). The role of CXCL8-mediated activation of CXCR2 is 

particularly interesting for further investigation due the evidence of CXCL8 
upregulation in the serum of patients suffering from neuropathic pain conditions 

affecting the trigeminal system, such as migraines (Duarte et al., 2015) and 
trigeminal neuralgia (Liu et al., 2019) 

The Involvement of CXCR2 activation by CXCL2 and CXCL8 in neuromas should 
be further investigated, as well as further dissecting its signalling mechanisms in 
human neurons. Future lines of investigation to elucidate the role of CXCR2 

activation in neuropathic pain generation involve the following experiments: 

1. Validate CXCL2 and CXCL8 upregulation in human neuromas classified as 

painful at the protein level with immunohistochemistry.  
2. Investigate the expression of CXCR2 in the axons by TUJ1 co-labelling in 

human neuromas in painful and non-painful samples. 
3. Further elucidate the mechanisms underlying CXCR2-mediated sensitization 

in human sensory neurons (either from primary tissue or derived from induced 
pluripotent stem cells): 
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a. Assess CXCR2 expression following chemokine administration and 
other sensitising factors (ATP, bradykinin, capsaicin). 

b. Assess neuronal excitability with and without pharmacological 
inhibition of CXCR2 with calcium imaging and/or electrophysiology. 

c. Assess neuronal excitability with and without CRISPRi knockdown of 
CXCR2 with calcium imaging and/or electrophysiology. 

d. Analyse transcriptomic and proteomic changes between human 
sensory neurons treated with vehicle and human sensory neurons 

treated with CXCR2 inhibitor and/or CRISPi CXCR2-/- human sensory 
neurons following sensitization to identify changes associated by 

CXCR2 expression and activation. 

5.4 The role of endothelial cells in neuropathic pain 
Angiogenesis and blood vessels integrity are increasingly recognised as an 

important factor in neuropathic pain development: diabetes, chemotherapy or 

traumatic nerve injury may lead to alterations in the blood-nerve barrier, leading to 
ischaemia and neuropathy (Sharma et al., 2023). 

The single cell RNA sequencing dataset presented in this thesis highlighted an 
expansion of the endothelial cells in the neuroma samples, where 30% of the 
sequenced nuclei were identified as endothelial, compared to 3% of the nuclei from 

the trigeminal nerve roots. Additionally, one cluster (Endo_1) found only in the 
neuromas was characterised by the expression of pro-inflammatory genes such as 

SELE, ICAM-1 and IL-6 which play a role in leukocyte infiltration. Tissue injury and 
inflammation are linked with angiogenesis, however in recent years the role of 

endothelial activation in neuropathic pain has been highlighted, particularly through 
the study of the pro-angiogenic VEGF family.  

VEGF is a potent stimulator of angiogenesis and has a dual role in the nervous 
system, providing neuroprotective effects but also enhancing neuroinflammation 

through the increase of blood vessels permeability (Lange et al., 2016). The most 
studied VEGF family member is VEGF-A, which binds to the tyrosine kinase 
receptors VEGFR1 and VEGFR2, expressed in nociceptors, as well as the co-

receptors NRP-1 and NRP-2 (Llorián-Salvador and González-Rodríguez, 2018). 
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Studies on VEGF-A have highlighted both anti- and pro-nociceptive effects 
(Matsuoka et al., 2016, Kiguchi et al., 2014, Llorián-Salvador and González-

Rodríguez, 2018). Paclitaxel as a chemotherapeutic agent is enhanced with the use 
of bevacizumab, a monoclonal antibody against VEGF-A; however, in a cohort with 

the combined treatment of paclitaxel and bevacizumab, more patients experienced 
chemotherapy induced peripheral neuropathy compared to paclitaxel alone 

(Matsuoka et al., 2016). On the other hand, in animal models, inhibition of VEGF-A 
and VEGFR2 prevented the development of mechanical allodynia in a model of 

partial sciatic nerve ligation (Kiguchi et al., 2014). Hulse et al. (2014) identified that 
alternative splicing of VEGF-A might affect its dual role in nociception. VEGF-A has 

two splicing isoforms which vary by the alternative splicing of exon 8 and are both 
165 amino acids in length: VEGFA165a is thought to mediate pro-nociceptive effects 

while VEGFA165b mediates the anti-nociceptive effects (Hulse et al., 2014). 
VEGFA165a binds to VEGFR2 and activates PLC/PKC intracellular signalling 

pathways leading to increased TRPV1-mediated currents, while VEGFA165b acts as 
its competitive inhibitor (Hulse et al., 2014). Indeed, further studies on animal 

models confirmed the analgesic effect of VEGFA165b, but proposed its action 
through VEGFR1 activation, suggesting selective VEGFR1 inhibition as a potential 

route to treat neuropathies without interfering with the neuroprotective roles of 
VEGFR2 activation (Micheli et al., 2021). In contrast, in an osteoarthritis model, 
VEGFA165a-mediated activation of VEGFR2 was shown to drive nociception, 

increasing endothelial cell activation and leucocyte transmigration through the 
expression of the adhesion molecule ICAM-1 (Beazley-Long et al., 2018). While 

more research is needed to identify the specific receptors and intracellular 
pathways that drive the pro- and anti-nociceptive effects of VEGF-A, VEGF clearly 

modulates chronic pain development acting by inducing angiogenesis and altering 
blood vessel permeability. 

The expansion of endothelial cells with an activated pro-inflammatory phenotype 
in human lingual neuromas identified by single nuclei RNA sequencing in this thesis 

is further evidence of the role of vascularisation and blood vessel permeability in 
nerve injury-induced neuropathic pain. The over-expression of immune cell-derived 

pro-inflammatory cytokines (CXCL2 and CXCL8) in samples associated with 
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neuropathic pain indicates increased immune cell infiltration, which is likely to be 
influenced by increased vascularisation and altered blood vessel permeability. In 

future, identifying the proportion of VEGF-A isoforms present in the samples might 
indicate whether the pro-inflammatory gene expression associated with neuropathic 

pain in the neuromas might be linked with the expression of a specific VEGF-A 
isoform. 
 

5.5 General Approach and Study Limitations 
The work conducted in this thesis aimed to characterise the cellular and 

transcriptional composition of healthy and injured trigeminal nerves, as well as 
identify molecular changes linked with symptoms of pain reported by the patients. 

High-throughput techniques including spatial transcriptomics and single nuclei RNA 
sequencing were employed to characterise in an unbiased manner neuromas at 

transcriptome-wide level with detailed information on the cellular sources and 
spatial location of each transcript. This approach enabled the capture of a large 

amount of information from a small amount of tissue, providing data to generate 
new hypotheses on neuropathic pain maintenance and develop new treatment 

options.  

The techniques used in this thesis, i.e. spatial transcriptomics and single nuclei 
RNA sequencing, are highly validated despite their recent emergence (Yue et al., 

2023, Heumos et al., 2023) and provide the benefit of profiling the whole 
transcriptome without bias. They have downsides: Visium-based spatial 

transcriptomics limits the resolution at 55 μm, while single nuclei RNA sequencing 
doesn’t enable the detection of cytoplasmic RNA. However, when used in 

combination, as performed in this thesis, they successfully provided complementary 
answers. 

One caveat of this study is that due to the rarity of the samples, only a small 
number of samples could be analysed. Further analysis of a larger group of samples 

with complementary and alternative methodologies such as imaging based spatial 
transcriptomics with the 10X platform Xenium (Ke et al., 2013) or MERfish (Xia et al., 
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2019) will be important to validate these results and identify more statistically 
significant changes correlated with symptoms of pain.  

Nevertheless, the information obtained even from a small number of human 
samples is beneficial, especially due to the availability of both painful and non-

painful samples, providing a control group which experienced the same type of 
injury but does not display symptoms of pain. Targets identified from these studies 

should be further validated in a larger pool of samples with immunohistochemistry, 
while in vitro assays with human sensory neurons should be employed to further 

dissect the mechanisms. Additionally, the comparison of the molecular and cellular 
composition of human peripheral nerves to that found in a relevant animal model 

would be beneficial to establish their reliability and further investigate the 
physiological relevance of these findings in vivo. On this aim, the integration of 

single nuclei data from this thesis with the data generated from peripheral nerves in 
animal models (Chen et al., 2021, Yim et al., 2022, Lovatt et al., 2022) should be 

performed, in order to more accurately identify and quantify the discrepancies 
between animal models and human tissue. 

5.6 Conclusion 
The cellular and transcriptional landscape characterising human trigeminal nerves 

was presented in this thesis, where the heterogenous cell types that support and 
interact with the axons, sustaining them in health, guiding them during nerve 

regeneration and promoting maladaptive changes during neuropathic pain 
generation, were investigated. Using spatial transcriptomics and single nuclei RNA 

sequencing, the cellular composition of painful and non-painful neuromas was 
characterised and several differentially expressed genes associated with 

neuropathic pain were identified. Immunohistochemistry and RNAscope were 
employed to visualise molecules relevant to neuropathic pain at higher resolution, 

including ion channels, pro-inflammatory mediators and fibroblast-derived 
molecules. Overall, this work confirmed the importance of the interaction with 

inflammatory cells for the development of pain following neuroma formation, 
evidenced by the upregulation of inflammatory mediators, including CXCL2, CXCL8 

and HLA-A in painful samples compared to non-painful.   
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The data generated from this study will benefit the wider research community by 
providing an atlas that reports the expression of thousands of genes in disease-

relevant human tissue, a precious resource for the development of novel pain 
treatments and for the translation of mechanisms identified in animal models. 
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• Morchio, M., Sher, E., Collier, D.A., Lambert, D.W., Boissonade, F.M. (2023) The 
Role of miRNAs in Neuropathic Pain. Biomedicines, 11, 775. 
https://doi.org/10.3390/biomedicines11030775 

Conferences 

• Selected talk presented at “The challenge of Chronic Pain: from Genomics to 

Therapy”, Wellcome Genome Campus, Cambridge, UK (2023) titled 
“Investigating the cellular composition of healthy and injured human trigeminal 

nerves with single nuclei RNA sequencing”. 

• Selected talk presented at the Peripheral Nerve Society Meeting, Copenhagen, 

Denmark (2023) titled: “Investigating the gene expression of human lingual nerve 
neuromas with spatial transcriptomics”. 

• Poster presentation at the European Pain Federation EFIC Conference, Dublin, 

Ireland (2022) titled “Investigating the gene expression of lingual nerve neuromas 

with spatial transcriptomics”. 

Scholarship, funding and awards 

• Wellcome Connecting Science Bursary to fund attendance at “The Challenge of 

Chronic Pain: from Genomics to Therapy” conference (2023) 

• Wellcome Trust Biomedical Vacation Scholarship to provide stipend and 

consumables for a vacation student under my supervision during a 6-week 
project (2023) 

• Dr Jeff Wadsworth – Battelle Knowledge Exchange Scheme Award (£15,917) to 
support a six-month knowledge exchange project with Prof Theodore Price, 

University of Texas. 

• BBSRC IAA Knowledge exchange funding (£10,000) to further support the costs 

of the spatial transcriptomics work. 
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• PhD Tutor at the Brilliant Club at Meadowhead School (key stage 5) to design 

and deliver university-style tutorials to A-levels students titled: “A painful 

challenge: why do we feel pain and how can we stop it?” 
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Appendix 

Appendix 1: Single nuclei RNA-sequencing  
Appendix 1.a. Cellranger output 

Table A1 Output of CellRanger count function. 
Table showing the UMIs and cells detected per barcode following processing with Cellranger count 
(10X Genomics)  

 
Barcode ID UMIs per probe barcode Cells per probe barcode 

BC013 N1 9,531,621 (1.90%) 5,162 (4.64%) 

BC014 N1 7,421,012 (1.48%) 3,965 (3.57%) 

BC015 N2 15,346,227 (3.06%) 4,843 (4.35%) 

BC016 N2 15,586,305 (3.11%) 4,840 (4.35%) 

BC009 TG1 58,830,859 (11.72%) 11,992 (10.78%) 

BC010 TG1 39,028,397 (7.78%) 7,883 (7.09%) 

BC011 TG2 47,102,012 (9.39%) 11,150 (10.03%) 

BC012 TG2 42,267,865 (8.42%) 10,223 (9.19%) 

 

Appendix 1.b. QC and filtering parameters 

Table A2 Parameters used for analysis of snRNA-seq data 
Parameters used for the clean-up of ambient RNA signal with Cellbender, removal of doublets with 
scDblFinder and filtering of good quality nuclei with Seurat. 

 
 

N1 N2 TG1 TG2  
Cellbender 

expected-cells 8000 7000 10000 10000 
total droplets included 60000 40000 60000 60000 

fpr 0.01 
learning-rate N/A N/A 0.00005 N/A 

epochs 150 200  
scDblFinder 

set.seed 123  
Seurat 

nCount >= 500 
nFeature >= 250 

log10GenesperUMI 0.8 
% mito < 5 
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Appendix 1.c. Number of nuclei annotated in each cluster grouped by sample 
ID 

Table A3 Table displaying the absolute and relative frequency of the annotation of cell types in 
each sample. 
The table displays the absolute and relative (% in each sample) frequency of each cell type in each 
of the four samples. N1 (LN14) is non-painful, N2 (LN13) is painful. 

 
 

n1 % n1 n2 % n2 tg1 %tg1 tg2 %tg2 

MSC_1 14 0.17% 112 1.18% 2961 17.43% 4167 21.76% 

MSC_2 44 0.54% 154 1.62% 2417 14.23% 2082 10.87% 

MSC_3 659 8.14% 438 4.61% 0 0.00% 0 0.00% 
NMSC 95 1.17% 182 1.92% 2706 15.93% 2745 14.33% 

Astro 0 0.00% 0 0.00% 1 0.01% 271 1.42% 

Oligo 0 0.00% 0 0.00% 0 0.00% 200 1.04% 
EndoF 252 3.11% 528 5.56% 1345 7.92% 1453 7.59% 

PeriF_1 0 0.00% 45 0.47% 1157 6.81% 2337 12.20% 

PeriF_2 18 0.22% 10 0.11% 3358 19.77% 59 0.31% 
PeriF_3 3 0.04% 43 0.45% 44 0.26% 2787 14.55% 

PeriF_4 188 2.32% 1944 20.47% 12 0.07% 103 0.54% 

MenF_1 0 0.00% 0 0.00% 482 2.84% 381 1.99% 
MenF_2 0 0.00% 0 0.00% 479 2.82% 724 3.78% 

Fibro_PRRX1+ 1712 21.15% 812 8.55% 8 0.05% 48 0.25% 

Endo_1 1297 16.02% 2345 24.69% 11 0.06% 14 0.07% 
Endo_2 444 5.48% 1158 12.19% 32 0.19% 46 0.24% 

Endo_3 8 0.10% 28 0.29% 421 2.48% 441 2.30% 

Mural 350 4.32% 1132 11.92% 249 1.47% 266 1.39% 
Myeloid 84 1.04% 41 0.43% 1111 6.54% 871 4.55% 

Lymphocytes 66 0.82% 56 0.59% 193 1.14% 156 0.81% 

SGC_1 1662 20.53% 193 2.03% 0 0.00% 0 0.00% 
SGC_2 614 7.58% 37 0.39% 0 0.00% 0 0.00% 

SGC_3 272 3.36% 68 0.72% 0 0.00% 0 0.00% 

Myo 313 3.87% 170 1.79% 0 0.00% 0 0.00% 
total 8095 100.00% 9496 100.00% 16987 100.00% 19151 100.00% 

 

Appendix 1.d Number of nuclei annotated in each cluster grouped by sample 
type 

Table A4 Table displaying the absolute and relative frequency of the annotation of cell types in 
each sample type. 
The table displays the absolute and relative (% in each sample) frequency of each cell type in each 
of the four samples. 
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 neuromas % neuromas tgs % tgs 

MSC_1 126 0.72% 7128 19.72% 

MSC_2 198 1.13% 4499 12.45% 

MSC_3 1097 6.24% 0 0.00% 
NMSC 277 1.57% 5451 15.08% 

Astro 0 0.00% 272 0.75% 

Oligo 0 0.00% 200 0.55% 
EndoF 780 4.43% 2798 7.74% 

PeriF_1 45 0.26% 3494 9.67% 

PeriF_2 28 0.16% 3417 9.46% 
PeriF_3 46 0.26% 2831 7.83% 

PeriF_4 2132 12.12% 115 0.32% 

MenF_1 0 0.00% 863 2.39% 
MenF_2 0 0.00% 1203 3.33% 

Fibro_PRRX1+ 2524 14.35% 56 0.15% 

Endo_1 3642 20.70% 25 0.07% 
Endo_2 1602 9.11% 78 0.22% 

Endo_3 36 0.20% 862 2.39% 

Mural 1482 8.42% 515 1.43% 
Myeloid 125 0.71% 1982 5.48% 

Lymphocytes 122 0.69% 349 0.97% 

SGC_1 1855 10.55% 0 0.00% 
SGC_2 651 3.70% 0 0.00% 

SGC_3 340 1.93% 0 0.00% 

Myo 483 2.75% 0 0.00% 
total 17591 100.00% 36138 100.00% 

 

Appendix 2: Spatial transcriptomics  
Appendix 2.a Differentially expressed genes. 

Table A5 Differentially expressed genes in pseudo-bulk analysis 
List of significantly DE genes in painful versus non-painful group calculated with DEseq2 discussed 
in Chapter 3. 

 

gene baseMean log2FoldChange lfcSE pvalue padj 
HLA-A 3732.98308 3.96209025 0.63700645 3.93E-12 6.01E-08 
CXCL2 945.271064 2.07691729 0.3741736 6.87E-10 3.49E-06 
NID2 1138.85425 2.10234897 0.37776821 5.89E-10 3.49E-06 
SLC52A3 176.045174 2.81958663 0.5304935 6.22E-09 2.37E-05 
MTLN 658.556939 -1.2737827 0.2698749 1.91E-07 0.00058306 
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MMP19 2059.79265 1.8481752 0.44940288 8.28E-07 0.00210622 
ADGRG1 497.68488 1.82257403 0.44849106 1.17E-06 0.00254832 
CXCL8 437.374605 3.1318051 0.81789978 1.74E-06 0.002944 
JMJD1C 1908.78945 2.22327595 0.57008455 1.54E-06 0.002944 
PUS7L 153.274003 2.24478893 0.55741114 1.93E-06 0.00294481 
TNFAIP3 1759.3612 2.05520455 0.56336315 4.34E-06 0.0060255 
IGFBP2 1040.94854 1.43915656 0.38565648 4.82E-06 0.00613074 
GLRX5 1287.83774 -1.2193629 0.306225 5.26E-06 0.00618238 
GSTM3 2776.47552 -0.9720634 0.25031004 8.10E-06 0.00824117 
ZNF775 209.644591 -1.552507 0.3992998 7.92E-06 0.00824117 
NLRC5 157.603886 2.18704394 0.61097833 9.41E-06 0.00897992 
SLC20A1 1299.2717 1.36795691 0.39524334 1.34E-05 0.01102222 
RBMS1 459.370346 1.72198656 0.51016012 1.50E-05 0.01102222 
NOTCH1 1179.15101 1.67106113 0.4928374 1.52E-05 0.01102222 
ADD3 4205.64898 0.92236035 0.2606074 1.40E-05 0.01102222 
PUDP 195.244193 2.67534622 0.79907443 1.38E-05 0.01102222 
PELI1 1247.56461 1.72647922 0.51814784 1.62E-05 0.01110569 
ABCB1 359.698359 1.83943152 0.55181988 1.77E-05 0.01110569 
SLITRK5 653.734153 2.41602871 0.75499711 1.79E-05 0.01110569 
SGF29 365.176944 -0.9889459 0.27040287 1.82E-05 0.01110569 
EIF2S3B 331.268048 2.26155264 0.71210818 2.30E-05 0.01350386 
TCF7L1 674.214305 1.24222883 0.38371083 3.15E-05 0.0167372 
GLT8D1 713.865049 1.51004789 0.47850939 3.23E-05 0.0167372 
FOSL1 243.028072 3.81975251 1.29785346 3.29E-05 0.0167372 
CNN2 863.816535 1.1608777 0.35473223 3.05E-05 0.0167372 
NTM 388.618431 1.53066266 0.48041373 3.54E-05 0.01745794 
ATAD3C 125.406328 3.16319256 0.97606106 3.83E-05 0.0182693 
RAD21 765.524404 1.36991311 0.43731129 4.00E-05 0.01852264 
ZNF138 199.40551 1.47995215 0.46378888 4.49E-05 0.01902911 
CCND1 1052.48405 2.03607216 0.6903246 4.35E-05 0.01902911 
MPDU1 572.599457 1.52956972 0.50100906 4.45E-05 0.01902911 
CAVIN3 8662.81582 -0.9131125 0.26769627 5.21E-05 0.02149722 
ADCY3 1981.06614 0.84516932 0.26666399 6.02E-05 0.02417095 
BRF2 364.567016 -0.9625514 0.29392665 7.34E-05 0.02871587 
ECH1 3109.56951 -0.7754682 0.23722476 7.76E-05 0.02962413 
EFCAB11 157.624384 1.76317501 0.60703757 8.84E-05 0.0329048 
TMEM14B 89.8909117 2.2141205 0.74062097 9.12E-05 0.03316394 
HIST1H3A 497.500117 1.23778007 0.43286697 0.00010558 0.03684007 
HRCT1 129.81849 2.28157733 0.82228196 0.00010617 0.03684007 
KIAA0040 525.718174 1.46805385 0.52753678 0.00011011 0.03697875 
TIMM29 1041.19759 -0.7875063 0.24750282 0.00011141 0.03697875 
ANXA2 8424.74011 1.36559303 0.49835581 0.00011677 0.03793295 
IFITM1 2995.65628 1.10081069 0.39319602 0.00012714 0.04044037 
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Appendix 2.b CXCL2, CXCL8, ACKR1, CXCR1 and CXCR2 expression detected 
by spatial transcriptomics 

Figure A1 Expression of chemokines and chemokine receptors in samples of human neuromas 
detected by spatial transcriptomics. 
The images show the expression of the chemokines and chemokine receptors discussed in Chapter 
3 and Chapter 5. From top to bottom row: CXCL2, CXCL8, ACKR1, CXCR2, CXCR1. The samples 
shown are, from left to right, LN1 (painful), LN15 (painful), LN2 (non-painful) and LN8 (non-painful). 
The expression level of each gene in each barcode is indicated on a colour scale where blue 
indicates the lowest level of expression and yellow indicates the highest. In each sample, an 
associated scale bar indicating the range of expression is shown. Samples which appear in a shade 
of teal display no expression of the gene in question. 

ARHGAP5 986.71202 1.5968426 0.60164865 0.00013898 0.04243918 
ZNF500 153.368856 3.68784814 1.46197241 0.00013885 0.04243918 
SLC25A2 106.355486 2.47130573 0.90411398 0.00015407 0.0436426 
SRI 588.041851 1.50946606 0.57580324 0.00015298 0.0436426 
LPAR5 170.707384 -1.2531244 0.4125944 0.00015721 0.0436426 
IGHG2 806.678448 0.01298874 0.1796055 0.00015087 0.0436426 
BCAR1 1561.73031 0.88887285 0.31429284 0.00015638 0.0436426 
MESD 1983.48939 -0.7077342 0.22951255 0.00016636 0.04535743 
ABCF3 1467.63688 -0.6885055 0.22706995 0.00017405 0.04662092 
RRP12 467.050876 1.40913778 0.53773823 0.00018147 0.04777052 
KLF4 9209.98209 1.52113724 0.6073504 0.00018901 0.04891192 
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