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Abstract

Dorsal root ganglia (DRG) neurons have been well described for their role in driving
both acute and chronic pain. With cell bodies clustered in the spinal column, these
neurons project from the periphery into the dorsal horn. Subtypes convert a range of
stimuli into electrical signals, and have been traditionally defined by size, histological
markers, projection pathways, and electrophysiological phenotypes. With the
advance of sequencing technologies, DRG transcriptomes have been examined
through whole ganglia, single cell, and more recently, deep subpopulation sequencing
in naïve lines. Here, we study the deep transcriptional profiles of multiple murine
DRG populations in acute and chronic pain states while considering sex interactions.

We have exploited currently available transgenics to label and purify subtypes
after injury for high throughput sequencing. Using bulk tissue samples, we are able
to circumvent the issues of low transcript coverage and drop-outs seen with single
cell datasets, increasing our power to detect changes in gene expression.

In one experiment, we have studied the molecular changes in five populations,
classified by their functional and molecular signatures in naïve states. These include
general nociceptors, peptidergic nociceptors, non-peptidergic nociceptors, C-LTMRs,
and Aδ + Aβ-RA-LTMRs. We see both stereotyped and unique subtype signatures
in injured states after nerve injury at both an acute and chronic timepoint. While
all populations contribution to a general injury signature, subtype enrichment
changes can also be seen, possibly driven by the loss of transected NP neurons by
4 weeks. Within populations, there is not a strong intersection of sex and injury,
but sex differences in naïve states - particularly in Aδ + Aβ-RA-LTMRs - still
contribute to differences in injured neurons.

Using an SNI model of neuropathic pain, ipsilateral DRG contain both injured
and intact neurons. The contributions of these populations to pain have yet to
be delineated. Mirroring the techniques above, we next used an Atf3creERT2 line
to label and sort fluorescent neurons prior to RNA-seq. We have complemented
this with a pilot snATAC-seq study, showing that neurons cluster by subtype
in naïve and injured states.

We have curated this data into an accessible, online platform. Together, this
contributes a resource to the pain community to probe subpopulation and sex-specific
differences after nerve injury at multiple timepoints.
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1.1 Somatosensation overview

Pain is a fundamental aspect of one’s interaction with the physical world. It’s

sensory percepts are ingrained into our idea of human nature, and it’s negative

affect proves crucial to our survival.

In the simplest of terms, a combination of primary afferents, spinal projection

1



1. Introduction 2

neurons, and higher order circuitry results in these percepts. Primary afferents

innervate numerous organs, including the skin, the musculoskeletal system, and the

viscera. These project to second-order neurons in the spinal cord where sensory

signals are gated, modulated, and transmitted to the brain via projection neurons.

Disruptions to this system can turn pathological, resulting in chronic disability.

The broad grouping of chronic pain conditions affects up to 25% of the global

population. Neuropathic pain, as a subclass, affects about 8%. It is directly

tied to nervous system damage though trauma, disease, or therapeutic use (eg.

chemotherapy, antiretrovirals) [1]. Increasing lifespans, diabetic prevalence, and

decreases in cancer mortality are all contributing to increases in these disorders [2].

Clinically, neuropathic pain patients experience a range of symptoms including

allodynia and hyperalgesia, burning, prickling, numbness, and spontaneous pain

[2]. Current treatment options are widely considered inadequate and quality of

life scores remain significantly reduced [3, 4].

Primary afferent pathophysiology is thought to be a key driver: this thesis

thus explores the underlying molecular mechanisms of neuropathic pain within

these subpopulations. I exploit currently available transgenic models to isolate

populations of interest for downstream RNA sequencing (RNA-seq). This permits

subtype-specific analyses after nerve injury, as well as an interaction study of sex

and injury within primary afferent populations.

1.2 Dorsal root ganglia

1.2.1 Heterogeneity and classifications

For the current study, I will focus on the sensory neurons with cell bodies residing

in the dorsal root ganglia (DRG). Appropriate parallels and alternative innervation

patterns will be discussed where necessary. Primarily, these neurons will be discussed

for their skin innervation patterns, where they have been well described for their

role in somatosensation and pain [2]. High throughput molecular profiling is

discussed below.
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Hairy Glabrous

Figure 1.1: Sensory neuron terminal endings in the skin and viscera.

Sensory neuron diversity is present in various factors, each intrinsically related

(Fig 1.1). Soma and axon sizes are remarkably good indicators of function due

to the correlation of axon size and conduction velocity. Myelination is positively

correlated to axon size, amplifying this effect. Diverse terminal endings are also

seen. While free nerve endings project into the epidermis and are more indicative

of high threshold stimulation, specialized touch organs in the dermis facilitate the

signal transmission from a range of stimuli (1.2).

Electrophysiological response differ across subtypes due to differences in size,

myelination, and end organs, as well as inherent differences in molecular composition.

Within subgroups, firing patterns are well correlated to transcriptional profiles [5].

As a general rule of thumb, large diameter neurons, typically defined as a soma

size > 35 um in mice, have more narrow action potentials.

1.2.1.1 High threshold receptors

High threshold receptors, commonly referred to as nociceptors, are sensory neurons

that traditionally activate in response to ’noxious’, potentially tissue damaging

stimuli (Fig 1.2). This sensory modality is associated with a negative affect, yet

plays a critical role in human survival. Disruptions to this system, exemplified
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in patients with congenital insensitivity to pain (CIP) result in a reduced quality

of life and higher incidence of injury [6].

The majority of nociceptors are unmyelinated with small axon diameters (C-

fibres). In mice, these are characterized by their small soma diameters (<25 µm) and

conduction velocities less than 1.2 ms-1. Afferents project "free nerve endings" into

the epidermis, although the recent discovery of non-myelinating, mechanosensitive

cutaneous Schwann cells suggest a more complex terminal morphology [7]. They

terminate in the superficial laminae of the dorsal horn. Receptors are commonly

polymodal, responding to varying combinations of temperature, chemical, and

mechanical stimulation.

This population is commonly identified by the expression of Scn10a, encoding

the voltage-gated sodium channel Nav1.8 [8, 9]. Broadly, murine nociceptors are

commonly divided into two distinct, non-overlapping populations: non-peptidergic

and peptidergic [10].

The non-peptidergic class corresponds to MRGPRD (MAS-related G-protein

coupled receptor member D, encoded by Mrgprd) or P2RX3 (Purinergic ion channel

type 3 receptor, P2rx3 ) expression [10]. Experimentally, this subpopulation is

commonly referred to as IB4 (isolectin B4)-binding in rodents. In mice, this

population is involved in mechanical and chemical pain in naïve states, with free

nerve endings in the skin and projections to lamina II inner (IIi). In the dorsal horn,

these neurons synapse on interneurons, which then feed into projection neurons.

The peptidergic class is identified by the expression of CGRP (Calcitonin

gene-related peptide, encoded by Calca). This is a functionally diverse group

commonly associated with noxious heat detection and with a broad grouping that

can by further subdivided in various ways, including functional and transcriptional

characterizations. For example, CGRP-positive nociceptors contain a subset

of mechanically-insensitive (mechanoinsensitive) neurons. Referred to as "silent

nociceptors", they transcriptionally unique: Silent nociceptors express both TRKA

(Tropomyosin receptor kinase A, encoded by Ntrk1 ) and nAChRα3 (Neuronal
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acetylcholine receptor subunit alpha-3, Chrna3 ) [11]. This population projects to

lamina I and lamina II outer, with synaptic contact directly on projection neurons.

In addition to C-fibre nociceptors, a subset of Aδ fibres respond to noxious

mechanical stimuli [12]. These fibres have more rapid conduction velocities than

their C-fibre allies with a murine range from 1.2-10 ms-1. Additionally, this class

of nociceptors is thinly myelinated, expressing Nav1.8, TRKA, and the calcium

binding protein B, S100β. Some of these fibres also express CGRP, and this subset

can be grouped into the peptidergic class of nociceptors.

Aβ nociceptors have also been described across species [13], based on conduction

velocities comparable to other Aβ fibres. These thickly myelinated nociceptors

play a role in mechanical pain, and have recently been detected in humans using

microneurography [14]. Electrophysiologically, the delineation between Aδ and Aβ

varies with definition. As such, across species Aβ nociceptors comprise anywhere

from 18-65% of high threshold A-fibres [13].

1.2.1.2 Low threshold receptors

Low threshold receptors are involved in the detection of innocuous stimuli, including

pressure, stimulus velocity, and/or vibration. Typically, this category comprises the

myelinated Aδ and Aβ populations. These fibres form complex terminal endings

in the skin which govern the detection of innocuous mechanical stimuli, giving the

name low threshold mechanoreceptors (LTMRs).

Aδ fibres can be high- or low- threshold. While Aδ nociceptors form free

nerve endings, low threshold Aδ fibres, coined D-hairs, form longitudinal lanceolate

endings in hairy skin. They are transcriptionally unique from their nociceptive

counterparts, expressing TRKB (Tropomyosin receptor kinase B, encoded by Ntrk2 )

and the voltage-gated calcium channel 3.2 (Cav3.2, encoded by Cav3.2 ) [15–17].

Aβ-LTMRs are large, thickly myelinated sensory neurons with high conduction

velocities (>10 ms-1 in mice). Electrophysiological recordings denote 2 subpop-

ulations of Aβ LTMRs - rapidly adapting (RA) and slowly adapting (SA) [18].

RA-LTMRs extend into the dermis as longitudinal lanceolate endings (hair skin)
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DRG

Dorsal horn

Figure 1.2: Broad sensory neuron subpopulations within the mouse dorsal root ganglia.
HT: high threshold, LT: low threshold. PEP: peptidergic nociceptors, NP:
non-peptidergic nociceptors. LTMR: low threshold mechanoreceptor. RA:
rapidly-adapting, SA: slowly-adapting. Silent nociceptors are a functionally distinct
subgroup of PEP.

and Meissner/Pacinian corpuscles in glaborous skin to give phasic responses to

innocuous stimuli. SA-LTMRs are structurally unique to allow for tonic responses.
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This subpopulation surrounds hair follicles with circumferential endings, as well

as extend to Merkel cells (disks) and Ruffini’s corpuscles [19–21].

A unique subpopulation of C-fibres termed C-low threshold mechanoreceptors

(C-LTMRs) are labelled by tyrosine hydroxylase (TH) and TAFA4 in rodents. These

axons form lanceolate endings in hair skin where they encode the pleasant affect of

touch and innocuous cold. Similar to D-hairs, this population expresses Cav3.2.

1.2.2 Molecular profiling
1.2.2.1 Transcriptional profiling in naïve states

Subpopulations have been traditionally defined by size, histological markers, projec-

tion pathways, and electrophysiological phenotypes. With the advance of sequencing

technologies, DRG molecular signatures have been examined through whole ganglia,

single cell, and more recently, deep subpopulation sequencing in a naïve state. The

single cell and subpopulation RNA-seq results have both supported and enhanced

our knowledge of DRG complexity in mice [5, 22, 23], humans [24, 25], and non-

human primates [26]. To our knowledge, we still lack single cell data from rat

sensory neurons. A selection of these studies are highlighted in Table 1.1.

Together, this provides a detailed characterization of gene expression levels in

specific states, as well as functional insights. These correlates have been highlighted

in multiple cases, for example: the distribution of ion channel transcripts across

subpopulations correlates to their electrophysiological properties in mice [5], and

bulk human DRG transcript data correlates to neuropathic pain [27].

Bulk RNA-seq Tissue samples are commonly processed in bulk as large quanti-

ties of RNA prove easier to work with. The data complexity has been drastically

increased with the advancement of sequencing techniques. Now, unbiased transcrip-

tomic studies are becoming the norm. DRG sequencing data frequently uses whole

DRG tissue samples (including neurons, glia, and immune cells). This allows in

depth sequencing and detailed transcriptome details for these naïve populations.
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Multiple studies have looked at DRG and related transcriptomes, including that

of the naïve mouse nociceptor transcriptome [28]. Due to the variety of cell types

contained in bulk tissue samples, we are limited in the types of information we can

extract. Commonly, bulk sequencing is used to address more specific questions,

such as transcript changes in a pathological state.

Through the use of fluorescence activated cell sorting (FACS) and transgenic

labelling of subpopulations, transcript details about specific populations have also

emerged [5, 29]. This has allowed for deeper sequencing of sensory neuron subtypes

technically not yet available through single cell sequencing.

Single cell and single nuclear RNA-seq The development of single cell

RNA sequencing (scRNA-seq) techniques has contributed significantly to our

understanding of sensory neuron subpopulations. Multiple groups have published

these datasets, consistently indicating that our previous population delineations

fall short of grasping sensory neuron complexity [22, 23, 30].

Single nuclear sequencing (snRNA-seq) has also emerged as a useful technique.

While there are known differences between single cell and single nuclear sequencing

datasets [31, 32], nuclear sequencing can be technically convenient and highly

informative [33]. Nuclei can be extracted from frozen tissue, reducing RNA

degradation association with single cell purification methods. Additionally, this

has provided a platform to sequence human sensory neurons, as the large cell

size provides technical challenges.

Together, these methods have highlighted more detailed subgroupings of sensory

neurons than previously available, including subgroupings of peptidergic and non-

peptidergic neurons. The ability to analyse "pseudo-bulk" samples of single cells

helps compensate for the lower sequencing depth and high variability associated

with processing low amounts of RNA.
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1.2.2.2 Molecular profiling in injured states

Initial molecular work in primary afferents has emphasized the massive changes in

mRNA and protein levels across a variety of rodent pain models [34–36]. In addition

to DRG profiling, datasets on immune cells [37] give insight to the vast differences

between naïve and painful states, while timecourse studies have highlighted how

RNA expression changes throughout an injured state [33].

Microarrays RT-PCR/qPCR and microarray assays laid decades of foundation

and they remain a useful tool. At this level, massive changes in gene expression can

be seen in injured state, in studies that continue to inform more high throughput,

unbiased transcriptomic assays [38, 39].

Bulk transcription Using RNA-seq, large-scale transcript changes are also seen

across neuropathic pain models [35]. While tissue heterogeneity complicates the

interpretation of bulk datasets, emerging themes include changes in ion channel

expression, immune mediators, and metabolic function [34, 40]. This also allows

researchers to examine expression changes after gene manipulation, at a lower

cost than single cell RNAseq, and is shaping our understanding of neuropathic

pain mechanisms.

Single cell At the single cell level, recent work has emphasized the extensive

transcriptome changes after nerve injury [41, 42]. Transcript markers usually

associated with specific neuronal subpopulations are rapidly downregulated after

injury, forming a new "injury-state" specific cell signature. The induction of this

injured state is supported by a similar study of TG nuclei [33], as well as rentinal

ganglion cells (RGCs) after optic crush [43]. In the TG, this effect is reversed with

time, but holds true across numerous injury models including basic scratch lesions

to the skin. The recovery process and related protein changes remain unclear.

Under pathological conditions, our knowledge of subpopulation-specific changes

requires development, and the exact contribution of these changes to a neuropathic
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pain state are needed. Furthermore, previous molecular and behavioural data

support sex differences after injury. It is unclear if these differences are largely

immune-related, or if individual neuronal populations behave differently. These

questions are addressed in depth in chapter 4.

Transcriptomics provide just one way to examine large scale changes in patho-

logical states. Given the complexity of neuropathic pain, researchers have employed

a variety of other "-omic" technologies to tackle this problem.

1.2.2.3 Translatomics

Translatomic assays bridge the transcriptome and proteome by considering only

the transcripts actively being translated into proteins. There are multiple ways to

investigate a translatome, but in brief one processes ribosome-associated mRNA

transcripts [44]. This provides another way of examining changes in pain states.

While not as common as RNA-seq, there are published DRG translatomes investi-

gating chemotherapy-induced neuropathic pain [45] and spared nerve injury [46].

1.2.2.4 Epigenomics

Chromatin structure is a well-known regulator of gene transcription. Whereas RNA

is a transient metric of cell activity, chromatin structures and epigenetic modifi-

cations can indicate more long term changes in cell subtypes and/or pathological

states. The study of these modifications, such as histone binding and base pair

methylation, is referred to as epigenomics. This can be probed in a variety of ways.

DNA modification through cysteine methylation, hydroxymethylation, and other

base modifications play an important role in regulating transcription. Methylation

status is a common target for epigenome wide association studies (EWAS) through

Methyl-seq (or bisulfite sequencing), allowing researchers to correlate cell type

information to GWAS findings in an attempt to explain the molecular role of SNPs.

DNAse-seq is an extension of DNAse footprinting: here, DNA is digested with

DNAse, and any DNA bound to regulatory proteins remains intact for downstream

next generation sequencing (NGS) [47, 48]. This provides a general view of open
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chromatin and insights to noncoding functional elements, such as transcription start

sites (TSS), transcription factor binding, and nucleosome positioning.

Chromatin conformation studies have also evolved from interrogating a single loci

pair via classical conformation capture (3C) to unbiased whole genome chromatin

mapping, coined Hi-C [49]. This process centres around the fragmentation and

ligation of fixed chromatin, such that loci in close proximity are ligated and sequenced

together, revealing the multi-dimensional structure of chromatin.

The integration of classical chromatin immunoprecipitation (ChIP) with paral-

lelized DNA sequencing (ChIP-seq) provides a high throughput way of interrogating

chromatin structure through protein binding. This has been exploited for both

histone modification studies of epigenetic signatures, as well as DNA-protein

interactions for specific transcription and co-factor binding sites in naive and

chronic pain conditions.

Recent advances in Assay for Transposase-Accessible Chromatin (ATAC) –

sequencing has built on DNAse-seq and others, allowing researchers to query the

accessible (ie. open chromatin) regions in DNA (Fig 1.3) [50]. This technique is high

throughput and sensitive, allowing single cell sequencing of open chromatin, which

reveals cell-type specific chromatin structures. These epigenetic atlases can inform

disease mechanisms by guiding functional genomic variants towards possible cell

type specificity. In trigeminal ganglia, this approach was recently used to investigate

susceptibility to migraine in neuronal subtypes [51]. In chapter 5, we exploit this

technique for a pilot study to examine changes in injured DRG neurons.

1.2.2.5 Proteomics

In addition to understanding DNA and RNA changes after injury, it is important

to understand changes at the protein level. Advances in mass-spectrometry (MS)

and sample preparation has facilitated the transition to high throughput proteome

analyses. For disease states, human studies commonly centre around more accessible

tissue, such as blood, saliva, and/or cerebral spinal fluid (CSF). Rodent proteomic

studies in pain have primarily focused on SC and sciatic nerve (SN) tissue, with
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Figure 1.3: ATAC-seq schematic. Tn5 binds to accessible chromatin for transposition.
Fragments are then sequenced and aligned to the appropriate genome.

some DRG data available, as well as added analyses into sex differences [52] and

drug response mechanisms [53, 54]. Recent work has also highlighted protein

changes in iPSCd sensory neurons in a model of chemotherapy induced peripheral

neuropathy [55].

Differences in tissue processing can alter the detection of membrane proteins,

and lowly expressed proteins are notoriously difficult to capture using standard

data-dependant (DDS, ie. shotgun) MS techniques [56, 57]. The development of

data-independent acquisition (DIA) techniques has helped with these advances

[36], but our ability to probe complete proteomes is likely still lacking. Technical

limitations have thus far prevented any DRG subpopulation-specific proteomes,

as substantial amounts of protein are required for each experiment. Extensive

immunofluorescence experiments have led to the development of a cell atlas, mapping

protein locations across cell types, but does not include sensory neurons [58, 59].

It is reasonable to expect more high throughput advancements in the near future,

as they are currently in development across model species [60].

Mass-spectrometry can be tailored further. It has been successfully used to

interrogate protein-protein interactions of pain-implicated proteins via co- immuno-
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precipitation (eg. TRPV1 [61] and TRPA1 [62]). It can be used to sequence the

secretome (the collection of soluble proteins release from cells), or, using specific

sample preparation methods, metabolites (metabolomics). Protein regulation can

be further queried through phosphoproteomics, which provides insight to kinase

and phosphotase activity within tissue.
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Table 1.1: DRG and related -omics references from a selection of published works.

Group Type Tissue Species Notes Sex Location Reference

RNA

snRNA-seq DRG Human naïve Mixed All Nyugen et al. 2021 [25]
spatial-seq DRG Human naïve M + F Lumbar Tavares-Ferreira et al. 2022 [24]
snRNA-seq TG Human naïve M + F All Yang et al. 2022 [51]
scRNA-seq DRG Macaque naïve Mixed Lumbar Kupari et al. 2021 [26]
snRNA-seq DRG Mouse injury Male Lumbar Renthal et al. 2020 [42]
scRNA-seq DRG Mouse naïve Mixed Lumbar Usoskin et al. 2014 [22]
scRNA-seq DRG Mouse naïve Mixed All Zeisel et al. 2018 [30]
scRNA-seq DRG Mouse naïve Male Lumbar Li et al. 2016 [23]
scRNA-seq DRG Mouse naïve NA All Sharma et al. 2020 [63]
scRNA-seq DRG Mouse naïve NA Colonic Hockley et al. 2019 [64]
patch-seq DRG Mouse naïve Male All Parpaite et al. 2021 [65]
scRNA-seq DRG Mouse injury Mixed All Hu et al. 2016 [41]
scRNA-seq RGC Mouse injury Mixed RGC Tran et al. 2019 [43]
snRNA-seq TG Mouse naïve Mixed All Nguyen et al. 2017 [66]
snRNA-seq TG Mouse injury Mixed All Nguyen et al. 2019 [33]
snRNA-seq TG Mouse migraine Mixed All Yang et al. 2022 [51]
snRNA-seq SN/Vagus Mouse naïve Mixed Nerve Lim et al. 2022 [67]
sc/sn RNA-seq ON Drosophila naïve NA ORN McLaughlin et al. 2021 [68]
RNA-seq DRG/TG Human naïve Male All Flegel et al. 2015 [69]
RNA-seq DRG Human naïve Female Lumbar Ray et al. 2018 [70]
RNA-seq DRG Human injury M + F All North et al. 2019 [27]
RNA-seq DRG Mouse naïve Female All Gerhold et al. 2013 [71]
RNA-seq DRG Mouse naïve Male Lumbar Thakur et al. 2014 [28]
RNA-seq DRG subtypes Mouse naïve Mixed All Zheng et al. 2019 [5]
RNA-seq DRG Mouse injury M+F Lumbar Lopes et al. 2017 [72]
RNA-seq DRG Mouse injury Mixed Lumbar Baskozos et al. 2019 [73]
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RNA-seq DRG Mouse injury Male Lumbar Palmisano et al. 2019 [74]
RNA-seq DRG Mouse injury Male Lumbar Pan et al. 2021 [75]
RNA-seq DRG Mouse injury M + F Lumbar Chernov et al. 2021 [76]
RNA-seq SG (DRG) Mouse injury Mixed Lumbar Jager et al. 2020 [77]
RNA-seq TG Mole naïve Female All Gerhold et al. 2013 [71]
RNA-seq DRG Mole naïve Female All Gerhold et al. 2013 [71]
RNA-seq DRG Rat injury Male Lumbar Baskozos et al. 2019 [73]
RNA-seq DRG Rat injury M + F Lumbar Stephens et al. 2019 [78]
RNA-seq DRG Rat injury Male Lumbar Yin et al. 2019 [79]
RNA-seq DRG Rat injury Female Lumbar Shin et al. 2020 [80]
RNA-seq DRG Rat injury Male Lumbar Stephens et al. 2021 [81]
*only a subset
TRAP-seq DRG/TG Mouse naïve Mixed All Megat et al. 2019 [82]
TRAP-seq DRG Mouse chemo Mixed All Megat et al. 2018 [45]
TRAP-seq DRG Mouse injury Male Lumbar Rozenbaum et al. 2018 [83]
mRNA-seq DRG/SC Mouse injury Female Lumbar Uttam et al. 2018 [46]

DNA

snATAC-seq TG Human naïve M + F All Yang et al. 2022 [51]
snATAC-seq TG Mouse naïve M + F All Yang et al. 2022 [51]
ChIP-seq DRG Mouse injury Male Lumbar Palmisano et al. 2019 [74]
ATAC-seq DRG Mouse injury Male Lumbar Palmisano et al. 2019 [74]
ChIP-seq DRG Mouse injury Male Lumbar Manners et al. 2016 [84]
ATAC-seq DRG Rat injury Male Lumbar Stephens et al. 2021 [81]
ChIP-seq DRG Rat chemo Male Lumbar Zheng et al. 2019 [5]
MeDIP-Seq DRG Rat injury Female Lumbar Shin et al. 2020 [80]

Protein

LC-MS/MS Nerve Human Injury Mixed NA Oki et al. 2012 [85]
DIA-MS DRG Mouse Injury Male Lumbar Rouwette et al. 2015 [86]
DIA-MS DRG/SC/SN Mouse Injury Male Lumbar Barry et al. 2018 [36]
CoIP + MS DRG Mouse Injury Male Lumbar Sondermann et al. 2019 [61]
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LC-MS/MS SN myelin Mouse Naive Male All Patzig et al. 2011 [87]
LC-MS/MS SN myelin Mouse Neuropathy NA All Siems et al. 2020 [88]
CoIP + MS TG Mouse Injury NA Lumbar Avenali et al. 2014 [62]
LC-MS/MS SC/SN Rat Naive NA NA Lu et al. 2009 [89]

DRG: dorsal root ganglia. TG: trigeminal ganglia. SN: sciatic nerve. SC: spinal cord. ORN: olfactory receptor neurons.
RGC: retinal ganglion cells. Mixed: both sexes used, samples combined. M + F: male and female data available separately.
LC-MS/MS: liquid chromatography mass spectrometry (MS). DIA-MS: data-independent acquisition-MS. Note: Only a
subset of work is summarized in this table, as a substantial about of bulk RNA-seq studies have been performed across
relevant conditions.
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1.2.2.6 Additional sensory profiling

In addition to general DRG neurons, we have transcriptomic data for a subgroup

of colonic sensory neurons in the DRG [64], as well as trigeminal ganglia (TG)

[51, 72]. Broadly speaking, these are diverse groups of sensory neurons that share

numerous overlapping features. Even so, TG comprise developmentally unique

populations that benefit from tailored analyses.

Additional sensory neurons throughout the body can deepen our understanding

of naïve and pathological states. Tran et al. 2019 have studied retinal ganglion cell

response to nerve crush [43], and related subtypes of sensory neurons are seen in

the autonomic nervous system (eg. the jugular and nodose ganglia) [90].

1.2.3 Human-mouse comparisons

In a naïve state, clear differences between mouse and human sensory neurons exist

[91, 92]. At a subpopulation-level, there is a lack of peptidergic/non-peptidergic

distinction in humans, in part due to the increased proportion of CALCA and

TRPV1 in human sensory neurons [24, 93]. Human DRG neurons also do not bind

IB4, preventing a clear NP subtype assignment by classical definitions used in mice.

The recent addition of human DRG snRNA-seq and spatial-seq data provides

more insight. Cluster analyses suggest some mouse NP-designated neurons have

human analogues, with the identification of two human DRG subtypes (H10 and

H11) expressing itch-related genes similar to the NP groups in mice [25]. Even so,

other functionally-relevant transcripts specific to non-peptidergic neurons in mice

are more broadly expressed in humans (eg. PTGER3 and LPAR3 ) [24].

C-LTMRs also show differences between mice and humans. The human equiva-

lent of this population remains elusive, in part due to the lack of TH expression in

human DRG neurons [24]. Recent snRNA-seq failed to classify a distinct C-LTMR

population, and suggests a possible overlap with the H10 cluster. This cluster

was previously discussed in the context of non-peptidergic neurons, but PIEZO2

expression suggests a role in low threshold mechanosensation. Spatial sequencing in

human DRGs proposes GFRA2 as a potential marker of itch and C-LTMR neurons,
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due to it’s shared enrichment in mouse C-LTMRs [24]. Supporting this, snRNA-

seq data from trigeminal sensory neurons find a population of GFRA2 -expressing

human neurons which cluster with mouse trigeminal C-LTMRs [51].

These discrepancies highlight the importance of cross-species validation in

clinically-driven work. Animal models remain an important part of translational

pain research, but effective use requires species parallels.

1.3 Rodent models of neuropathic pain

A variety of rodent models are used to study the progression and maintenance

of neuropathic pain. Each centres around damaging the nervous system to elicit

a pain response. This can be achieved through trauma, chemicals, or inflam-

mation, among others.

An assortment of models are summarized in Table 1.2. This list is not compre-

hensive, as many models can be adapted slightly for specific aims. For example,

sciatic nerve (SN) ligations can involve the whole nerve or a single/combination

of the three branches. The SN has also been targeted by cuffing, freezing, or

transection with/without ligation [94]. A description of the models most relevant

to the current thesis are thus described.

Nerve trauma Surgical models of acute nerve trauma can be used to study

neuropathic pain. The condition can be reversible depending on the approach.

Moreover, these models can provide an internal control with specific injury locations

as ipsilateral (injured) versus contralateral (non-injured) limb comparisons are valid.

Frequently, the sciatic nerve is targeted due to its surgical accessibility and

hindlimb specificity. This nerve contains a mix of ipsilateral sensory and motor

neurons with cell bodies in the lumbar DRG 3-5 (L3-L5) region. With three branches,

there are various transection combinations used. Full (complete) transection results

in loss of limb function [95]. Partial transections are used to mitigate loss of motor

function while permitting the study of injured/intact axons within the same DRG.

A common model is the spared nerve injury (SNI) model [95]. SNI relies on the
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transection and ligation of the tibial and common peroneal nerves, leaving the

sural nerve intact. This results in a mix of injured and intact afferents within

DRG. Animals develop a pronounced and long-lasting neuropathic pain phenotype,

with less of an inflammatory component than chronic constriction (CCI), and less

variability than partial sciatic nerve ligation (PSN).

Full and partial crush models also target the SN, relying on forceps to inflict axon

damage. These models leave the epineurium intact, promoting axon regeneration

and recovery [96–98]. Other options include spinal cord or spinal nerve injury,

as well as trigeminal nerve lesions such as partial infraorbital trigeminal nerve

transection (IOT) [99, 100].

Slight variations in pain models, such as which branches are targeted for a

partial transection are important considerations. While there is a heterogenous

mix of sensory and motor neurons in the peroneal nerve, the sural branch is purely

sensory. Recent snRNA-seq has also found large variations in cell-type proportions,

such as the domination of fibroblasts over glia in the sural nerve not seen in other

sciatic nerve branches [67]. As we continue dissecting the contributions of non-

neuronal cells to neuropathic pain states, these differences are likely to contribute

to model-specific differences seen throughout the literature.

Diabetic neuropathies Disease states can also result in neuropathic pain, with

diabetes being a key example. Many mouse models of diabetes can thus be

repurposed to study the effects of diabetic-associated neuropathy and the associated

pain. Recent work has centred on high fat diets and genetic models, as streptozotocin

(STZ)-induced diabetes has a confounding neurotoxic effect [101].

CIPN Chemotherapy-induced peripheral neuropathy (CIPN) can also be used

to study neuropathic pain. Clinically, these models are highly relevant as the

administration of human chemotherapy drugs can cause nerve damage in both

humans and rodents [102].
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HIV-related neuropathies Human immunodeficiency viruses (HIV) can cause

neuropathic pain in humans. There are multiple mouse models to study this effect,

including the use of transgenics or retroviral treatment protocols [103–105].
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Table 1.2: Rodent models of neuropathic pain.

Model Technique Location Recovery Reference
SNL Spinal nerve ligation L5 + L6 Yes Kim et al. 1992 [106, 107]
SNT Spinal nerve transection L4 + L5 No Sweitzer et al. 1999 [108]
CCI Nerve ligation SN No Bennett et al. 1988 [109]
PSL Nerve ligation SN No Seltzer et al. 1990 [110]
Sciatic NT Nerve transection SN No Wall et al. 1979 [111]
Full crush Nerve crush SN Yes Vogelaar et al. 2004 [96]
Partial crush Nerve crush SN Yes Davies et al. 2019 [98]
SNI Sural + common peroneal ligation &

transection
SN No Decosterd et al. 2000 [95]

IOT Nerve transection TGN No Hardt et al. 2019 [100]
Auto-antibody Antibody-induced neuropathy (ie. hu-

man plasma injection)
Systemic N/A* Dawes et al. 2018 [112]

Bone cancer Inoculation of cancerous cells Various No Schwei et al. 1999 [113]
Chemotherapy Drug administration causing peripheral

neuropathy (ie. Cisplatin, Paclitaxel)
Systemic Yes Hoke et al. 2014 [102]

Diabetes Strepozotocin administration Systemic No Ali et al. 2015 [114]
Diabetes Tg animals (ob/ob, Akita) Systemic No OBrien et al. 2014 [115]
HIV-related Anti-retroviral drugs Systemic No Burdo et al. 2014 [103]
HIV-related Tg animals (ie. gp120) Systemic No Herzberg et al. 2001 [104,

105]

Abbreviations: CCI, chronic constriction injury; SNT, spinal nerve transection; PSL, partial sciatic nerve ligation; NT, nerve
transection; SNI, spare nerve injury; SNL, spinal nerve ligation; IOT, partial infraorbital trigeminal nerve transection; Tg,
transgenic; GBS, Guillaine-Barré syndrome. *Experiments not performed (personal correspondence, John Dawes).
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1.4 Functional assessments of neuropathic pain

1.4.1 Behavioural assays

Various behavioural tests have been developed to quantify pain responses in rodents.

Paradigms predominantly focus on allodynia (pain to an innocuous stimulus) and

hyperalgesia (exaggerated pain response to a noxious stimulus). Hyposensitivity

resulting from nerve damage can also be examined. Typically, assays measure

withdrawal thresholds (such as von Frey or dynamic brush) or response latencies

(hot/cold plates, dry ice, acetone) [95, 116, 117]. Thermal preferences can be

monitored using thermal gradient assays.

Nerve damage can also affect the neuromuscular system, thus many experi-

menters also examine motor function (rotarod, beam walking, grip strength, etc.)

to eliminate this confound.

Spontaneous pain assays Patients frequently experience debilitating sponta-

neous pain. In rodents, numerous assays have been used to assess this prominent

disease phenotype. Overt spontaneous nocifensive behavior such as licking, biting,

vocalization, facial grimace scoring, or paw-lifting can be characterized over time.

Burrowing behaviour can be reduced in experimental cohorts, and researchers may

infer an underlying pain experience as a root cause. These measures are likely

indicative of extreme pain as many animals are known to minimize visible weaknesses.

Conditioned place preference (CPP) is an alternative way to measuring ongoing

pain in rodents. As the name intuitively suggests, this assay depends on animals

developing a conditioned preference within an experimental apparatus. Briefly,

animals are placed in a dual-chamber setting with each chamber having distinct

visual and olfactory cues. After initial baseline exploration, animals are injected

with a non-addictive analgesic in one chamber and a saline control in the other.

Interestingly, naïve animals do not developed a preference following analgesia, but

neuropathic pain cohorts do. This suggests that analgesia has a positive effect in

these animals (ie. treatment of ongoing pain) [118].



1. Introduction 23

1.4.2 Primary afferent electrophysiology

Hyperexcitability is a key feature of neuropathic pain. Fortunately, this can

be studied through electrical recordings at various levels. In vivo and ex vivo

preparations have provided invaluable insights to sensory neuron function.

For example, skin-nerve recordings are a useful way to examine first-order sensory

neurons. Typically, one dissects the hind paw hairy skin and saphenous nerve for

in vitro recordings. With receptive fields attached, various stimulus responses can

be studied, and by teasing the nerve apart, it is possible to perform single fibre

recordings. Fibres can then be classified into distinct subpopulations based on a

myriad of electrical properties [119]. This is commonly performed on rodents but

skin nerve recordings have also been done on non-human primates [120].

DRG neurons are commonly cultured into a monolayer for single cell recordings.

Changes in rheobase and altered channel conductance’s have been shown to relate

to painful phenotypes. Moreover, some cells exhibit low levels of spontaneous

action potential generation [121]. This is considered a correlate of spontaneous

pain, although direct causation remain undocumented [122–124].

While the focus of the current thesis is on primary afferents, it is important

to note that higher order recordings, such as those in the dorsal horn slices, offer

additional, invaluable insight to pain mechanisms.

1.4.3 Calcium imaging

Changes in cell excitability can be measured through calcium indicators. Depending

on the setup, both chemical (eg. Fura-2) and biological indicators (eg. GCaMP)

can be used to measure calcium influxes in vivo or in vitro. Changes in calcium

levels provide an indirect overview of a cell’s activity but allow for high throughput

screening generally not available with electrophysiology.

1.5 Mechanisms of neuropathic pain

The sensitization of both peripheral and central components is thought to contribute

to the chronicity of neuropathic pain [125, 126].



1. Introduction 24

1.5.1 Spontaneous activity

Spontaneous pain is a major clinical complaint. This refers to pain without a

clear stimulus, and is typically described as a shooting or burning sensation. It

is hypothesized that increased firing of nociceptors results in heightened pain

perception, and that ongoing activity of these fibres can result in the maintenance

of a spontaneous pain percept in patients [124, 127].

Spontaneous activity (SA) refers to the presence of action potential(s) in the

absence of stimuli. In the context of pain, spontaneous activity commonly refers to

aberrant, non-evoked action potentials in primary afferents [124, 128]. This differs

from allodynia and hyperalgesia as there is no evident trigger. Instead, the activity

originates from within the nervous system, likely due to changes in ion channel

functions, concentrations, and/or distributions. Changes in higher order circuitry

- referred to broadly as central sensitization, can also contribute [2, 125]. SA has

been correlated to pain phenotypes in various studies [27, 122, 123].

SA in high threshold C-fibres, as measured through human microneurography,

has been related to spontaneous pain [122]. In patients, SA has been related to

the incidence of spontaneous pain, but not to pain ratings [123]. Additionally,

individuals’ DRG transcriptomes have been correlated to spontaneous ectopic

activity and neuropathic pain phenotypes [27]. One notable study using non-

human primates looked at SA after spinal nerve ligation [120]. Using a macaque

skin-nerve preparation, Ali and colleagues found aberrant, spontaneous activity

in the adjacent uninjured C-fibres.

The use of local anesthetics has proven effective in minimizing spontaneous pain

in humans, supporting the importance of primary afferents [127]. Unfortunately the

lack of specificity to nociceptors limits therapeutic use. A thorough understanding of

the molecular changes which lead to neuropathic pain will support the development

of novel therapeutics.
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1.5.2 Sensitization

A spectrum of sensitization processes in the peripheral and central nervous systems

result in an increase responsiveness to noxious input (hyperlgesia) and/or a "pain-like"

response to normally innocuous stimuli (allodynia). This helps limit further tissue

damage in acute states, but is problematic in chronic conditions. To contextualize:

reducing skin contact after a recent burn injury can be protective, but allodynia

is maladaptive when the brush of clothing is painful for migraineurs.

Hyperalgesic priming One mechanism of sensitization is hyperalgesic priming.

This refers to the plastic response of neurons through mechanisms like long-term

potentiation (LTP) to increase the responsiveness pain pathways after an initial

injury, pharmacological treatment, or through disease states [129–131]. It can occur

either in primary afferents (eg. nociceptor priming), or more centrally, resulting

in heightened responsiveness to noxious stimuli [132, 133].

Higher order circuitry For pain arising in the periphery, it is worth reiterating

that primary afferents do not function in a vacuum. There is complex circuitry

within the dorsal horn, as well as ascending and descending pathways which undergo

changes in neuropathic states. The sensitization of these processes in pain states are

broadly referred to as "central sensitization", a general term encompassing changes

in neuronal plasticity, network excitability, and top-down modulation. Ultimately,

this acts to amplify nociceptive processing and pain perception.

Immune response Moreover, neurons do not work in isolation. The interaction

between neurons, glia, and immune cells contributes to pain states, and play a

prominent role in the pathophysiology of neuropathic pain [134]. Immune cells

infiltrate the injury site, DRG, and dorsal horn with varying effects. The release of

immune factors sensitizes primary affects, and molecular changes within sensory

neurons after injury contribute to modified interactions. Axon/myelin degeneration

after injury is also inherently dependent on immune cells, and monocytes have been

implicated in pain readouts after chemotherapy-induced neuropathic pain [135].
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DRG macrophages affect both the initiation and maintenance of neuropathic

pain [37, 136], and can alter hypersensitivity in neuropathic pain states in the

spinal cord[137]. Recent work also suggests the transfer of mitochondria from

macrophages into DRG neurons in inflammatory pain models [138]. Here, this

transfer is shown to promote recovery from mechanical hypersensitivity, possibly by

offsetting metabolic changes initiated through injury. With changes in metabolic

activity seen across neuropathic pain conditions as well, it remains to be seen

whether a similar mechanism for mitochondrial homeostatis exists here.

1.5.3 Subpopulation-specific mechanisms

Both high- and low- threshold receptors are involved in neuropathic pain. Evidence

suggests that ectopic activity begins in Aβ fibres. As the condition progresses,

SA in reduced in large diameter fibres and heightened in nociceptive C-fibres [139,

140]. Changes in receptor expression/localization, neuro-immuno interactions, and

network changes are all thought to contribute to the sensitization and aberrant

activity across subtypes.

In rodents, subpopulation roles have been extracted through a mix of phar-

macological and genetic approaches. Ablation studies have been instrumental to

our understanding of specific subpopulation contributions. The over-expression of

the Diphtheria toxin receptor (DTR) combined with administration of this toxin

(diphtheria toxin, DTX) allows researchers to specifically ablate subpopulations of

interest. DTX-ablation of Nav1.8 expressing cells (primarily nociceptors) suggests

that this population is involved in acute and inflammatory pain, but plays a less

prominent role in evoked pain during neuropathic conditions [141]. The role of

this population in spontaneous, neuropathic pain remains unclear. MrgprdcreERT2

ablation affects baseline levels of noxious mechanical sensitivity, but does not show

a clear interaction with temperature or inflammatory pain [142], while subgroups of

peptidergic nociceptors play a role in thermal pain [143]. Moreover, these peptidergic

and non-peptidergic populations appear to play unique roles in the development

of thermal and mechanical hyperalgesia in mice [142, 143], and differences in
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hyperalgesic priming have been reported between subtypes [129]. It is unclear how

this translates to humans as there does not exist a clear delineation between

these subtypes [24, 93].

Aδ- and Aβ-LMTRs can be targeting in mice using an Ntrk2creERT2 line. Ablation

of this population reduces the expected mechanical hypersensitivity phenotype in

neuropathic pain models of male mice [21] and provides strong evidence that low

threshold mechanoreceptors play a prominent role in neuropathic pain.

1.5.4 Sexual dimorphism in pain

Understanding sexual dimorphism in pain states is a fundamental clinical issue.

Females are much more likely to be living with chronic pain, and treatment efficacy

can be sex-dependant [144, 145].

The case for studying sexual dimorphism is not new [146, 147], but systemic

sexism in the research community has slowed progress. Fundamental preclinical

work in neuroscience centres on male animal models. With such a strong baseline

data on male subjects, the bias continues to be seen [145, 148–150]. This is due to

a combination of convention, following historic protocols, and the reduced power

(and added financial cost) of including sex as a factor.

More recent female-inclusive studies have revealed clear mechanistic differences

between sexes at the immune and nervous system level. Sensitization, as a

mechanism of neuropathic and inflammatory pain, is inherently sexually dimorphic.

Within this, hyperalgesic priming has been discussed in the context of sensitization

in the periphery [151, 152] as well as sex-specific responses in the basolateral

amygdala [153].

Gonadal hormones play a diverse role in in acute and chronic pain. In rats,

testosterone levels during development were shown to affect morphine-induced

hyperalgesia later in life [154]. Prolactin has been implicated in sensitization of

female, but not male sensory neurons [151, 152, 155], as well as migraine, an

inherently sexually dimorphic pain condition [156, 157]. It has been shown to

regulate various pain-implicated ion channels in a sex-dependent way, including
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TRPV1 [158, 159], ASICS [160], and TRPM8 [159]. Furthermore, oestrogen has

been implicated in a range of pain conditions through direct modulation of sensory

neurons and immune interactions [161–163].

CGRP, in addition to being a classic marker of peptidergic nociceptors, plays a

sexually dimorphic role in pain pathology [164], and human peptidergic nociceptors

show differences in Calca expression across sexes [24].

Brain derived neurotrphic factor (BDNF) is also frequently discussed in the

context of sexual dimorphism. In mammary glands, testosterone expression alters

sensory neuron development via BDNF-TRKB [165]. Centrally, sex differences in

dorsal horn hyperexcitability are driven by BDNF mediated N-methyl-D-aspartate

receptor (NMDAR) potentiation in both rat and human [166].

Together, there is clear evidence for central and peripheral mechanisms in pain-

relevant sexual dimorphism across species. The sensitization of primary afferents

and higher order circuitry in a sex-dependant manner supports further interrogation

of the underlying mechanisms.

1.6 Aims

Neuropathic pain is a widespread issue and the underlying mechanisms remain

unclear. My thesis explores the underlying molecular mechanisms within the DRG

subpopulations in a murine model of neuropathic pain. We set out to develop a

resource for the pain community to probe subpopulation and sex-specific differences

after nerve injury at multiple timepoints.

The availability of subtype-specific transgenics allows us to label and isolate

numerous subpopulations of interest. We purified each cell type after injury via

fluorescent activated cell sorting (FACS) for subsequent transcriptomic analysis.

Using bulk tissue samples, we are able to circumvent the issues of low transcript

coverage and drop-outs seen with single cell datasets, increasing our power to

detect differentially expressed genes (DEGs) and explore the interaction of sex

at a subtype-level.
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We hypothesize this will reveal distinct patterns of differential gene expression

in primary afferent subtypes after injury, and that there will be sex differences in

both the control and injured samples. The intersection of sex and injury across

subpopulations will also be explored openly.



2
DRG transgenics and subtype isolation

Our current understanding of neuronal subpopulation contributions to nociception

and pathological pain is incomplete. To study these populations in depth, we must

first appropriately target the populations of interest. Here, we set out to isolate

live, bulk neuronal subpopulations for downstream sequencing. We successfully

characterized 5 populations involved in acute nociception and/or chronic pain states

through available transgenics using a combination of Cre-based and intersectional

approaches. These include: general nociceptors (Scn10a), peptidergic nociceptors

(Calca), non-peptidergic nociceptors (Mrgprd), C-LTMRs (Th), and Aβ-RA +

Aδ-LTMRs (Ntrk2 ). In parallel, we characterized injured afferents after spared

nerve injury, based on Atf3 -driven tdTomato expression via Atf3creERT2. For each

population, neurons were then purified by magnetic and fluorescence sorting (MACS

and FACS) for downstream analyses.

30
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2.1 Introduction

2.1.1 Subpopulation targeting methodology

DRGs are extremely heterogeneous in nature, containing a plethora of neurons, glia,

and immune cells. There are various ways to study this diverse tissue, from basic

dissociation and single cell analysis to transgenic targeting of specific subpopulations.

The targeting method will strongly depend on the requirements of the research

question (i.e. functional modulation, live cells, labelling, etc.).

2.1.1.1 Cell sorting

To study cell subpopulation with techniques such as RNA-seq, cells are first

dissociated and sorted into single cell or pure, multi-cell samples. There are
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various tools for purifying cell populations available, with the most applicable

to DRG sorting described here.

MACS Magnetic-activated cell sorting (MACS) exploits the use of surface antigen

targeting and strong magnets to purify samples. Biotin conjugated cell-type specific

antibodies are added to dissociated cells, followed by biotin-coated magnetic beads.

Through secondary binding, the targeted cell type(s) will bind to these microbeads.

This solution is fed through a column in a strong magnetic field. Both the non-

binding flow-through and binding samples can be isolated for further analysis.

Technically, MACS columns are recommended for cells <30 µm as larger cells can

become trapped in the column. This size constraint is relevant when studying

murine sensory neurons.

Flow cytometry and FACS Flow cytometry uses scattered light to characterize

the physical parameters of single cells (or nuclei/particles). Adding a fluorescence-

conjugated antibody or other fluorescent tag, you can obtain further information

about cell identity. In addition to cell profiling, fluorescence-activated cell sorting

(FACS) allows you to isolate and sort cells based on these modalities. This method

relies on the addition of charged particles to droplets containing individual cells.

These droplets are then deflected by charged plates into a collection tube/plate of

interest. Numerous subpopulations can be detected concurrently, limited by sorter

capabilities (primarily laser combinations) and surface antigen/labelling limitations.

2.1.1.2 Transgenic targeting

Advances in murine transgenics has drastically improved our ability to target specific

cell populations. There are a variety of ways this has been achieved, including

the use of congenic reporters and various recombination systems. These methods

allows the insertion and expression of unique genes of interest - including fluorescent

and/or functional reporters, systemically or in a cell-type specific fashion.
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Congenic reporters Cell populations are commonly defined by transcript ex-

pression patterns. To express a reporter in a cell-type specific manner, sequences can

be inserted under the control of an endogenous promoter unique to the cell-type of

interest. Here, these are referred to as congenic reporters. For example, Thy1-GFP

mice express green fluorescent protein (GFP) in a subset of peripheral and central

neurons, including cells in the dorsal root ganglia, based on Thy1 expression. These

mice provide a simple, effective way of targeting populations of interest.

Cre-based recombination Transgenic population targeting can also be achieved

through site-specific recombination (SSR). The most common system for this is the

Cre-lox system, first exploited for murine transgenics in the 1980s. This system

replies on Cre recombinase - a bacteriophage-derived tyrosine recombinase - to target

flanked DNA sequences in a two step process. First, Cre is expressed under the

control of a promoter sequence. Second, Cre targets specific paired loxP sequence

sites, excising the flanked sequence. Recombinase expression can be driven by a

variety of enhancer sequences to excise a wide range of sequences. Commonly, this

can be used for the expression of reporters in a cell-type specific manner.

Modified versions of Cre recombinase allow for temporal control of gene expres-

sion. A prominent example is the fusion of an estrogen receptor to the recombinase,

forming a Cre-ER fusion protein. Here, Cre is fused to a modified estrogen receptor

(ER) which binds tamoxifen (an estrogen analog) but not estrogen. In a naïve state,

Cre-ER is sequestered to the cytoplasm through association with the heat shock

protein HSP90 where it is unable to bind loxP sites. In the presence of tamoxifen,

Cre-ER can dissociate from HSP90, translocate to the nucleus, and promote

recombination. Tamoxifen is a widely available drug administered embryonically

or post-natally to target specific windows of gene expression. Additional inducible

systems include the use of tetracycline [167], the progesterone analog RU-486 [168],

and antibiotic-dependent recombination with trimethoprim [169]. In each case,

drug administration promotes site-specific recombination.
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In addition to Cre recombinase, bacteria have inspired other recombination

systems. D6 recombination system (Dre-rox) and Vika/vox are other tyrosine

recombinases that have been used to modify the murine genome. Dre targets ’rox’

sites, Vika ’vox’ sites, and do not overlap with Cre-based specificity while acting

in a similar manner. Like Cre, there are inducible variants available.

Serine integrases such as φC31 have also been implemented for murine SSR.

Serine integrases depend on two DNA sites - attB and attP, which recombine

into two unique sites, attL and attR. These novel sites are no longer detected

by the integrase, allowing for unidirectional recombination not available with

tyrosine recombinase-based systems.

Flp-based recombination Flp-FRT recombination is an alternative, analogous

approach to bacteriophage-inspired SSR. This system relies on frt site recombination

in the presence of flippase (Flp), originating from Saccharomyces cerevisiae. This

yeast-derived enzyme has since been modified for use in mice (FlpO) to increase

recombination efficiency towards that of Cre. A conditional FlpO variant has

also been developed [170].

Intersectional transgenics The development of SSR techniques such as Flp-

frt and Cre-lox has revolutionized our ability to target specific cell populations.

Combining these systems can add an additional level of depth. For example, some

reporters are dependant on multiple drivers (frequently Cre + Flp/Dre), allowing

researchers to target the intersection of two drivers. These dual-recombinase systems

are particularly useful when narrowing focus to a smaller subpopulation or when

the use of a single driver results in off-target effects.

The flexibility of a recombination-based system provides a convenience not

available with congenic reporters, especially when working with multiple subpop-

ulations and multiple reporter-types. SSR-drivers can be bred to any reporter

animal, reducing the overall number of stocks requiring purchasing/maintenance.

Furthermore, the added benefit of inducible recombination allows us to target

subpopulations otherwise unavailable through a basic promoter-reporter system.
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In each case, the genetic strategy may itself produce confound, such as a toxicity

of exogenous lacZ reporter enzymes in primary afferent terminals [171]. Unlike

congenic reporters, recombination-based systems also have an inherent risk of

’leakiness’, where recombination occurs in the absence of Cre, or Cre-induction. The

rate at which this happens depends on the genetic strategy, thus characterization

of each line is pertinent.

2.1.2 Populations of interest

The functionality of sensory neuron populations have been studied through a

variety of loss-of-function (LOF) and gain-of-function (GOF) studies. Commonly,

this involves targeted ablation/silencing or activation through genetic/chemical

approaches. For the current study, our primary interest is narrowed to populations

which can be targeted through SSR and play a role in painful conditions (acute

or neuropathic).

2.1.2.1 Nav1.8

Nociceptors are commonly targeted through the Scn10a promoter [9]. Scn10a

encodes Nav1.8, a tetrodotoxin-insensitive sodium channel widely expressed in

sensory neurons. Commonly, Nav1.8 expression is discussed in the context of

nociceptors. Single cell sequencing in adult mice data suggests the expression is

not exclusive to C-fibres, with low levels of Scn10a in neurofilament-positive A-

fibres. This overlap with non-nociceptive sensory neurons has also been documented

in a non-inducible Cre line by immunohistochemistry, suggesting that transgenic

targeting of a Scn10a population marks nociceptors as well as C- and Aβ-LTMRs

[172].This is a broad subclass of DRG neurons that can be further subdivided

including peptidergic/non-peptidergic nociceptors and C-LTMRs.

Ablation of this population in mice results in pronounced hyposenstivity to

mechanical pain with no noticeable effects on light touch or motor skills [141].

Moreover, evidence suggests a more prominent role in inflammatory than neuropathic
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pain in mice [141]. Given the diversity of this population, additional transgenics

can be used to understand more specific subpopulation roles within the DRG.

2.1.2.2 CGRP

Peptidergic nociceptors (PEP) are defined by GCRP expression in mice, encoded

by Calca. This population is historically considered analogous to Ntrk1 (TRKA)

nociceptors [173]. More recent single cell sequencing suggests this grouping is

reasonably accurate, although Ntrk1 and Calca can also be detected in low levels

throughout C-fibre populations, including both non-peptidergic and C-LTMR [22].

CGRP expression denotes a broad grouping of small- to large- diameter neurons

encompassing multiple functional facets. A subset of these neurons are myelinated.

Genetic ablation using a CGRPα-DTR knockin enhances cold responsiveness while

reducing heat sensitivity [143]. This mirrors the expression of heat-sensitive channel

TRPV1, which is predominantly expressed in peptidergic neurons throughout

adulthood. Additionally, CGRP+ nociceptors also include silent nociceptors and

a subpopulation of myelinated Aδ fibres, predominantly involved in mechanical

pain [11, 174].

CalcacreERT2 has been previously characterized, showing strong overlap with

CGRP and TRKA antibody staining as expected [175]. A subset of these neurons

stains weakly for isolectin B4 (IB4), a marker commonly associated with non-

peptidergic (NP) neurons [175].

2.1.2.3 MRGPRD

NP C-fibres are defined by MRGPRD (encoded by Mrgprd), P2X3 (P2rx3 ), or the

lack of CGRP expression in mice [10]. These neurons are largely described for their

role in mechanical and chemical pain in naïve states. Neuronal ablation affects

inflammatory but not neuropathic pain readouts in mice [142].

In rats, IB4+ ablation through Saporin toxin results in thermal and mechanical

hyposensitivity [176], blurring the clear delineations between thermal/mechanical

processing in peptidergic/non-peptidergic populations. With nociceptor subgroups,

species conceptualization is important: peptidergic/non-peptidergic definitions don’t
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always hold true. In rats, there is more overlap between IB4+ and CGRP+ neurons

[177]. This mirrors human DRGs, with clear overlap between P2RX3 and CGRP in

over 40% human DRG neurons (compared to 15% overlap in mice) [93].

2.1.2.4 TH

In humans, C-LTMRs are involved in affective touch, playing a role in social

bonding and pain relief [178]. In both humans and mice, this population responds

to low threshold stimuli and cool detection. Von Frey assays suggest an additional

role for mouse C-LTMRs in mechanical pain but rodent affective touch assays

are lacking [179].

C-LTMRs can be targeted through various markers in mice, including TH,

VGLUT3, TAFA4, and a subset of GINIP expressing (IB4-) neurons [180–182].

Comprising around 10% DRG neurons, this population projects to lamina IIi
of the dorsal horn. Here, neurons synapse on both excitatory and inhibitory

interneuron subpopulations [19, 183].

Due to the availability and previous classification of murine C-LTMRs through

Thtm1.1(cre/ERT2)Ddg/J in our lab, this transgenic approach was used for the current

project [20, 179]. Moreover, characterizations using VGLUT3 targeting are difficult

to interpret as more recent evidence suggests this marker is not unique to C-LTMRs,

instead labelling additional neuronal populations in the dorsal horn [180, 184].

A subpopulation of TH+ neurons also overlap with TRKC (Ntrk3 ), in a

population recently implicating in blood pressure regulation [185].

2.1.2.5 TRKB

Ntrk2creERT2 provides an avenue to target Aδ- and Aβ-RA-LMTRs. These neurons

terminate with lanceolate endings or as Meissner’s corpuscles, playing a role in light

touch sensation [186]. These myelinated neurons have been previously implicated

in mechanical hypersensitivity following nerve injury [21]. This is an interesting

example of a low threshold population contributing to pain states.

Recently published staining hints that TRKB expression isn’t limited to sensory

neurons, instead innervating satellite glia and Schwann cells across Cre lines [5, 21,
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77]. This was further documented using a Dhhcre to target TRKB specifically in

Schwann cells [186]. Because of this, both a direct targeting and an intersectional

transgenic approach were used, as outlined in the methodology.

2.1.3 Actively omitted populations

In addition to the transgenics described above, numerous targeting options are

available but were consciously omitted from the current study.

Advillin Advillincre is a common marker of all sensory neurons in the DRG. Given

the diversity already provided by the Scn10acre, as well as previously published whole

DRG datasets, we omitted this generic driver to prioritize more specific populations.

Moreover, we are focused on subpopulations with known roles in nociception (acute

or chronic), thus the addition of low threshold fibres not covered by Scn10acre

were not a priority. This marker still remains useful: I use an Advillinflp driver

in parallel with Ntrk2creERT2 to label TRKB neurons, specifically, circumventing

the non-neuronal TRKB-expressing cells in the DRG.

Cav3.2 Cav3.2cre labels both low threshold Aδ fibres and C-LTMRs [17]. C-

LTMRs are readily targeted through ThcreERT2, and D-hair targeting requires

a unique intersectional transgenic approach. We are primarily interested in se-

quencing these populations independently, thus the overlap provided by Cav3.2

was unnecessary.

GINIP Ginip is expressed in a subpopulation of C-fibres. These populations can

be targeted uniquely through other available transgenics (ThcreERT2 and MrgprdcreERT2)

thus like Cav3.2, this line was not pursued.

NPY2R Neuropeptide Y receptor-2-expressing (NPY2R) labelling through Npy2rcre

marks a subpopulation of myelinated Aδ fibres [174]. This marker does not

appear specific to the myelinated nociceptor population, as it overlaps with small

populations of Calbindin and TRKB neurons (RA-LTMR and D-hairs). Positive
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neurons primarily terminate as free nerve endings in hairy and glabrous skin, but

few labelled lanceolate endings are also reported [19, 174]. Single cell sequencing

suggests a unique group of non-peptidergic, unmyelinated C-fibres strongly express

NPY2R, although this was not seen with Cre-driven expression [22, 174]. We hope

to develop an S100Bflp in the future to allow an intersectional targeting approach

for all Aδ nociceptors, negating the need for Npy2rcre. Npy2rcre was omitted from

the current study in anticipation of that transgenic.

TRKA TRKA, encoded by Ntrk1 is expressed in small diameter neurons. Ex-

pression is predominantly in peptidergic nociceptors but overlaps with the non-

peptidergic population, as discussed above. A congenic Ntrk1-FLAG line and

Ntrk1cre are available, but this population is encompassed by the well characterized

CalcacreERT2 and MrgprdcreERT2 [187].

TRPV1 The capscaicin-sensitive channel TRPV1 is expressed developmentally

throughout nociceptor populations. In adulthood, expression is largely restricted to

peptidergic neurons, with further overlap to non-peptidergic nociceptors. Research

suggests that approximately 25% of TRPV1+ neurons do not overlap with CGRP

expression [175]. Trpv1cre options are readily available, but not sufficiently unique

from other lines to warrant addition to our study design.

2.1.4 Aims

Here we aim to characterize various transgenic lines in naïve conditions through im-

munohisotochemistry and cell sorting. This will provide a platform for downstream

RNA-seq experiments examining subpopulation-specific changes after nerve injury.

2.2 Methodology

2.2.1 Animals

All work was done in accordance with the UK Home Office and the University of

Oxford Policy on the Use of Animals in Scientific Research. This study conforms
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to ARRIVE guidelines.

Animals were housed in standard conditions on a 12-hour light/dark cycle with

food and water ad libitum. All animals were randomly assigned to experimental

groups where applicable. Internal controls were used when not possible to randomize

(ie. ipsilateral vs contralateral comparisons). Unless explicitly stated, all experiments

were performed on both males and females. Adulthood refers to ≥8 weeks of age.

Briefly, driver lines were bred with a fluorescence reporter for various experiments.

When necessary, inducible lines were dosed with intraperitoneal (i.p.) injection(s)

of tamoxifen. Specific details below.

2.2.1.1 Transgenic details

C57BL/6 mice were purchased from the Oxford University Breeding Unit. Cre

driver lines used include: Calcatm1.1(cre/ERT2)Ptch (CGRP, gifted from Prof. Pao-

Tien Chaung) [188], Mrgprdtm1.1(cre/ERT2)Wql/J (MRGPRD, JAX 031286) [189],

Scn10atm2(cre)Jnw (Nav1.8, gifted from Prof. JohnWood) [190], Th tm1.1(cre/ERT2)Ddg/J

(TH, gifted from Prof. David Ginty) [20], Ntrk2tm1.1(cre/ERT2)Ddg/J (TRKB, gifted

from Prof. Paul Heppenstall) [21]. Cre-driver lines were bred and maintained

as heterozygotes, except for ThcreERT2, which was bred as homozygous. Details

are listed in Table 2A.1.

The following reporters were used to visualize DRG subpopulations: B6.129S-

Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J (JAX 012569, gifted from Prof. Si-

mon Butt), tdTomato B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (JAX 007914)

and ai80D B6.Cg-Gt(ROSA)26Sortm80.1(CAG-COP4*L132C/EYFP)Hze/J, (JAX 025109).

Ai32 and ai14 use was based on initial breeding availability. Ai80 depends on both

Flp- and Cre-recombinase for intersectional targeting, and was used for neuronal

targeting of Ntrk2. Ai80 was first crossed to an AdvillinflpO (unpublished, gifted

from Prof. David Ginty). Reporters were bred as homozygotes where applicable.

AdvillinflpO was bred to a C57BL/6 background for at least 7 generations prior

to experimental use.
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Atf3<tm1.1(cre/ERT2)Msra mice were gifted from Prof. Stephen McMahon (Kings

College London). This inducible Cre line was first described by Denk and colleagues

[191]. This line depends on Atf3 upregulation after injury to trigger recombination.

Notably, tamoxifen dosing is not commonly used, even though the line is inducible.

Instead, the high expression of Atf3 after injury appears sufficient to override the

inducible promoter and trigger recombination in injured cells [192]. This has been

repeated in multiple labs (personal correspondence Dr. Greg Weir, Prof. Stephen

McMahon). The mechanism of recombination has not yet been described, although

unpublished data suggests small doses of tamoxifen can increase the recombination

efficiency (Dr. Greg Weir, Dr. Matt Ramer).

2.2.2 Spared nerve injury

Adult mice were anesthetized with 2% inhaled isoflurane. Using sterile technique

(including incision site sterilization and surgical drapes), the sciatic nerve was

exposed prior to ligation and transection of the tibial and common peroneal branches.

The sural nerve was left intact. Each animal was dosed with systemic (5 mg/kg

Rimadyl, Pfizer) and local (2 mg/kg Marcain, AstraZeneca) postoperative analgesia.

Animals were monitored daily for self-mutilation, and no animals required sacrifice

due to tissue damage.

2.2.2.1 Tamoxifen regimes

Tamoxifen (Sigma-Aldrich) was dissolved 20 mg/ml in corn oil via sonification. All

animals were dosed i.p. and health statuses were monitored daily for the duration of

the dosing regime. CalcacreERT2 were dosed 5x (daily) with 75 mg/kg in adulthood.

MrgprdcreERT2 were dosed 5x i.p. (0.5 mg/animal/day), beginning between P10-P17.

Body weight recovered more quickly when dosed at later stages, with no noticeable

difference in reporter expression. We recommend dosing begin at P17 for this

line moving forward. ThcreERT2 were dosed 1x with 50 mg/kg above 6 weeks of

age. Ntrk2creERT2 were dosed 5x (daily) with 75 mg/kg in adulthood. Notably,
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dosing for Ntrk2creERT2 required optimization, and is discussed below. A subset

of Atf3creERT2 mice were dosed at 7.5 mg/kg.

2.2.3 IHC

Adult animals were overdosed with pentobarbital and perfused transcardially with

sterile saline followed by 4% paraformaldehyde. Tissue was removed and post-

fixed prior to subsequent dehydration in 30% sucrose (0.1M PB) at 4◦C for a

minimum of 48 hours. Samples were then embedded in OCT medium (Tissue-Tek),

sectioned, and stored at -80◦C. Neuronal profiles were quantified across multiple

sections per animal, opposed to more detailed stereology, and are presented as

estimates. A detailed list of all antibodies can be found in appendix table 2A.2. In

addition to subpopulation markers such as TH (C-LTMRs), CGRP (peptidergic)

and parvalbumin (PV, proprioceptors), non-peptidergic neurons bind isolectin B4

(IB4) from Griffonia simplicifolia. Neurofilament heavy chain (NF200) labels large

diameter neurons in mice, and NeuN (or FOX3) is a general neuronal marker.

Glutamine synthetase is a satellite glial cell (SGC) marker.

2.2.4 DRG culturing

Adult mice were sacrificed by rising levels of CO2. The spinal column was removed

and placed in ice cold HBSS (Ca2+/Mg2+ free, Invitrogen). All DRGs were

dissected into HBSS, unless otherwise noted. For paired experiments, DRGs were

divided as left/right. Ganglia were digested for 90 min at 37◦C (5% CO2) using

Collagenase II (4 mg/ml, Worthington)/Dispase II (4.7 mg/ml, Roche) in HBSS.

Cells were subsequently mechanically dissociated with polished glass pipettes.

When stated, debris was reduced using a 15% w/v BSA cushion. Once pelleted,

cells were resuspended in Neurobasal medium supplemented with B27 (2% v/v,

Gibco), Glutamax (1% v/v, Gibco), mouse NGF (50 ng/ml, PeproTech) and GDNF

(10 ng/ml, PeproTech) for culturing. For magnetic cell sorting, samples were instead

resuspended in ice cold 0.5% BSA/dPBS.
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2.2.5 Magnetic-activated cell sorting (MACS)

After mechanical dissociation, cells were resuspended in 80 µl ice-cold 0.5% BSA/dPBS

prior to the addition of 20 µl non-neuronal biotin antibody cocktail (Miltenyi Biotec,

130-115-390) for magnetic purification of sensory neurons. After a 5 min incubation

at 4◦C, suspension was topped up to 500 µl BSA/PBS and spun down. Cells were

again resuspended 80 µl 0.5% BSA/dPBS prior to the addition of 20 µl biotin

microbeads. After a 10 min incubation (4◦C), suspension was topped up to 500 µl

BSA/PBS and loaded into pre-primed MACS separation LD columns. Columns were

washed 2x with to increase yield. Negative fractions were spun down (1000 RPM,

5 min) and resuspended in supplemented culture medium. Cells were plated on

poly-d-lysine/laminin coated coverslips and maintained at 37◦C (5% CO2).

2.2.6 Fluorescence-activated cell sorting (FACS)

After mechanical dissociation (or MACS), cells were fluorescently sorted using a Sony

SH800/Sony MA900 or BD FACSAria Fusion 1/2 into culture media or applicable

lysis buffer (for RNA work, see chapter 3, chapter 4 and chapter 5). Cells were

first gated on forward- and side-scatter. DAPI was added to gate live/dead cells.

Wildtype littermates were used as negative controls during protocol optimization

for each subpopulation to confirm gating.

2.3 Results

2.3.1 Characterization
2.3.1.1 Nav1.8

Scn10a encodes Nav1.8, a voltage-gated sodium channel widely implicated in

nociception and clinically-relevant sensory conditions. A non-inducible Scn10acre

allows easy targeting of this population throughout development. Using this line

with a tdTomato reporter, we see that Scn10a is widely expressed throughout

the DRG, with terminal endings in the dorsal horn (Fig 2.1). Most prominently,

this population encompasses both peptidergic and non-peptidergic nociceptors but
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also includes C-low threshold mechanoreceptors, labelled by tyrosine hydroxylase

(Fig 2.1B-D). All three populations fall under this larger denotation, with almost

100% of each population covered by this reporter line (Fig 2.1D). Recombination

efficiency likely accounts for the near-total overlap.

This transgenic further labels a subset of NF200+ neuron. This is likely a

population of myelinated Aδ nociceptors which co-express CGRP. Very few tdTomato

expression neurons overlap with PV, but this still accounts for a notable population

within this proprioceptive population. We have previously found a subset of PV

neurons to overlap with Th, which would fit the current data [179].

Together, this transgenic is well placed to study nociceptive and C-fibre afferents.

It encompasses a broad range of sensory neurons involved in nociception, as well

as an understudied C-LTMR population.

2.3.1.2 CGRP

CalcacreERT2 mice drive reporter expression in a smaller, but still heterogeneous

neuronal population. In our hands, we see recombination in 35% of neurons,

labelling 75% of CGRP-positive neurons. This recombination efficiency is slightly

lower than previously reported [175], but specifically overlaps with CGRP-antibody

(ab) labelled neurons (Fig 2.2A-D), as well as CGRP-positive terminals in the dorsal

horn (2.2E). Differences in tamoxifen dosing regimes may account for this shift.

A small subset of these neurons bind IB4, in line with prior report [175], as well

as a 20% overlap NF200, supporting previous data that Calca neurons includes a

population of myelinated Aδ nociceptors. There is no overlap with paravalbumin-

expressing neurons, as expected. Previous reports suggest less than 2% of PV

neurons express CGRP in naïve and chronic pain conditions [193]. In the spinal

cord, we see terminal endings in the expected laminae, overlapping with CGRP-ab

but largely independent of IB4-binding.

Together, this data support the use of CalcacreERT2; ai14 mice to target the

peptidergic nociceptor population, a subset of Scn10a-expressing cells.
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Figure 2.1: Scn10acre; ai14 validation in naïve, lumbar DRG tissue. A. Frequency of
tdTomato labelled neurons by mouse. B. Immunohistochemistry of lumbar mouse DRG
sections, stained for distinct subpopulations (green). All Scn10acre; ai14 is shown in
magenta. C-D: tdTomato/staining overlap as a proportion of the total population: C -
tdTomato population, D - IHC stained population. E. Dorsal horn spinal cord sections,
with Scn10acre; ai14 in magenta and NeuN (neuronal marker), IB4 (NP) and CGRP
(PEP) in green.

2.3.1.3 MRGPRD

Here, I used MrgprdcreERT2 to target non-peptidergic nociceptors (NP). This driver

provides a specific, and near total labelling of IB4-binding non-peptidergic neurons

(Figure 2.3A-D). Matching previous reports, we find approximately 30% of sensory

neurons in the DRG to express Mrgprd. This is slightly lower than the peptidergic

population, and fits historical data. Unlike the minor CalcacreERT2; ai14 overlap with

IB4, we see no overlap with CGRP-ab staining in this line (Figures 2.2C, 2.3C). This
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Figure 2.2: CgrpcreERT2; ai14 validation in naïve, lumbar DRG tissue. A. Frequency of
tdTomato labelled neurons by mouse. B. Immunohistochemistry of lumbar mouse DRG
sections, stained for distinct subpopulations (green). All CalcacreERT2; ai14 is shown in
magenta. C-D: tdTomato/Staining overlap as a proportion of the total population: C -
tdTomato population, D - IHC stained population. E. Dorsal horn spinal cord sections,
with CalcacreERT2; ai14 in magenta and NeuN (neuronal marker), IB4 (NP) and CGRP
(PEP) in green. Scale bars = 100 um.

fits the dogma that in mice, specifically, these are distinct populations. Additionally,

this population of small-diameter neurons remains distinct from C-LTMRs, with

no documented overlap with the TH-labelled population.

As expected, afferents projecting to the dorsal horn overlap with IB4-staining, but

not CGRP (Fig2.3E). This line complements CalcacreERT2; ai14 well by distinctly

labelling the non-peptidergic nociceptor population.
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Figure 2.3: MrgprdcreERT2; ai14 validation in naïve, lumbar DRG tissue. A. Frequency
of tdTomato labelled neurons by mouse. B. Immunohistochemistry of mouse DRG
sections, stained for distinct subpopulations (green). All MrgprdcreERT2; ai14 is shown in
magenta. C-D: tdTomato/Staining overlap as a proportion of the total population: C -
tdTomato population, D - IHC stained population. E. Dorsal horn spinal cord sections,
with MrgprdcreERT2; ai14 in magenta and NeuN (neuronal marker), IB4 (NP) and CGRP
(PEP) in green. Scale bars = 100 um.

2.3.1.4 Th

C-LTMRs are a unique population of small diameter unmyelinated touch receptors

expressing Scn10a. We have successfully targeted this population in the group

previously using ThcreERT2; ai14 [179]. To validate this driver alongside a tagged

optogenetic reporter for future experiments, I validated ThcreERT2; ai32 for this

study (Fig 2.4). Ai32 encodes a channelrhodopsin (ChR2)-reporter fusion protein

(ChR2/EYFP), providing an avenue for downstream flow cytometry.
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The proportion of C-LTMRs varies anterior-posterior, comprising 10% of thoracic

DRG, but only 5% of lumbar neurons [179]. For this study, I focus on the lumbar

region, as these neurons are directly involved in spare nerve injury model employed

in subsequent experiments. In line with previous data, ThcreERT2; ai32 neurons

comprise around 5% of DRG neurons in the lumbar region. As anticipated, this

population does not overlap with the classically defined PEP or NP populations.

A subpopulation of these neurons overlaps with PV, which fits the previous

characterization of this driver line in our group with ai14 [179]. While 100% of

ThcreERT2; ai32 labelled neurons are co-labelled by TH-ab, recombination efficiency

is lower than in other lines used here, and lower than that previously reported when

crossed to ai14. Future experimenters may benefit from increased tamoxifen amounts

or a longer dosing period. Unlike the other transgenics here, this line is only dosed

by i.p. once, compared to daily doses over five days for the other validated lines.

CGRP
IB

4

NF20
0 PV Th

0.0

0.2

0.4

0.6

0.8

1.0

O
ve

rl
ap

 w
it

h
 IH

C
 t

o
ta

l

CGRP
IB

4

NF20
0 PV Th

0.0

0.5

1.0

O
ve

rl
ap

: 
 T

h
cr

eE
R

T
2

A                                B

C                                D

CGRP NF200

PV TH

IB40.00

0.05

0.10

0.15

0.20

To
ta

l F
re

q
u

en
cy

Figure 2.4: ThcreERT2;ai32 validation in naïve, lumbar DRG tissue. A. Frequency of
ChR2/EYFP labelled neurons by mouse. B. Immunohistochemistry of mouse dorsal root
ganglia sections, stained for distinct subpopulations (green). All ThcreERT2; ai32 is shown
in magenta. Scale = 100 um. C-D: ChR2/staining overlap as a proportion of the total
population: C - ai32 population, D - IHC stained population.
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Figure 2.5: Ntrk2creERT2 validation. Caption continued below.
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Figure 2.5: A-C: Ntrk2creERT2; ai14, Lumbar DRG (A) and spinal cord (B) IHC. C:
Reporter expression (grey) and combined reporter (magenta) with glutamine synthatase,
as marker of satellite glia (GS, green). Scale = 100 um. Far right: enlarged, scale = 50
um. * highlight overlap. D-I: Ntrk2creERT2; AdvillinflpO; ai80 localises reporter expression
to neuronal populations. D: Intersectional approach: The ai80 reporter has two stop
cassettes, flanked by frt and loxP sites respectively. Only in the presence of both Flp (frt)
and Cre (loxP) are both casettes excised to allow CatCH/EYFP transcription. E.
Frequency of ai80 labelled neurons by mouse. F-G. IHC of mouse DRG, stained for
subpopulations (green) or NeuN (general neuronal marker, white). All Ntrk2creERT2;
AdvillinflpO; ai80 is shown in magenta. Scale bars = 100 um. H-I: EYFP/staining overlap
proportion: H - ai80 population, I - IHC stained population.

2.3.1.5 TRKB

Ntrk2 drives expression in large-diameter low threshold mechanoreceptors. When

combined with a basic cre-driven reporter, non-neuronal labelling is evident through

colocalization with the satellite glia marker glutamine synthetase (Fig 2.5A-C). This

parallels published data from other groups, although it is not widely acknowledged

in the field [5, 21]. Bulk sequencing of satellite glia supports this finding, with

SGCs expressing a truncate form of Ntrk2 [77].

Because satellite glial cells (SGCs) remain attached throughout the sorting

process, it is important to exclusively label neurons. If not, SGC-positive, but

unlabelled neurons may be sorted incorrectly. The Ntrk2creERT2 used here was gifted

from Prof. Paul Heppenstall, and our adult dosing regime mirrors their published

work [21]. The non-neuronal specificity of TRKB has been addressed in multiple

ways: A photoablation study using this line initially characterized expression using

a cre-driven Rosa26RFP before shifting to an Advillin-tagged reporter system to

limit expression to sensory neurons [21]. Another study by Zheng and colleagues

suggests prenatal tamoxifen dosing increases neuronal specificity using a similar

Ntrk2creERT2 [5]. Animal welfare and licensing limitations require pup delivery

by caesarean paired to surrogacy in cases of prenatal tamoxifen dosing (due to

the effects of tamoxifen on pregnant females). This, paired to their supporting

immunohistochemistry which suggests non-neuronal labelling remains [5] led us to

concentrate on options allowing tamoxifen dosing in adult animals.
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I took an intersectional transgenic approach to do this (2.5D). B6.Cg-Gt(ROSA)

26Sortm80.1(CAG-COP4*L132C/EYFP)Hze/J (ai80) is a flp- and cre- dependant reporter.

When combined with AdvillinflpO and Ntrk2creERT2, it limits reporter expression

to the associated sensory neurons (Fig 2.5D). Using this approach, I see LTMR-

specific labelling within the DRG after tamoxifen dosing (Fig 2.5D-I). In line with

previous reports, this population comprises a distinct subset of NF200-positive

neurons, with no overlap to peptidergic nociceptors (CGRP) or proprioceptors

(PV). Additionally, it shows no overlap with smaller diameter neurons, including

C-LTMRs (TH) or non-peptidergic nociceptors (IB4).

2.3.1.6 ATF3

In many pain conditions, only a subset of neurons within a DRG are injured through

direct insult. These injured neurons stand adjacent to their uninjured ("intact")

counterparts. The contributions of each population to painful phenotypes remains

unclear. In addition to classically defined neuronal subtypes, transgenics can also

be used to define injured and intact afferents in murine injury models based on the

upregulation of transcription factors in injured states (Figure 2.6) [191, 194].

We are exploiting access to an Atf3creERT2 line to probe the transcriptional

differences within these populations after spared nerve injury, mirroring tech-

niques used for the aforementioned populations. This sequencing is discussed

separately in chapter 5.

About 35% of lumbar DRG neurons express tdTomato 4 weeks post-SNI, and in

our hands tamoxifen (7.5 mg/kg) does not make a significant difference by 4 weeks

(p = 0.1780, two-way repeated measure ANOVA) (Figure 2.6A). Correspondence

with Dr. Greg Weir (Glasgow) suggests the effect of tamoxifen on recombination

efficiency may relate to the specific reporter used. Tamoxifen dosing has previously

been shown to induce Atf3 upregulation in DRG neurons [191], so to reduce confound

with our nerve injury model it was not used in our experiments.

Immunohistochemistry was also performed on Atf3creERT2 tissue after SNI

to examine subpopulation overlap. While most populations showed a subset
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Figure 2.6: Atf3creERT2 validation after SNI. Caption continued below.

of cell profiles overlapping with tdTomato-labelled injured afferents, there was

minimal colocalization between IB4 and tdTomato. This notable difference was

quantified further (Fig 2.6D-E). There is no significant difference in overlap across

ipsilateral/contralateral tissue, nor between tamoxifen dosing conditions (p = 0.0628
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Figure 2.6: Atf3creERT2; ai14, L4 DRG 4 weeks after spared nerve injury (SNI).
Ipsilateral (ipsi) and contralateral (cont) lumbar DRG tissue. Surgeries were performed
without tamoxifen dosing (SNI) or with a small amount of tamoxifen (SNI + TM, 7.5
mg/kg). A: Frequency of ai14 labelled neurons by mouse after SNI. Minimal
recombination is seen in paired contralateral tissue after nerve injury (cont, grey box).
Tamoxifen does not have a significant effect on tdTomato expression after SNI (p =
0.1780, two-way repeated measure ANOVA). Plotted as median count by mouse, with
95% confidence intervals. B: IHC of mouse DRG after SNI (no tamoxifen), stained for
neuronal subpopulations (green). Far right (grey box) = contralateral lumbar tissue,
stained for peptidergic (CGRP) and non-peptidergic (IB4) nociceptors. C: IB4 and
CGRP expression (greyscale) and combined reporter (magenta) with subtypes (green). *
= overlap. D. Colocalization of IB4 and tdTomato labelling across conditions. E.
Frequency of IB4 staining across conditions. Total IB4-binding (E) is significantly
different between ipsilateral and contralateral conditions (p = 0.0016, two-way repeated
measure ANOVA), but there is no effect of tamoxifen on totals (p =0.4296), or overlap
with tdTomato (p=0. 5525). All ai14 is shown in magenta. Scale bars = 100 um.

for condition, tamoxifen p = 0.5525, two-way repeated measure ANOVA). There

is a significant reduction in the total frequency of IB4-binding profiles in injured

DRG ganglia (p = 0.0016), although stereometric DRG counts are better suited to

explore this phenomenon in depth (contrasting sectioned profiles, shown here). We

have pursued this finding through a collaboration with partners in Glasgow, and

are excited to present our data as a separate study outside of this thesis.

Given our interest in acute changes, we further examined this line on a shorter

timescale. As anticipated, recombination 3 days after SNI is much lower than 4

weeks, with around 15% of neurons showing tdTomato expression, compared to

double that at 4 weeks (Fig 2.7). This fits the previous validation of this line,

showing 40% recombination at 4 days, compared to almost 80% by 2 weeks [194].

Co-labelling with ATF3-ab shows a large number of ATF3-expressing neurons

which do not express tdTomato, likely due to the timeline for recombination and

protein synthesis (Fig 2.7A).

2.3.2 MACS vs BSA

Cell suspensions have to be purified prior to FACS to eliminate debris. This is

particularly important for nervous system tissue, as myelin debris prevents effective

sorting. Here, I trialled multiple purification techniques. To isolate neurons, both
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Figure 2.7: Atf3creERT2 ; ai14 validation three days after SNI. A.
Immunohistochemistry of ATF3 and IB4 on ipsilateral lumbar tissue after injury.
Atf3creERT2 ; ai14 in magenta (top left). B. Frequency of tdTomato-expressing neurons,
by mouse. No tamoxifen was used in parallel. Scale bars = 100 um.

standard BSA gradients and magnetic sorting were trialled. Unlike BSA gradients,

MACS biases the sample towards small diameter nociceptors, eliminating the classic

bimodal size distribution typical of sensory neurons (Fig 2.8A-C). This is likely due

to a combination a physical cell size constraint with large cells becoming stuck in

the magnetic column, paired with the removal of a neuron attached to satellite glia.

Manufacturer directions recommend these columns should not be used for cells

over 30 um in diameter, which fits this result. Both fire polished glass pipettes

and standard filter tips are used during dissociation. Here, we see glass pipettes

perform slightly better than plastic prior to MACS (p = 0.0092), but as expected,

this fails to rescue the large diameter neurons isolate with a BSA gradient (Fig

2.8D). While MACS samples contain fewer non-neuronal cells, the bias limits

our ability to study larger diameter sensory neurons. To ensure capture of each

population, BSA gradients were ultimately used for subpopulation purification
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(Fig 2.8E-G), although both methods are sufficient for the flow cytometry of small

diameter neurons (Fig 2.8H-I).
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Figure 2.8: Magnetic-activated cell sorting (MACS) compared to a BSA gradient. A.
Neuronal size distribution in isolated lumbar DRG cultures after BSA or MACS (n=3
mice, paired for condition. p = 0.0104*, Kolmogorov-Smirnov test). B-C: Representative
culture brightfield, scale bar = 100 um. B: BSA, C: MACS. D: Fire polished glass
pipettes outperform plastic pipettes during dissociation. p = 0.0092*. E-G: BSA
dissociation purify neurons across supbpoulations. E: ThcreERT2, scale = 100 um. F:
CalcacreERT2, scale = 100 um. G: Ntrk2creERT2, scale = 50 um. H-I: Both MACS and
BSA are sufficient for downstream flow cytometry. Example traces from ThcreERT2; ai32
DRG.
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2.3.3 FACS

Cells were dissociated with a BSA gradient and sorted via fluorescence to purify

each population of interest (Figure 2.9). Neurons were gated for scatter (2.9A),

doublets (2.9B), live/dead (2.9C), and fluorescence (2.9D). This was then repeated,

adjusting for differences in reporters (ai14, ai32, ai80). In each instance, lumber

DRGs L3-L5 were used. Across populations, we were able to isolate fluorescent

neurons. The proportion of positive droplets corresponds to expected population

fractions, strongly supporting successful sorts. In ai14 samples, tdTomato produces

a strong background signal in the 488-channel, but this does not affect these sorting

conditions. Fluorescence is lower in Ntrk2creERT2 ; ai80. This is due to cell size,

leading to more diffuse labelling, as well as reporter differences (a CatCh/EYFP

fusion). During optimization across sorting platforms, negative controls were used

to ensure successful gating, as demonstrated for Ntrk2 in figure 2.10.

2.4 Discussion

Dorsal root ganglia cells represent a diverse group of neurons and non-neuronal cells

in the periphery. The development of multiple transgenic mouse lines allows specific

targeting of these populations in a variety of ways. For this study I validated five

distinct neuronal subpopulation transgenics with optimized tamoxifen dosing for

downstream use. I also characterized Atf3creERT2 after SNI as a way to dissecting

intact and injured afferents within ganglia. Together, these populations encompass

a range of neuronal subtypes implicated in acute and neuropathic pain.

Neuronal subtypes Most broadly, Scn10acre labels a large majority of DRG

neurons. This population can be subdivided through CalcacreERT2, MrgprdcreERT2,

and ThcreERT2, labelling peptidergic, non-peptidergic, and C-LTMRs respectively

(Figures 2.1, 2.2, 2.3, 2.4).

Ntrk2creERT2; ai14 shows a unique expression pattern in both neurons and non-

neuronal cells (2.5). Colocalization with glutamine synthetase reveals prominent

reporter expression in SGCs not previously documented (Fig 2.5) [5, 21]. This is
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Figure 2.9: Sensory neuron populations can be sorted by fluorescence. A-E:
MrgprdcreERT2 sorted neurons, gated for scatter (A), doublets (B), live/dead (C), and
ai14 fluorescence (D). F: Scn10acre gating for ai14, and associated histogram (G). H:
CalcacreERT2 gating for ai14. I: ThcreERT2 gating for ai32 reporter. J: Ntrk2creERT2
gating for ai80 reporter.

problematic for downstream fluorescent sorting, as satellite glia remain attached to

neurons during dissociation and FACS. Any fluorescence from positive SG could

trigger a false-positive Ntrk2-lineage neuron. To circumvent this issue, Ntrk2creERT2;

AdvillinflpO; ai80 was used to limit expression to Advillin-expressing cells (ie.

neurons), specifically targeting Aδ- and Aβ-LMTRs.

Injured and intact afferents Atf3creERT2 represents a unique transgenic that

targets injured afferents through their upregulation of Atf3 after insult. Here, we are

able to selectively target a subgroup of injured neurons in line with previous reports
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A

B

Figure 2.10: Ntrk2 positive (A) and negative control (B) gated for CatCH/EYFP
fluorescence in 488.

(2.6, 2.7). Previously, recombination frequencies were quantified in more detail

using retrograde labelling from the transected nerve [194]. This better represents

the proportion of injured afferents expressing tdTomato, as endogenous ATF3

expression (and thus, antibody labelling) is transient. Even so, it is clear that only a

subset of injured cells express tdTomato 3 days post-injury. The tdTomato-negative

population thus contains a mix of injured and intact afferents. Additionally, IHC

against multiple neuronal subtype markers highlighted a disjoint in IB4-labelled

neurons to tdTomato-expressing cells, likely due to a loss of injured NP nociceptors.

We posit three main hypotheses for the lack of colocalization between Atf3creERT2;

ai14 and IB4-binding neurons. These hypotheses are not mutually exclusive. First,

subtype differences may affect the expression of tdTomato after injury, either through

differences in Atf3 regulation or another mechanism. This transgenic was developed

as an inducible cre line, but it does not require tamoxifen when paired to specific

reporter lines [191, 194]. Using tamoxifen as a model of cellular stress, Atf3 -driven

tdTomato expression was biased towards NF200-expressing neurons [191]. It is

unclear if this subpopulation specificity arose from a biased reporter expression or

a tamoxifen-sensitivity in NF200 neurons. Second, IB4-binding may be reduced in

non-peptidergic neurons after injury, an interpretation which has been historically
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discussed in the dorsal horn [195]. Third, NP nociceptors may be particularly

susceptible to cell death after injury. Previous work in our group has shown a

significant reduction in small-diameter neurons after SNI using tissue clearing and

automated whole-DRG cell counting [196]. This is paired to a reduction of pre-

synpatic terminals in the superficial laminae of the dorsal horn, further suggesting

innervation changes in small-diameter neurons [196]. Rats also show a reduction

in IB4-binding terminals after nerve injury, although the delineation between NP

and PEP neurons is blurred in this species [197].

I have followed these hypotheses up in collaboration with Dr. Greg Weir and

Dr. Andrew Cooper (University of Glasgow). This was done across multiple nerve

injury models using stereological analyses paired to a combination of retrograde

tracing of injured afferents in both Atf3creERT2 and MrgprdcreERT2 lines. Together,

there appears to be a near-total loss of transected NP neurons by 4 weeks after SNI

(unpublished data, Greg Weir and Andrew Cooper). This data fits with the loss of

small diameter neurons reported by West [196] as well as unpublished data from

dorsal horn innervation of MrgprdGFP labelled neurons after nerve injury (personal

correspondence, Dr. Greg Weir and Prof. Andrew Todd). This strongly suggests

that the lack of IB4 colocalization with tdTomato is biologically relevant to nerve

injury, and not a confound associated with the Atf3creERT2 transgenic.

Data collected for this thesis relied on a simple transgenic approach, in line with

previous reports. The availability of dual-recombinase reporters and FlpO drivers

have since provided a refinement. Unlike our ai14 cross, tamoxifen dosing is required

here, likely due to differences in the ease of recombination efficiency across reporters

(personal correspondence, Greg Weir). AdvillinflpO; Atf3creERT2; RC::FLTG allows

specific labelling of injured (eGFP-expressing) and intact (tdTomato-expressing)

neurons. This allows more targeted fluorescent gating during sorts, and is relevant

for the sequencing data presented in chapter 5.

Cell purification and sorting Ganglia dissociation is an important processing

step prior to downstream analyses. Here, we replicate MACS results from Thakur
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and colleagues showing a bias towards small-diameter neurons during magnetic

purification (Fig 2.8) [28]. In our hands, BSA gradients are sufficient to remove

myelin debris while retaining large-diameter neurons (Fig 2.8B). In each case, cell

suspensions from transgenic lines can be gated for fluorescence (2.9, 2.10).

We know from previous studies that SGCs remain attached to sensory neurons

throughout the sorting process, and we expect our samples to contain both labelled

neurons and unlabelled glia (personal correspondence, Prof. Fran Denk and Dr.

Sara Villa). This is likely due to the wrapping structure of SGC around neurons,

leading to the appearance of a single round cell. Neuronal nuclei can be isolated

from SGC for nuclei-based sequencing, but this is not currently possible for bulk

cell samples. As such, we expect our FACS samples to contain SGC contamination,

opposed to being 100% neuronal.

Conclusions Here, we highlight effective fluorescence targeting of neuronal sub-

types through murine transgenics. Combined, these lines cover a range of cell

types and are well placed for downstream analyses. Using this sample prepara-

tion workflow, we subsequently used a surgical model of neuropathic pain and

subpopulation purification, followed by RNA-seq or snATAC-seq to explore the

molecular underpinnings of these populations. These results are presented in

chapters 3, 4, and 5.
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Table 2A.1: Transgenic lines used in the current study

Mouse line Source Identifier
Atf3tm1.1(cre/ERT2)Msra gift: Stephen McMahon [191]
Calcatm1.1(cre/ERT2)Ptch gift: Pao-Tien Chaung [188]
Mrgprdtm1.1(cre/ERT2)Wql/J The Jackson Laboratory [189], CAT#:031286
Scn10atm2(cre)Jnw gift: John Wood [190]
Tg(Ntrk2-cre/ERT2)#Phep gift: Paul Heppenstall [21]
Thtm1.1(cre/ERT2)Ddg/J gift: David Ginty [20], CAT#:025614
AdvillinflpO gift: David Ginty [20]
B6.129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J gift: Simon Butt [198], CAT#:012569
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J The Jackson Laboratory [199], CAT#:007914
B6.Cg-Gt(ROSA)26Sortm80.1(CAG-COP4*L132C/EYFP)Hze/J The Jackson Laboratory [200], CAT#:025109
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Table 2A.2: Antibodies used in chapter 2.

Reagent Source Identifier Dilution
Donkey anti-Mouse IgG (H+L), Alexa Fluor 488 ThermoFisher Scientific A-21202 1/200
Donkey anti-Rabbit IgG (H+L), Alexa Fluor 546 ThermoFisher Scientific A10040 1/200
Donkey anti-Sheep IgG (H+L), Alexa Fluor 488 ThermoFisher Scientific A-11015 1/200
Donkey anti-Sheep IgG (H+L), Alexa Fluor 546 ThermoFisher Scientific A-21098 1/200
Goat anti-Chicken IgY (H+L), Alexa Fluor 546 ThermoFisher Scientific A-11040 1/200
Goat anti-Rabbit IgG (H+L), Alexa Fluor 488 ThermoFisher Scientific A-11008 1/200
Goat anti-Rabbit IgG (H+L), Alexa Fluor 546 ThermoFisher Scientific A-11010 1/200
Goat anti-Rabbit IgG (H+L), Pacific Blue ThermoFisher Scientific P-10994 1/200
Streptavidin, Pacific Blue conjugate ThermoFisher Scientific S11222 1/100
anti-ATF3, mouse Abcam NA 1/500
anti-CGRP, rabbit Peninsular Labs T4032 1/500
anti-CGRP, sheep Enzo Ca1137 1/250-1/500
anti-Glutamine synthetase (GS), rabbit Sigma-Aldrich G2781 1/500
anti-NeuN, chicken Merck Millipore Abn91 1/500
anti-NeuN, rabbit Abcam Ab177487 1/500
anti-NF200, mouse Sigma-Aldrich N0142 1/250
anti-NF200, rabbit Merck Millipore ABN76 1/1000
anti-Parvalbumin (PV), guinea pig Frontier Institute Af1000 1/200-1/500
anti-Tyrosine Hydroxylase (TH) , sheep Merck Millipore Ab1542 1/400
IB4, streptavidin conjugated Sigma-Aldrich L2140 1/100
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Deep RNA-seq of male and

female sensory neuron subtypes

The diversity within DRG is well characterized, but changes by subtype after nerve

injury remain unclear. Over two chapters, we study the deep transcriptional profiles

of five murine DRG populations in acute and chronic pain states while considering

sex interactions. First, our dataset is validated against a previously published

control RNA-seq dataset, and sex differences in naïve states - particularly in Aβ-RA

+ Aδ-LTMRs - are presented. We have curated this dataset into an accessible,

online platform as a resource for the community.

64
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3.1 Introduction

Sensory neurons encompass a diverse collection of subtypes that are grouped by

size, conduction velocity, function, and molecular profile. These subpopulations

have been well documented through single cell and single nuclear RNA-seq in

mice [22, 23, 30, 33] and human [24, 25].

This diversity is lost during bulk RNA-seq, due to the consolidation of all

subtypes together. In single cell datasets, pseudo-bulk samples can be generated for

each cluster, but this relies on a well-defined clustering that can be lost after

nerve injury [33, 41].
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Using transgenic targeting of neuronal subtypes paired with bulk RNA-seq, we

aim to strike a unique balance of subpopulation resolution with higher sequencing

depths for differential gene expression (DEG) analyses. Five sensory neuron

populations were pursued. After characterizing these driver lines in chapter 2,

we are here able to specifically examine the RNA expression level changes after

injury across a range of neuronal subpopulations.

3.1.1 Injury models

We employ spared nerve injury (SNI) as our neuropathic pain model. It has a

well established time course in mice and is a behaviourally relevant animal model,

with sensory dysfunction similar to that in neuropathic pain patients (including

hyperalgesia, allodynia, and spontaneous pain). As a localized model of neuropathic

pain, each site of injury has an internal paired control (contralateral, uninjured

tissue). This both reduces overall animal numbers and reduces the biological and

technical variability introduced during the collection process to increase our power.

3.1.2 Sexual dimorphism

In addition to probing injury signatures within subtypes, we also explore sexual

dimorphisms at the subpopulation-level. In naïve states, quantitative sensory testing

has highlighted heightened pain sensitivity in females to a battery of acute noxious

stimuli [201]. The incidence of chronic pain is also highly sex dependant, with

females significantly more likely to suffer [144, 145]. Experimentally, historical

biases within the research community resulted in a predominantly male focus [145,

148, 149]. The unwillingness to use female animals has stunted our knowledge.

Fortunately, numerous studies have begun probing this in depth and have found

sexual dimorphisms across rodent models of neuropathic pain [151, 202, 203]. Sorge

et al. report a prominent sex difference when studying mechanical hypersensitivity:

While males depend on microglia activity, female animals depend on adaptive

immune cells [203, 204]. Brain derived neurotrophic factor (BDNF) and prolactin

both affect pain in a sex-dependant manner [133, 151] and there is evidence of
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higher level dimorphisms affecting pain percepts in the cortex [205]. At a transcript

level, sexual dimorphism is also visible [73, 206], with transcriptomic differences

seen in human DRG as well [24, 27].

3.1.3 Aims

In this chapter, I focus on the deep sequencing of male and female sensory neuron

subtypes in control samples. I discuss general quality control of our comprehensive

RNA-seq dataset, comprising injured and control tissue from an acute (3 day)

and chronic (4 week) timepoint after SNI. I validate our contralateral baseline

controls against previously published data and further examine subtype-specific

sexual dimorphism in sensory neuron subpopulations. Detailed results from injury

phenotypes are subsequently presented in chapter 4.

3.2 Methodology

3.2.1 Animals

All work was done in accordance with the UK Home Office and the University of

Oxford Policy on the Use of Animals in Scientific Research. This study conforms to

ARRIVE guidelines. Transgenic details and tamoxifen dosing details are outlined

in depth in chapter 2. Where necessary, animals were dosed i.p. with tamoxifen at

the appropriate age, at least 14 days before surgery (see chapter 2).

3.2.2 Spared nerve injury

Adult mice were anesthetized with 2% inhaled isoflurane. Using sterile technique

(including incision site sterilization and surgical drapes), the sciatic nerve was

exposed prior to ligation and transection of the tibial and common peroneal branches.

The sural nerve was left intact. Each animal was dosed with systemic (5 mg/kg

Rimadyl, Pfizer) and local (2 mg/kg Marcain, AstraZeneca) postoperative analgesia.

No animals exhibited signs of self-mutilation.
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3.2.3 Immunohistochemistry and in situ hybridization

Adult animals were overdosed with pentobarbital and perfused transcardially with

sterile saline followed by 4% paraformaldehyde. Tissue was removed and post-

fixed prior to subsequent dehydration in 30% sucrose (0.1M PB) at 4◦C for a

minimum of 48 hours. Samples were then embedded in OCT, cryostat sectioned

to 10 µm and stored at -80◦C until staining. Immunohistochemistry (IHC) was

performed as described in chapter 2.

In situ hybridizations (ISH) were performed using RNAscope as per manufac-

turer’s instructions (ACDBio, Kcnk10 probe 535391) with the following modification:

pretreatment step 2 was omitted. After in situ, tissue was co-stained using a

standard protocol (above). Primary antibodies were applied overnight at RT

in 3% NDS/3% NGS/0.3% Triton-X100 in PBS. Coverslips were rinsed 3x and

washed 3x 5 min prior to the addition of secondary antibodies (2 hr, RT in the

dark). Sections were again rinsed 3x and washed 3x 5 min prior to mounting

in Vectashield Antifade (Vector Labs).

3.2.4 Sample collection

Sample size was calculated using the algorithm published by Zhao et al. [207].

Based on our sequencing depth, we expect to detect 10000 genes per sample. Recent

data from Parisien and colleagues using whole DRG suggests that 1000 genes can

be considered regulated (based on an FDR cutoff of 0.05) in DRG one week after

SNI, with an average fold change of 3.3 (SNI/control) [208]. Prior data collection

in our lab indicates that the minimum average read counts among the prognostic

genes is 700 and the maximum expected dispersion is 0.2. Using a desired minimum

fold change set to 3.3, we can achieve a power of 0.99 with 8 samples per condition.

Moreover, we will be sufficiently powered to detect large fold changes between sexes

(power of 0.8, n=4). All surgeries and sample collections were performed by the

same experimenter to reduce variability across samples.

In total, 160 paired samples were collected (ipsilateral and contralateral) over

five neuronal subtypes at an acute (3 day) and chronic (4 week) timepoint after
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SNI (Fig 3.2A). Ipsilateral lumbar (L3-L5) were compared to contralateral (L3-

L5) DRGs to ensure an internal control. One animal was used for each sample

pair, excluding ThcreERT2, where DRGs from two animals were pooled during

dissection. Male and female samples were evenly split, with the exclusion of

MrgprdcreERT2, 3 days after SNI where only 3 female mice could be used. Five

males were thus processed for this group.

Sample preparation is similar to that described in chapter 2 with accelerated

timing to prevent RNA degradation. Multiple animals were processed in parallel

but collection times from perfusion to frozen were kept to less than 4 hours. Adult

animals were first overdosed with pentobarbital and perfused transcardially with

sterile, ice cold saline. Lumber DRG were quickly removed and placed into HBSS

on ice. Post-dissection of all tissue, collagenase/dispase was added for a 60 min

digest at 37◦C followed by mechanical dissociation with polished glass pipettes.

Myelin and debris was reduced using a clean 15% w/v BSA cushion. Samples were

placed on ice and centrifuged at 4◦C as much as possible (i.e. excluding digestion).

Prior to FACS, a subset of DRG from each sample was examined under brightfield.

3.2.5 Library preparation and sequencing

Samples were transferred on ice immediately to the WIMM FACS Facility (Oxford)

for sorting on a BD FACSAria Fusion 1 or Fusion 2. For each condition, 100

cells were isolated directly into low protein binding eppendorfs containing 2 µl

NEBNext Single Cell Lysis Buffer (NEB, E5530S). Samples were kept on dry ice

until transfer to -80◦C for overnight storage.

Once all samples were collected, samples were thawed on ice, vortexed, and

randomized into a 384-well 4titude Framestar skirted PCR plate (Brooks Life

Science, 4ti-0384/C; Thermo Scientific, AB-0558). Non-directional libraries were

prepared together using NEB Ultra low/Smarter library prep, as per manufacture

instructions by the Oxford Genomics Centre at the Wellcome Trust Centre for

Human Genetics. Libraries were amplified (21 cycles) on a Tetrad (Bio-Rad) using

in-house unique dual indexing primers (based on [209]). Individual libraries were
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normalized using Qubit, and the size profile was analysed on the 2200 or 4200

TapeStation before pooling together accordingly. The pooled library was diluted to

10 nM for storage. The 10 nM library was denatured and further diluted prior to

loading on the sequencer. Sequencing was performed over three independent runs,

and merged after quality control. Paired end sequencing was performed using a

NovaSeq6000 platform using the S2/S4 reagent kit v1.5. Samples were sequenced

with a 150 bp read length, at a depth of 30 million reads per sample.

3.2.6 Analysis
3.2.6.1 Bioinformatics overview

Reads were mapped to the GRCm38 (mm10) Mouse Genome using STAR alignment

with the parameters in Figure 3.1 [210]. Samtools was used to sort, index, and

merge BAM files [211]. Quality control (QC) was performed with both FastQC

and Samtools prior to gene counting with HTSeq [211–213].

/STAR --runThreadN 16 --genomeDir /mm10_genome_index_150
--genomeLoad LoadAndKeep --limitBAMsortRAM 20000000000
--readFilesIn "${LANE2}/${FILE}_1.fastq.gz"
"${LANE2}/${FILE}_2.fastq.gz" --readFilesCommand gunzip -c
--outFileNamePrefix "$STAR_OUT/$FILE" --outTmpDir
$STAR_OUT/STAR_TEMP --outSAMtype BAM SortedByCoordinate
--outFilterScoreMinOverLread 0.3 --outFilterMatchNminOverLread
0.3 --outFilterMultimapNmax 20 --alignSJoverhangMin 8
--alignSJDBoverhangMin 1 --outFilterMismatchNmax 999
--outFilterMismatchNoverReadLmax 0.04 --alignIntronMin 20
--alignIntronMax 1000000 --alignMatesGapMax 1000000

Figure 3.1: STAR alignment

Quality control Samples were judged based on raw count numbers, as well as read

assignment, alignment, and normalized gene coverage (Fig 3A.1, 3A.2). Together, six

samples were removed from downstream analyses. Two samples immediately failed

to sequence, as clearly highlighted by the lack of reads (3A.1A). Primary alignments

to the genome (3A.1B) showed consistency across samples, and STAR mapping by

sample per sequencing run shows consistency across sequencing run (3A.1C).
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Normalised position against coverage was used to measure 3’ prime bias, as

this is often the result of RNA degradation. Here, a few samples show reduced

coverage at the 5’ end (Figure 3A.2). Samples which showed bias coverage towards

the 3’ end and had lower genome alignment to coding regions were removed from

downstream analyses. High-level QC was then performed through cluster analyses

and gene mapping using DESeq2 (below).

DESeq2 Counts were corrected for effective library size in R using DESeq2 [214].

Normalized gene counts were fitted to a negative binomial distribution. A batch

effect was introduced during sample collection, as discussed below. A model that

included this batch effect was fitted to every gene and the significance of the model’s

coefficients was assessed using the Wald test.

Counts were transformed via variance stabilising transformation (VST). VST

transformed counts were used for all plotting, unless otherwise stated. The R package

Limma was used to model the batch effect in PCA and heatmap figures. Uncorrected

plots are shown in the chapter appendix. Box plots show median + interquartile

range (IQR), with 1.5*IQR whiskers. Principal component analysis (PCA) was

performed using the top 5000 ENSEMBL genes ranked by standard deviation.

Sample distances are proportional to Mahalanobis distance, and ellipses show the

95% CI of a conditions gene expression distribution. Hierarchical clustering was

done on transformed counts using Euclidean distances and complete linkage. Gene

expression dot plots were created using median VST counts, and coloured by gene

expression. Dot sizes are calculated as exponential VST counts to reflect differences

in more highly expressed genes. Due to the range of base means in sexually dimorphic

genes, dot sizes here match VST counts. Gene enrichment within neuronal subtypes

was calculated using VST counts, and was defined as genes with a subpopulation

mean within the top 75% of expressed genes, across contralateral samples.

Heatmaps were generated from transformed counts and visualized using "complex

heatmaps" [215]. GSEA analyses were performed using ranked log2 fold changes

via msigdbr [216] and clusterProfiler [217] libraries.
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3.2.6.2 Custom GSEA

Deep RNA-seq of naïve DRG subpopulations has been previously performed

elsewhere [5]. Eight DRG subpopulations were studied after transgenic labelling

and fluorescent sorting, with 3-5 samples per population (mixed sex, multiple mice

per sample). These populations include non-peptidergic (NP) and peptidergic

(PEP) nociceptors, C-LTMRs, Aδ-LTMRs, Aβ-SA1-LTMRs, Aβ-Field-LTMRs,

Aβ-RA-LTMRs, and proprioceptors (PROP). Full methodology can be found

in their published report [5].

I curated these results into subpopulation-enriched gene sets to probe enrichment

in the current data. RNA-seq count data was accessed from https://www.ncbi.nlm.

nih.gov/geo/ (GSE131230). Expression data was generated via STAR alignment

and HTSeq on the same genome build, mirroring the current study [5]. Counts from

Zheng and colleagues were then corrected for library size and transformed via rlog in

R using DESeq2 to match their published report [214]. Principal component analysis

(PCA) was performed using the top 5000 ENSEMBL genes ranked by standard

deviation. Genes were then filtered across all samples for a mean rlog greater than

0, to mirror their filtering criteria. From this filtered dataset, 95% quantiles were

determined for each gene. Within each subpopulation, genes with a mean rlog above

the 95% quantile cut-off were curated into a ’gene set’ for subpopulation enrichment.

These custom gene sets were compiled for a GSEA analysis to our contralateral

("naïve"-like) samples using the clusterProfiler package in R. Here, GSEA analyses

were performed using ranked fold changes from mean(subpopulation)/mean(total)

VST counts per contralateral samples.

3.2.6.3 Within population sex differences

Recent spatial-seq data has highlighted within-population sex differences in humans

[24]. The current study is well powered to explore this in murine DRG populations.

Hypothesis testing for each population was performed on genes with at least

10 combined reads across all contralateral samples (35609 ENSEMBL genes) and

was performed using the Wald test and a weighted FDR correction (independent

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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hypothesis weighting, IHW). IHW first weights p-values by mean expression, before

correcting for multiple hypothesis testing by Benjamini Hochberg (BH). This

increases our power to detect differences in highly expressed genes. A Cook’s distance

cutoff was set as the .99 quantile to filter genes with excessive variation. Effect

sizes were calculated using Bayesian shrinkage estimators (the apeglm method, via

DESeq2) and are presented as moderated (shrunken) log2 fold changes (LFC) [218].

Sixteen samples were processed across time points for each population, with 8

male and 8 female samples each. The NP sample set is composed of 7F + 9M, due

to breeding availability. Only 15 samples passed QC for nociceptors (7M + 8F).

Gene ontology (GO) was performed on differentially expressed genes in R using

the goSeq library (FDR < 0.05, LFC > 1) [219]. P-values were calculated by the

default Wallenius method. Here, filtered count data of non-DEG genes were used

as a background, with a cut-off requiring 10 reads across samples. clusterProfiler

(R) was used for GSEA analyses, with BH correction. Extended supplementary

tables for DEGs and pathway analyses are available on github (https://github.

com/aliibarry/thesis-supp).

3.2.7 Data accessibility

This dataset highlights molecular changes in sensory neuron subtypes across multiple

timepoints in a murine neuropathic pain model. We see this as a useful resource

for the field. To improve the accessibility of this data, I developed an open-source

database through Shiny (R), hosted by the Interactive Data Network at the Univer-

sity of Oxford. This allows users to query and plot genes of interest across subtypes

and conditions, as well as download corresponding results. It is currently available

on a test server, at https://trainingidn.shinyapps.io/drg-directory/.

3.3 Results

3.3.1 RNA-seq overview

Using transgenic labelling of neuronal DRG subtypes, 160 lumbar DRG samples

were sequenced 3 day and 4 weeks after SNI (Fig 3.2A). This includes five neuronal

https://github.com/aliibarry/thesis-supp
https://github.com/aliibarry/thesis-supp
https://github.com/aliibarry/thesis-supp
https://trainingidn.shinyapps.io/drg-directory/
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Figure 3.2: Subpopulation RNA-seq overview. A. Sample collection schematic, using
transgenic mice to label five subpopulations of interest. Ipsilateral (ispi) and
contralateral (cont) lumbar DRG were collected at 3 days and 4 weeks after SNI. B.
Uniquely mapped reads per sample, prior to filtering. C. Six samples were removed prior
to downstream analysis - 2 for low counts, and 4 for 3’ bias, suggesting poor RNA quality.
D. Xist count data for male (M) and female (F) samples. E. Atf3 count data for
contralateral (cont) and ipsilateral (ipsi) samples. F. PCA bi-plot by injury condition.
G-H. PCA bi-plot by DRG subpopulation, components 1:2 (G) and 2:3 (H).

subtypes introduced in chapter 2: general nociceptors, encoded by Scn10acre

(nociceptors), peptidergic nociceptors from CalcacreERT2 (PEP/peptidergic), non-

peptidergic nociceptors by MrgprdcreERT2 (NP/non-peptidergic), C-low threshold
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mechanoreceptors encoded by ThcreERT2 (C-LTMRs) and Ntrk2creERT2 expressing

LTMRs (Aβ-RA + Aδ-LTMRs). We recognize that our general nociceptor popula-

tion expressing Scn10a is not exclusively high threshold afferents. C-LTMRs are

included within this subtype, based on the coexpression of Th and Scn10a. They

make up a much smaller proportion of overall cells than the peptidergic and non-

peptidergic nociceptor subpopulations, resulting in a "nociceptor-like" population.

3.3.1.1 Quality control

Together, 154 samples passed QC, removing samples with low read counts or 3’

bias (3.2B-C). Male and female samples are clearly distinguishable by sex-linked

genes such as Xist (3.2D), and ipsilateral ("injured") samples can be distinguished

from contralateral controls by key injury markers such as Atf3 (3.2E).

A batch effect was introduced on the first sample collection day, affecting paired

(ipsilateral and contralateral) samples for CalcacreERT2 and Scn10acre females (3A.3).

This effect was modelled into all downstream analyses (see methods).

Sensory neurons undergo broad, stereotyped changes after injury [33]. Even

so, samples largely cluster by neuronal subtype across conditions (3.2F-H). While

the bulk subpopulation methodology employed here allow deep sequencing within

populations, each resulting sample contains a mix of injured and intact neurons

from ipsilateral ganglia. This cell mixture likely dampens the stereotyped changes

seen previously in single cell RNA-seq [33].

3.3.2 Naïve neuronal subtypes

Analyses were first performed on contralateral ("naïve") samples. As expected,

samples initially cluster by batch before clustering by subpopulation. General

nociceptors (nociceptors), as well as peptidergic and non-peptidergic nociceptor

subpopulations largely separate from C-LTMRs and Ntrk2 -labelled Aβ-RA + Aδ-

LTMRs (Fig 3.3, 3A.3C-D).

In line with previous reports, hallmark gene expression can be seen within each

population (Figure 3.4A). Voltage gated sodium (Scn) channels, transient receptor
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contralateral samples, coloured by population. n = 15-16 mice/subtype.

potential (Trp), acid-sensing (Asic), γ-aminobutyric acid (GABA) receptors (Gabra),

and potassium channels (Kcn b/c/k) show varying subtype specificity (Figure 3.4B).

Scn10a and Scn11a are enriched in high threshold populations, whereas Scn1a is
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Figure 3.4: Normalized median gene expression from combined 3 day and 4 week
contralateral samples. A. Selected genes across neuronal subtypes. B. Selected common
ion channels across subtypes. n = 15-16 mice/subtype. Voltage gated sodium (Scn),
transient receptor potential (Trp), acid-sensing (Asic), γ-aminobutyric acid (GABA)
receptors (Gabra), and potassium channel (Kcnb/c/k) genes are highlighted

.

enriched in LTMRs. Mrgprd and Mrgpr family members, P2rx3, Pirt, and Trpa1 are

enriched in non-peptidergic nociceptors, in line with previous reports. Ntrk2, Scn1a,

and Trpc1 are enriched in Aβ-RA + Aδ-LTMRs, whereas Th, Tafa4, Gfra2, and

Slc17a8 (VGLUT3) are all enriched in C-LTMRs (Fig 3.4). Key peptidergic markers

such as Calca and Trpv1 do not hit our enrichment filtering criteria, likely due to

strong expression in both peptidergic and general nociceptor populations (3.4).

Two-pore potassium channels (K2Ps) have been implicated in various pain
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conditions, including the role of Kcnk18 (TRESK) in migraine [220, 221]. We

see a range of subpopulation enrichments for this gene family in our dataset.

Kcnk13 (THIK-1), Kcnk12 (THIK-2), and Kcnk18 (TRESK) are all enriched in

non-peptidergic nociceptors. Kcnk16 (TALK-1) is enriched in C-LTMRs. Kcnk10,

encoding the TREK-2, has previously been implicated in spontaneous pain in rats,

with expression limited to IB4-binding neurons [222]. Here, we see higher expression

in peptidergic nociceptors (3.4). This peptidergic-enrichment profile is supported by

the transcriptional data published by Zheng and colleagues [5], and was validated

in house using in situ hybridization against Kcnk10 (Fig 3A.4).

Trpm8, typically a marker of cold-sensing nociceptors, is enriched in Aβ-RA

+ Aδ-LTMRs, with lower expression in peptidergic nociceptors (Figure 3.4). This

contrasts reports previous subpopulation RNA-seq, suggesting enrichment in C-

LTMRs, peptidergic nociceptors, and Aδ-LTMRs [5]. It is unclear if this discrepancy

reflects a variation across transgenic approaches, individual animal differences, or

is a results of using contralateral samples as "naïve-like" controls.

3.3.3 Dataset comparisons

To validate our sequencing approach, gene enrichment analyses were performed

against previously published naïve subtypes (Fig 3.5). Count data were transformed

using DESeq2, mirroring our analysis to generate eight subpopulation-specific groups,

as defined by Zheng and colleagues. These populations include non-peptidergic

(NP) and peptidergic (PEP) nociceptors, C-LTMRs, Aδ-LTMRs, Aβ-SA1-LTMRs,

Aβ-Field-LTMRs, Aβ-RA-LTMRs, and proprioceptors (PROP). Gene sets were

then generated for each neuronal subtype, based on a 95% confidence interval

threshold and range in size from 36 to 1583, with a median count of 546 (3.5C).

Our samples correlate strongly to this data (Fig 3.5D, Table 3A.1 + Fig 3A.5

- 3A.9). Our non-peptidergic (NP) samples are positively enriched for the NP

gene set, and negatively enriched for all other gene signatures. To complement,

our peptidergic (PEP) samples show strong positive enrichment for PEP, as well
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Figure 3.5: Comparison to previously published, naïve subpopulation RNA-seq.
Caption continued below.
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Figure 3.5: Comparison to previously published, naïve subpopulation RNA-seq. A-B.
Hierarchical clustering (A) and PCA bi-plot (B) of previously published RNA-seq
subpopulation transcriptomes [5]. C. Custom gene set sizes, ranging from 36 to 1599
terms. D. GSEA enrichment for each neuronal subtype, coloured by adjusted p-value.
Dot sizes reflect the gene count within each set. Normalized enrichment scores and
p-values are listed in Table 3A.1.

as negative enrichment for NP and C-LTMR signatures. Enrichment scores and

adjusted p-values are listed in Table 3A.1.

Our Scn10a population appears to be largely nociceptor, with positive enrichment

for both peptidergic and non-peptidergic populations. Negative enrichment is seen

for C-LTMRs, likely reflecting subpopulation proportions within this broad grouping.

Unlike our peptidergic population, our general nociceptor is negatively enriched

for the proprioceptive signature. Both our nociceptor and peptidergic nociceptor

populations show negative enrichment for the Aδ-LTMR gene set, but positive

enrichment of Aβ-Field-LTMR signatures.

C-LTMRs are highly enriched for the C-LTMR gene set, along with a positive

enrichment of Aδ-LTMRs. Correspondingly, this population shows negative enrich-

ment of high threshold populations (NP and PEP), along with the proprioceptive

and Aβ-Field-LTMR signatures.

Aβ-RA + Aδ-LTMRs show positive enrichment for the proprioceptive gene set,

followed by enrichment for Aδ-LTMRs (3A.9). As expected, this population also

shows negative enrichment of high threshold signatures.

Together, these enrichments lend confidence to our methodology and support

the use of this dataset to interrogate population sex differences and as a baseline

against injured neurons.

3.3.4 Subtype sex differences

With many clinically-relevant pain conditions showing sexual dimorphisms, there is

a keen interest to explore sex differences within each DRG subtype transcriptome.

Across subpopulations, most genes are expressed to similar levels in males and

females (Fig 3.6). Differentially expressed genes (DEGs) are defined as an FDR
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< 0.05 and an absolute log2 fold change (LFC) > 1. From this, only six genes

were significantly regulated between males and females in all populations, each X-

or Y- linked (Kdm5d, Uty, Ddx3y, Eif2s3y, Tsix, Xist) (Table 3A.2). Gm29650,

which is also sex-linked, was differentially expressed in 4/5 populations. The only

other DEG shared across any subtypes is Sprr1a, which is more highly expressed

in male nociceptors and non-peptidergic nociceptors. Sprr1a has been previously

described for it’s upregulation in female DRGs after injury, although baseline

expression differences were not studied [76].

This absence of a large sensory-neuron wide sex signature fits previous work

in mice, where all but one DEG reported in adult, lumbar DRG were X- or Y-

linked [223]. Nine autosomal genes were found to be regulated in sacral DRG [223],

and these do not overlap with the DEGs reported within populations here, with

the exception of Clvs1 in Aβ-RA + Aδ-LTMRs.

At a subpopulation-level, a stronger sexual dimorphism emerges. The majority

of DEGs are seen within unique neuronal subtypes (Fig 3.6). We see predominant

changes within Aβ-RA + Aδ-LTMRs (202 genes with FDR < 0.05, LFC > 1),

with few differences in the other populations. Across populations, many genes

hit an FDR < 0.05, but moderated fold changes suggest negligible (near 0) fold

changes in these genes (Fig 3.6C-D).

GO term analyses highlight enrichment for ion channel transport and trans-

membrane transport in females, although few genes are implicated in each (Fig

3.6F). GSEA analyses against all gene sets available from Molecular Signatures

Database (MSigDB) show no enrichments in this population.

In the four other populations studied, most GO terms centre around sex-linked

processes. Other relevant GO pathways include the detection of temperature

stimulus involved in sensory perception of pain (nociceptors), immune response and

cholinergic synaptic transmission (PEP), regulation of sensory perception of pain

(NP), and chemosensory behavior (C-LTMR). All supplemental tables for DEGs

and pathway analyses, including full DEG tables, GO, and GSEA analyses for each

subpopulations are available at https://github.com/aliibarry/thesis-supp.

https://github.com/aliibarry/thesis-supp
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Figure 3.6: Within population sex differences for contralateral ("naïve") samples.
Caption continued below.
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Figure 3.6: Within population sex differences for contralateral ("naïve") samples. A.
Venn diagram highlighting the number of DEGs per subtype (FDR < 0.05, log fold
change (LFC) > 1). B: Euler plot highlighting proportions of DEGs by subtype. C-D.
Volcano plots per subtype, showing large fold changes in sex-linked genes. LFC shrinkage
was performed using the apeglm method in DESeq2. E. Dot plots highlighting key DEGs.
F. Top 10 GO term enrichment for male (up) and female (down) regulated terms in
Aβ-RA + Aδ-LTMRs.

3.4 Discussion

We performed RNA-seq on five neuronal subtypes in a neuropathic pain model.

These populations were introduced in chapter 2, and include: general nociceptors,

encoded by Scn10acre (nociceptors), peptidergic nociceptors from CalcacreERT2 (PEP/

peptidergic), non-peptidergic nociceptors by MrgprdcreERT2 (NP/ non-peptidergic),

C-low threshold mechanoreceptors encoded by ThcreERT2 (C-LTMRs) and Ntrk2creERT2

expressing LTMRs (Aβ-RA + Aδ-LTMRs) (3.2). These populations are defined here

by transcriptional signatures, but are known to show differences in soma and axon

diameters, ligand-receptor expression profiles, and electrophysiological properties.

Initial clustering shows contralateral and ipsilateral samples clustering by

population across timepoints, likely due to the heterogeneity of injured and intact

neurons within the ipsilateral samples. A batch effect is visible in paired samples

from one collection day, and this was included as a two-level factor in each linear

model fit across genes. Across timepoints, the upregulation of injury-specific genes

(eg. Atf3 ) can be seen in ipsilateral samples.

We validated our baseline dataset by combining contralateral samples from

3 day and 4 week samples (3.3). As expected, hallmark gene expression is seen

within each neuronal subtype (3.4).

Recent work suggests a TRKC+/TH+ population of primary afferents involved in

cardiovascular homeostasis [185]. This population appears to be enriched in lumbar

DRG, and comprises a fraction of TH+ neurons. We also see higher expression of

Ntrk3 (encoding TRKC) in our C-LTMR population, suggesting a more functionally-

diverse subtype targeted by ThcreERT2. The implications of this TRKC+/TH+ in
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painful states has yet to be explored, but any genetic manipulation of ThcreERT2

should consider this added diversity.

Previous RNA-seq analyses in these naïve subtypes have correlated the un-

derlying molecular profile to electrophysiological readout [5]. Gene signatures in

our dataset parallel this data from Zheng et al. [5], with a strong correlation

between related subtypes. Here, our Scn10a population appears largely nociceptive,

with a positive enrichment for PEP and NP nociceptors paired to a negative

enrichment for C-LTMRs. We also see an enrichment of the Aβ-Field-LTMR

signature, possibly due to the presence of myelinated A-HTMRs in this population.

Our non-peptidergic population is highly enriched for the NP signature, while our

peptidergic population is enriched for the PEP signature. In our data, we also

see a strong signature for proprioceptive neurons and Aδ-LTMRs in our Ntrk2

(Aβ-RA and Aδ-LTMR) population.

Technically, these results support our use of bulk, subpopulation specific RNA-

seq samples for DEG analyses. We relied on NEB Ultra low/Smarter cDNA

amplification due to limited tissue access (ie. unilateral, lumbar DRGs) and were

able to successfully sequence subpopulation transcriptomes to a sufficient depth

for DEG analysis. These analyses lend confidence in our dataset as we shift to

examining injury signatures across timepoints in chapter 4.

3.4.1 Sexual dimorphism

Building on the overlapping gene signatures between datasets, we also highlight

sexual dimorphism in murine neuronal subtypes (Fig 3.6).

In control samples, shared DEGs across subtypes are limited to sex-linked

transcripts, with the exception of Sprr1a, which is enriched in male NP nociceptor

(LFC ~10) and general nociceptors (LFC ~7) populations.

Sprr1a (small proline rich protein 1A), is an autosomal gene with a role in

regeneration and axon outgrowth after injury [224, 225], possibly through an

interaction with SOX11 [226]. It has previously been discussed in the context of

sex differences in injured states, showing up-regulation in female mice (but not
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males) 24 hours after sciatic nerve transection [76], although microarray data also

shows strong upregulation in male DRG one week after SN transection [225], and

immunohistochemistry supports upregulation in male DRGs after one week in both

SN transection and crush models of neuropathic pain [224]. Earlier work focused

on the role of Sprr1a after injury, with low (or "null") baseline levels reported in

naïve states in these studies. With the advance of deep sequencing, we are able to

more accurately probe lowly expressed genes, and the expression of Sprr1a is also

seen by Zheng and colleagues across subpopuations in naïve states [5].

NP nociceptors also show sex differences in the basal expression of Ecel1, Atf3,

Cckbr, and Fgf3, whereas Pde1b is enriched in female naïve peptidergic nociceptors

(and is the only autosomal gene regulated across sex in this subtype). C-LTMRs

show sex differences in Cenpf, Mrgprx1, and Anxa8, among others, although previous

work on C-LTMRs in our group show no differences in behavioural assays across

sex in naïve states [179]. In each case, the functional implications of changes

remain unclear, and warrant further study.

We see the largest number of DEGs in Aβ-RA-LTMRs and Aδ-LTMRs (D-

hairs), corresponding to Ntrk2 -expressing neurons. Few investigations have focused

on sexual dimorphism in Aβ-RA-LTMRs and Aδ-LTMRs, and all behavioural

readouts during the initial baseline and injury phenotype characterizations for

the Ntrk2creERT2 were performed on male mice [21]. Our data shows female GO

term enrichment for transmembrane transport, potassium ion transmembrane

transport, and regulation of ion transmembrane transport, as well as nervous

system process, hinting at possible differences in excitability between sexes in

this population. These differences is may be driven by a number of regulated

channels, such as an over expression of potassium (Kcnj11 and Kcns1 ) and calcium

(Cacng2 ) channels in female samples.

BDNF and TRKB Mechanisms of sexual dimorphism in basal states suggest a

developmental origin. Brain-derived neurotrophic factor (BDNF) is one of multiple

well established ligands of TRKB, and is a possible candidate: It plays a role in both
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early development and neuronal plasticity later in life. It shows sexual dimorphism

across tissues [227]. It’s general effect on Aβ-RA-LTMRs and Aδ-LTMRs through

TRKB lets us speculate at a possible mechanism underlying the changes seen here.

In the skin, BDNF exerts a clear role on the development and maintenance of

TRKB-expressing neurons [228, 229]. Overexpressing BDNF results in an increased

hair follicle innervation, more Merkel cells, and larger Meissner corpuscles [228].

When knocked out, no Meissner corpuscles are present [229]. Female mice also show

an increase in scratching behaviour in the absence of BDNF compared to males,

although this behavioural assay is not exclusive to Ntrk2 -LTMRs [230].

The BDNF-TRKB signaling pathway has been implicated in sex-specific sensory

innervation, with differences in male and female mammary glands [165]. Here,

TRKB-expression axons are pruned in the mammary glands of male E13 mice (but

not female) in response to BDNF. This stems from the divergent expression of a

truncated TRKB isoform in male neurons in response to androgen expression. This

truncated form can then sequester BDNF so it no longer contributes to neuronal

development [165]. Gene-level transcript abundances were quantified for the current

study, but reanalysis at an isoform-level using Salmon [231] or equivalent can tease

out isoform expression levels in our lumbar DRG data.

BDNF-TRKB signalling is also implicated in painful states in both mice and

rats, with sexual dimorphic hyperalgesic priming reported specifically in mice

[133, 232]. Taken together, this hints at a possible broader mechanism of sexual

dimorphism in this population, but the functional implications in naïve, adult

mice remain understudied.

Tamoxifen Studying sexual dimorphism in tamoxifen-induced Cre-lines comes

with a confound, as tamoxifen is an estrogen analog. We can not exclude the

possibility in the current analyses that tamoxifen administration in 4/5 transgenic

lines alters gene expression in male and female mice differently. Posthoc validation in

naïve tissue or pseudo-bulk analyses on annotated scRNA-seq data is required here.
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Human comparisons Similar to murine sensory neurons, subtype-specific sex

differences are present in humans which broad neuronal signatures fail to capture at

a transcriptional level [24]. At a high level, most DEGs are not shared across studies,

but transcript validation by in situ, as well as a detailed bioinformatic analyses of

DRG sexual dimorphism between mouse and human will give better insight.

3.4.2 Conclusions

Deep sequencing of DRG subpopulations has previously been studied in a naïve state.

Here, we complement these results with a lumbar-centric dataset, and build on this

with subtype-specific sex differences. We validated our sequencing approach against

previously published naïve data before presenting injury phenotypes in chapter 4.
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Figure 3A.1: Subpopulation RNA-seq quality control metrics (related to Figures 3.2
and 3.3). Data were compiled using MultiQC [233]. A. total count breakdown for each
sample. Four samples have a noticeably lower read count and were removed from
downstream analyses. B. Proportion of reads assigned to each classification. C:
Proportion of reads mapped by STAR for each sample aliquot, separated by sequencing
run (pink, purple, and grey sections). Mapping quality was similar across sequencing
runs. D. Samtools flagstat output for key metrics

.
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samples. C: PCA bi-plot for contralateral (naïve) samples, by population. D.
Hierarchical clustering of contralateral samples

.



3. Deep RNA-seq of male and female sensory neuron subtypes 91

0

10

20

30

40

CGRP IB4 NF200 Th

K
cn

k1
0 

ex
p

re
ss

io
n

A                                                                 B

                                                                  C 

0.0

0.1

0.2

0.3

0.4

0
20

0
40

0
60

0
80

0
10

00
12

00
14

00
16

00

Area (um2)

R
el

at
iv

e 
fr

e
qu

en
cy

CGRP

IB4

NF200

TH

CGRP IB4

ThNF200

Kcnk10 Kcnk10

Kcnk10Kcnk10
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situ hybridization against Kcnk10 in conjunction with antibodies to validate this finding.
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C. Size profile histogram showing the range of subtypes covered by antibody stainings.
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Table 3A.1: Gene set enrichment for naïve (contralateral) lumbar DRG, ranked by
normalized enrichment scores within each neuronal subtype. Related to Figure 3.5

Population Gene Set Size Score p (adj)

Nociceptors

PEP 764 2.22 4.67E-69
Aβ-field-LTMR 263 1.73 2.47E-08
NP 1583 1.71 1.97E-34
Aβ-RA-LTMR 35 1.26 1.51E-01
Aβ-SA1-LTMR 317 1.18 1.06E-01
PROP 765 -1.31 2.78E-06
C-LTMR 836 -1.46 1.28E-09
Aδ-LTMR 315 -1.76 4.16E-09

PEP

PEP 764 2.52 1.27E-105
Aβ-field-LTMR 263 1.76 1.93E-07
Aβ-RA-LTMR 35 1.47 3.79E-02
Aβ-SA1-LTMR 317 1.23 6.47E-02
PROP 765 1.10 1.75E-01
Aδ-LTMR 315 -1.41 1.10E-03
NP 1583 -1.91 4.44E-36
C-LTMR 836 -2.44 7.43E-53

NP

NP 1583 2.93 2.40E-223
Aβ-RA-LTMR 35 -1.48 3.14E-02
Aβ-SA1-LTMR 317 -1.54 1.29E-04
Aδ-LTMR 315 -1.66 1.54E-06
PROP 765 -1.78 1.30E-18
Aβ-field-LTMR 263 -1.82 1.17E-08
C-LTMR 836 -1.83 1.17E-23
PEP 764 -1.90 1.24E-26

C-LTMR

C-LTMR 836 2.85 2.49E-119
Aδ-LTMR 315 1.86 1.70E-09
Aβ-RA-LTMR 35 -0.89 6.16E-01
PROP 765 -1.13 1.55E-01
Aβ-SA1-LTMR 317 -1.14 1.90E-01
Aβ-field-LTMR 263 -1.61 5.31E-03
NP 1583 -2.00 6.36E-34
PEP 764 -2.51 3.37E-66

Aβ-RA + Aδ-LTMRs

PROP 765 2.05 5.94E-30
Aδ-LTMR 315 1.67 5.85E-08
Aβ-RA-LTMR 35 -0.90 7.08E-01
Aβ-SA1-LTMR 317 -0.92 7.08E-01
Aβ-field-LTMR 263 -0.99 7.07E-01
C-LTMR 836 -1.27 2.28E-03
PEP 764 -1.87 6.74E-30
NP 1583 -1.90 9.72E-72
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Figure 3A.5: Gene set comparison for Scn10acre to previously published, naïve
subpopulation RNA-seq. Related to Figure 3.5

Figure 3A.6: Gene set comparison for CalcacreERT2 to previously published, naïve
subpopulation RNA-seq. Related to Figure 3.5
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Figure 3A.7: Gene set comparison for MrgprdcreERT2 to previously published, naïve
subpopulation RNA-seq. Related to Figure 3.5

Figure 3A.8: Gene set comparison for ThcreERT2 to previously published, naïve
subpopulation RNA-seq. Related to Figure 3.5
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Figure 3A.9: Gene set comparison for Ntrk2creERT2 to previously published, naïve
subpopulation RNA-seq. Related to Figure 3.5
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Table 3A.2: Overlapping DEGs across multiple neuronal subtypes examined. General
nociceptors (Noc.), peptidergic nociceptors (PEP), non-peptidergic nociceptors (NP),
C-LTMRs (C-LT) and Aβ-RA + Aδ-LTMRs (A-LT). 1 = differentially expressed (FDR
< 0.05, FC > 1), 0 = not significant. Related to Figure 3.6.

Noc. PEP NP C-LT A-LT Gene
1 1 1 1 1 Kdm5d
1 1 1 1 1 Uty
1 1 1 1 1 Ddx3y
1 1 1 1 1 Eif2s3y
1 1 1 1 1 Tsix
1 1 1 1 1 Xist
1 1 0 1 1 Gm29650
1 0 1 0 0 Sprr1a



4
Deep RNA-seq of DRG

subpopulations after injury

Sensory neuron subtypes show stereotyped and unique subpopulation signatures in

injured states after nerve injury. While all populations contribution to a general

injury signature at 3 days and 4 weeks post-SNI, subtype enrichment changes can

also be seen, possibly driven by the loss of transected NP neurons by 4 weeks.

Within populations, there is not a strong intersection of sex and injury, but sex

differences in naïve states - particularly Aβ-RA + Aδ-LTMRs - still contribute to

differences in injured neurons. In addition to providing injury signatures across

subpopulations, we are contributing to a growing body of literature emphasizing

the importance of studying sexual dimorphism in painful states.
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4.1 Introduction

Here, I build on previous chapters with the deep sequencing of male and female

sensory neuron subtypes in injured states. General quality control, validation

against previously published work, and sex differences in naïve tissue are discussed

in depth in chapter 3.

4.2 Methodology

4.2.1 Overview

Deep RNA-seq of mouse DRG subpopulations after injury was performed to query

subtype-specific and shared injury signatures. Transgenic validation is described

in chapter 2, and RNA-seq validation is described in chapter 3.
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Briefly, spared nerve injury (SNI) was performed on transgenic animals, each

labelling one of five sensory neuron subtypes of interest (general nociceptors

(Scn10a), peptidergic nociceptors (PEP, Calca), non-peptidergic nociceptors (NP,

Mrgprd), C-LTMRs (Th), and Aβ-RA + Aδ-LTMRs (Ntrk2 )). Paired ipsilateral

and contralateral lumbar DRG samples were then collected 3 days and 4 weeks

after surgery. In each condition, both male and female samples were collected

to enable sex analyses. Together, 160 samples were collected, with 154 passing

QC (Figure 3.2, 3A.1). Our contralateral, naïve controls were validated against

previously published data from Zheng and colleagues [5] prior to downstream

analyses of injury phenotypes (3.5).

4.2.2 Bioinformatics

This work is an extension of the dataset presented in chapter 3. Detailed method-

ology regarding mapping (STAR), sorting/merging (Samtools) and gene counting

(HTSeq) are discussed in section 3.2.6. Subsequent analyses were performed in

R via DESeq2 [214].

Modelling variance Two design models were fitted and used to examine injury

changes - with and without subtype information. In each case, batch was included.

Design models were compared against reduced models using the likelihood ratio

test (LRT), and the distribution of variance per gene by factor was calculated

using the package variancePartition [234].

4.2.2.1 Differential expression analyses

Differential expression testing was performed on filtered data using the Wald test

and a weighted FDR correction (independent hypothesis weighting, IHW), in line

with chapter 3. Count data was first filtered to genes with an average of 5 reads

in at least 10% of the samples.

GSEA analyses against "all gene sets" were performed using ranked log2 fold

changes (LFC) via msigdbr [216] and clusterProfiler [217] libraries. Custom GSEA

analyses were calculated against a curated list of enriched genes from previously
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published subpopulation data, as described in chapter 3 [5]. Ipsilateral sample

enrichment was calculated against the same combined contralateral baseline used in

chapter 3. GO term analyses for DEGs were performed using the Wallenius method

via goSeq (R) [219]. Mirroring chapter 3, the filtered count data of expressed,

non-DEG genes were used as a background (here, 5 reads in at least 10% of the

samples). Protein interaction networks were generated using STRING [235].

General injury phenotypes To compare the general effect of SNI across acute

and chronic states, condition (ipsi vs cont) and time (3D vs 4W) were modelled

as a grouping factor in an additive design, combining samples across neuronal

subtypes (~batch + Time_Condition).

Within population injury effects Hypothesis testing within subtypes was

performed using a grouping factor for time, condition, and population (~batch +

Population_Time_Condition).

Sexual dimorphism Sexual dimorphism in injured samples was interrogated

within populations using an interaction model (~Time_Condition∗Sex), as well as

by contrasting sex and injury from an additive design (~Time_Condition+ Sex).

Technically, the second method requires a shift to a different Bayesian shrinkage

estimator, from "approximate posterior estimation for the general linear model"

(apeglm) using a heavy-tailed Cauchy prior distribution to a more generic adaptive

shrinkage method (ashr) [218, 236]. While both are widely accepted shrinkage

methods, the consequences of this shift are discussed throughout the results.

4.2.2.2 Injury signature enrichment

Acute and chronic injury signatures were calculated using supervised principal

component analyses (SPCAs) [237] on DEGs at 3 days or 4 weeks from the general

injury analysis. Eigenvectors were extracted from the first principal component

(PC1) and correlated across samples as an unbiased injury signature. For the 4 week

timepoint, PC2 was also analysed. Loading values were also extracted. These are a
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product of the covariance between the scaled dimensions and the original variables,

giving a weight to how much individual genes contribute to each principal component.

4.2.3 Data accessibility

Building on our control data, these analyses have been included on our interactive

database, currently on a test server at https://trainingidn.shinyapps.io/

drg-directory/. Data tables are available at https://github.com/aliibarry/

thesis-supp.

4.3 Results

4.3.1 General injury phenotypes

General injury signatures were examined by combining samples across subtypes (Fig

4.1). These samples will be biased toward nociceptors, due to the inclusion of three

nociceptor populations (Scn10a, Calca, and Mrgprd) and two LTMR populations

(Th and Ntrk2 ) in equal numbers.

At both 3 days and 4 weeks, we see predominant upregulation of genes associated

with classical injury signatures, including Atf3, Jun, Sox11, and Fosl1. The overall

number of DEGs (LFC > 1, FDR < 0.05) is reduced over time, from 521 at 3

days to 162 by 4 weeks. Of these, 96 are shared across timepoints, with some

highlighted in figure 4.1D-F. Subtype-enriched genes appear acutely downregulated

at three days, in line with previous reports although few genes reach our significance

threshold (4A.2). This is likely due to the high variability from combining samples

across populations.

Timecourse progression Our experimental timecourse was selected to highlight

the progression from a more acute to chronic injury state after SNI. We can probe this

transition by comparing ipsilateral samples across timepoints (4.1G). At four weeks,

we see the downregulation of Atf3, as well as an upregulation of some subtype-specific

genes towards baseline, such as Ntrk2 (TRKB). Slc17a7 (VGLUT1), typically a

marker of larger diameter DRG is positively enriched at 4 weeks compared to 3

https://trainingidn.shinyapps.io/drg-directory/
https://trainingidn.shinyapps.io/drg-directory/
https://github.com/aliibarry/thesis-supp
https://github.com/aliibarry/thesis-supp
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Figure 4.1: General injury signatures at acute (3 day, 3D) and chronic (4 week, 4W)
timepoints after SNI. Ipsilateral (ipsi) lumbar DRG were compared to contralateral
(cont) samples across neuronal subtypes. A. Supervised PCA bi-plot of 3 day DEGs
(LFC > 1, FDR < 0.05). B: Overlap of 3D and 4W DEGs. C-D. Hallmark injury genes
(C), and example DEGs shared across timepoints (D), plotted as median VST expression
across groups. E-F. Volcano plots for ipsilateral v contralateral samples at an acute (E)
and chronic (F) timepoint. G. Volcano plot for 4W v 3D ipsilateral samples. H. Subtype
enrichment GSEA, based on a custom gene set for 8 neuronal subpopulations. C-LTMRs
and NP nociceptors show negative enrichment in 4W ipsilateral samples compared to 3D.
Normalized enrichment scores and p-values are listed in Table 4A.1

days after SNI (LFC = 2.25, p.adj = 1.7E-07), although this change is not reflected

by a median expression change and is likely driven by a subgroup of samples. For
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other genes, such as Npy, gene expression increases from 3 days to 4 weeks, where

it is significantly higher than contralateral levels, suggesting a more chronic change.

In a more acute state, GO analyses show enrichment in the regulation of cell

population proliferation, positive regulation of apoptotic process, and inflammatory

response after injury. Many of these processes remain enriched at 4 weeks, even with

the overall reduction in DEGs. GSEA enrichment at 3 days also show downregulation

of electron transport and oxidative phosphorylation paired to a positive enrichment

of inflammation, receptor regulator activity, and cell migration. Taken together,

these results suggest we are accurately capturing injury signatures across our dataset.

All supplementary tables for DEGs, GO, and GSEA analyses are provided on github.

When comparing ipsilateral samples over time, GO analyses also suggest

functional changes. Three day injured samples show enrichment of apoptotic

process, cytokine response and, and positive regulation of gene expression. In a

more chronic state, there is an enrichment for protein import, long-term memory,

and the regulation of long-term neuronal synaptic plasticity.

Cell type enrichments Injured neurons were previously shown to lose cell-

type specific identifies after nerve injury in a time-dependant process [42]. At 4

weeks post-SNI, injured samples show a negative enrichment for C-LTMRs and NP

nociceptors compared to their 3 day injured counterparts (4.1H).

4.3.2 Injury phenotypes by subtype

A major strength of this study is the ability to probe subtype specific patterns in

a murine model of neuropathic pain. Here, we are able to explore subpopulation

and common injury signatures across cell types, as well as contrast ipsilateral and

contralateral samples within each population.

First, we queried cell type enrichment in our injured samples (Figures 4.2A,

4A.5-4A.9, Table 4A.2). By 4 weeks post-SNI, GSEA enrichment of subpopula-

tion signatures varies from their naïve counterparts, previously discussed in Fig

3.5. Injured nociceptors and NP nociceptors no longer show clear subpopulation

https://github.com/aliibarry/thesis-supp
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Figure 4.2: Differential gene expression across subtypes. A. GSEA analyses against
previously published data [5] reveals a lack of clear subpopulation signatures in injured
nociceptors and NP nociceptors by 4 weeks. All subtypes show a significant enrichment
for Aδ-LTMRs, which was not seen in naïve nociceptor populations. Naïve data is shown
in Fig 3.5. Normalized enrichment scores and p-values are listed in Table 4A.2. B-C:
Differential expression testing at 3 days (B) and 4 weeks (C) post-SNI.

delineations, while injured PEP and C-LTMRs both show enrichment for their

respective populations. Across all subtypes, there is a positive enrichment in the
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Aδ-LTMR signature, previously only seen in naïve LTMR samples. Injured Aβ-RA +

Aδ-LTMRs also show a new negative enrichment for Aβ-Field and Aβ-SA1-LTMRs.

4.3.2.1 Differential expression analyses

Acute gene regulation Within population testing for differentially expressed

genes show a number of shared regulated genes typical of injury signatures (including

Atf3, Sprr1a, and Sox11, Table 4A.3), as well as a subset of subtype-specific DEGs

(Fig 4.2B). Over 5000 genes are regulated overall and are mostly driven by changes

in the general nociceptors (2620) and peptidergic nociceptor (3270) samples. Fewer

DEGs are seen in other populations, with 179 DEGs for non-peptidergic nociceptors,

640 DEGs for Aβ-RA + Aδ-LTMRs, and only 36 DEGs in C-LTMRs (with an LFC

> 1, FDR < 0.05). Using an LFC cutoff of 1, we are focusing on genes with good

expression changes thought to correspond to biological relevance. Even so, small

changes in gene expression can be biologically relevant, and full results tables are

provided online. With the populations studied, we do not see a clear LTMR-specific

pattern: no genes exclusively regulated in both C-LTMRs and Aβ-RA + Aδ-LTMRs.

Most genes are either regulated in the same direction, or only regulated in a

subset of populations. Even so, over 400 DEGs are regulated in opposing directions,

which may provide a unique look at subtype differences after injury (Table 4A.5).

For example, Ints5 is an integrator complex involved in RNA transcription which is

upregulated in PEP and general nociceptors while being downregulated in Aβ-RA

+ Aδ-LTMRs. The GTP binding protein Gtpbp1 has been previously implicated

in neuronal death through translational regulation [238]. Here, we see subtype

differences in regulation, being upregulated in PEP and Aβ-RA + Aδ-LTMRs,

but downregulated in general nociceptors (with downward trends in NP and C-

LTMRs). Other genes showing bidirectional regulation include Rnd1, or Rho Family

GTPase 1, which has been discussed previously for it’s role in axon outgrowth,

while Wnk4 is related to actin cytoskeleton remodelling by Rho GTPases, as

well as ion channel regulation.
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Chronic gene regulation At four weeks post-SNI, there is a reduced number of

DEGs across all subtypes, compared to our 3 day results (4.2C). The most changes

are present in Aβ-RA + Aδ-LTMRs (217 DEGs). Non-peptidergic and peptidergic

nociceptors show the next highest number of DEGs, with 25 and 36 respectively

(sharing Cckbr, Tubb6, Atf3, Gpr151, Wt1, Pde6b, Cyp26a1, and Cdk6 ). Few changes

are seen in our general nociceptor population, with only 7 DEGs with a moderated

LFC > 1 (Cckbr, Ttll10, Phox2b, Rpl31-ps13, S100a8, Gata5os, and Gm47138 ).

C-LTMRs also show few changes (5 DEGs), in line with the acute signature (Hba-a1,

Nefh, S100b, Adtrp, Gm35097 ). No genes show regulation in opposing directions

across subtypes by 4 weeks, although some, like Rnd1 remain regulated.

Regulatory genes Many studies highlight cell-type or injury-specific gene reg-

ulation mechanisms, as they regulate important mechanisms of neuropathic pain.

Additionally, they provide possible new avenues to target and modulate neurons

in injured states. Our current dataset is well suited for these inquires. Across

timepoints, a number of DEGs correspond to transcription factors ("GO:0003700")

and/or are involved in gene regulation ("GO:0010468") (4A.10). This includes

shared regulators like Atf3, Hoxa2, Twist2, Cdk6, Prdm10, and Trim34b as well

as numerous subtype-specific regulators. Full results tables for these groups are

available in the online supplementals.

4.3.2.2 Acute injury signatures

Differential gene expression analyses show significant differences across all samples,

as well as within each subtype at both timepoints examined. To build on this, an

acute injury signature was extracted from our initial list of DEGs at 3 days (from

combined samples, above) through a supervised PCA (SPCA) and compared across

subtypes (4.3). This provides an unbiased signature through the linear combination

of individual gene expressions. All five subtypes studied show a significant difference

(FDR < 0.05) between ipsilateral and contralateral samples at both timepoints

(Kruskal-Wallis Rank Sum, followed by pairwise Wilcoxon with BH correction

against a grouping factor (population, condition, and timepoint)). Only NP and
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C-LTMR show a significant difference between 4 weeks and 3 days (FDR = 0.00185

and 0.00995 respectively), reflecting their stronger return towards baseline.
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Figure 4.3: Acute injury signature analysis. A. Supervised PCA bi-plot for 3 day
DEGs. B. Dendrogram split by k-means of 2, highlighting positive and negative injury
scores largely correlating to sample condition. C-D. PC1 correlation across subtypes and
time. Boxplot whiskers show 1.5 IQR. All five subtypes shows a significant difference
between ipsilateral and contralateral samples at both timepoints (Kruskal-Wallis Rank
Sum, followed by pairwise Wilcoxon with BH correction against a grouping factor
(population, condition, and timepoint)). Only NP and C-LTMR ipsilateral samples are
different between 4 weeks and 3 days (FDR = 0.00185 and 0.00995 respectively),
reflecting their return towards baseline.

4.3.2.3 Chronic injury signatures

Eigenvectors were also extracted from an SPCA on 4W DEGs to form a chronic

injury signature across populations (4.4). This signature is driven largely by

general nociceptors, peptidergic nociceptors, and Aβ-RA + Aδ-LTMRs, although

all subtypes show a significant difference from their contralateral counterparts at 4

weeks (Kruskal-Wallis Rank Sum, followed by pairwise Wilcoxon with BH correction
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against a grouping factor (population + condition). A subset of samples share

variation in PC2, so this eigenvector was also extracted for comparison (4.4C-E).

Here, this variation is driven by Aβ-RA + Aδ-LTMRs ipsilateral samples, suggesting

a distinct injury signature in this population not captured in the other subtypes.

3D.Cont

4W.Cont

3D.Ipsi

4W.Ipsi

A                                                           B

C                                       D                                           E 

Figure 4.4: Chronic injury signature is partially driven by Aβ-RA + Aδ-LTMRs at 4
weeks. A. PCA bi-plot of differentially expressed genes, 4 weeks after SNI. Aβ-RA +
Aδ-LTMRs injured samples are highlighted in cyan. B. PC1 correlations across sample,
plotted as -score for consistency with the 3 day signature. C. PC2 correlations across
samples. D. Ranked loadings (PC2) for all DEGs at 4 weeks after injury. Dashed lines
highlight quartiles. E. STRING database interactions for top 15 DEGs (ranked by
loadings).

Gene loadings for PC2 were extracted and ranked by loading for further analyses

(4.4D). The top and bottom 25% quartiles were extracted for GO analyses. Both

"response to stimulus" and "actin filament organization" were upregulated GO terms,

while "immune response" and "synapse maturation" were downregulated. No GSEA

enrichments on ranked loadings were present.

The STRING database was next queried for possible interactions between gene

products. In the top quartile (41 DEGs), interactions are seen between Car1 -Car3,
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Unc-Npy-Cbln2, Hrk-Pmaip1, and Uox-Mbl2. Interactions for the genes with the

highest loadings are highlighted in Fig 4.4.

Aβ-RA + Aδ-LTMRs Ntrk2 -LTMRs represent a unique sensory neuron popu-

lation because they transition functionally after injury to contribute to mechanical

hypersensitivity [21]. Here, they show the largest changes 4 weeks after injury (4.2C)

and contribute a unique part of the chronic injury signature (4.4C-E). There is an

upregulation of Atf3, Sox9, and Sprr1a across timepoints in injured cells, and by 4

weeks, Npy is also strongly upregulated (LFC > 12) in line with previous reports.

GO analysis shows an upregulation of neuropeptide signalling pathways, gene ex-

pression and actin filament organization. There is a downregulation of inflammatory

response, G-protein coupled receptor signalling, and signal transduction. GSEA

analysis against all gene sets also shows enrichment in neuropeptide signalling and

receptor binding, driven largely by Npy, Ucn and Nts fold changes, as well as multiple

hits for terms involving the electron transport chain and oxidative phosphorylation,

which mirrors our previous analysis with a chronic injury signature.

To see if these changes were consistent across LTMRs, an SPCA on DEGs

at 4 weeks was performed (Fig 4.5). There is no a clear division between high

threshold and low threshold populations here, supporting the notion that Ntrk2 -

expressing neurons exhibits a unique injury signature compared to the populations

studied here. In most subtypes, the injury signature correlates slightly more in

male samples, with no difference at baseline (4.5D).

4.3.3 Sexual dimorphism

To see if male and female sensory neurons differ in their maintenance of chronic

neuropathic pain states, we fitted an interaction model for sex and condition (4.6).

Acute effects were not studied due to the colinearity of the batch and sex in a

subset of the populations. Using this stringent modelling, which requires genes to

be regulated in injury, as well as have a differential response to sex, we detected no

differences when pooling populations at 4 weeks, or when subsetting our data to
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Figure 4.5: Aβ-RA + Aδ-LTMRs show a unique injury signature at four weeks. A.
Volcano plot highlighting DEGs 4 weeks after SNI. B. SPCA for Aβ-RA + Aδ-LTMR
DEGs at 4 weeks. Remaining populations in grey. C. Unbiased correlation analysis
against the first principal component (PC1) from an SPCA on 4W DEGs for Aβ-RA +
Aδ-LTMRs. D. At 4 weeks, all five subtypes shows a significant difference between
ipsilateral and contralateral samples (Kruskal-Wallis Rank Sum, followed by pairwise
Wilcoxon with BH correction against grouped population and condition). Effect sizes
vary across populations, and do not highlight a clear difference between LTMR and
HTMR populations. E. Top DEGs, ranked by LFC. Many are common in injured
samples across subtypes.

interrogate within subtype (4.6A). The number of genes with FDR < 0.05 range

from 9 (NP) to 212 (Aβ-RA + Aδ-LTMRs), but moderated fold changes centre

towards zero, suggesting these result from the high variability in low count genes,

instead of biologically meaningful differences.

By definition, interaction effects are calculated using the reference mean expres-

sion from only one sex. This can mask effects in genes which are lowly expressed
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Figure 4.6: Sexual dimorphism in neuronal subtype injury responses. A.
Transcriptomic analyses in primary afferents reveal no clear interaction of sex and injury
4 weeks after SNI. B. Euler plot of DEGs using an additive model contrasting sex and
injury differences. C. Line plots of DEGs shared across at least two subtypes. D-H:
across subtypes, DEGs from this additive modelling ("add") appear to be driven partly
by sex differences in basal expression levels ("sex"), as well as some overlap with genes
generally regulated in injury ("injury"). D: General nociceptors. E: PEP nociceptors. F:
NP nociceptors. G: C-LTMRs. H. Aβ-RA + Aδ-LTMRs. I. Example volcano plots for
the interaction of sex and injury for Aβ-RA + Aδ-LTMRs, with apeglm and ashr
shrinkage. J. 42% of regulated genes are shared across our interaction and additive
models (magenta) which are not regulated with apeglm
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in one sex during control states. To overcome this, we further explored sexual

dimorphism using a more relaxed additive design, subtracting sex and injury

comparisons to pull out sex differences which cannot be explained by the injury

effect alone (4.6B-J, 4A.11).

Using this approach a number of DEGs are seen, with the majority in Aβ-RA

+ Aδ-LTMRs (144 genes), followed by peptidergic nociceptors (41) and general

nociceptor (34) populations (Fig 4.6B).

Eight genes show regulation in multiple subtypes. This includes a subgroup

of sex-linked genes (eg. Xist, Tsix, Kdm5d), as well as those regulated in injured

states, like Sprr1a. Only one, Tsix, shows regulation across all subtypes, but

this does not appear to be a strong interaction of sex and injury (4.6C). Across

subtypes, DEGs from this differential response to injury appear to be driven partly

by sex differences in basal expression levels, as well as some overlap with genes

generally regulated in injury (Fig 4.6D-H).

Aβ-RA + Aδ-LTMRs show the largest number of DEGs, with a selection

highlighted in 4A.11. Here, there is a 32% overlap with significantly regulated genes

from naïve male vs female samples and a 12% overlap with genes regulated in an

injured state (4.6H). Together, 40% of DEGs overlap with significantly regulated

genes for sex in control samples or injury at 4 weeks, based on an FDR < 0.05.

This does not account for fold changes, due to differences in shrinkage methods

(apeglm vs ashr, see methods).

To see if the difference between our interactive and additive modelling was

primarily a caveat of shrinkage priors, our interaction fold changes were re-calculated

using ashr, where 42% over DEGs detected through the additive model overlap

(Fig 4.6I-J). Shrinkage priors aim to limit noise within a dataset. Plotting non-

transformed counts for these genes highlights the variability present (4A.12). Some

fold changes appear driven by a single sample per condition, while others show

stronger trends. This highlights how the variability in lowly expressed genes

can limit conclusive analyses.
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Taken together, we interpret this as a lack of strong sexual dimorphism between

male and female subtypes specifically in response to injury by 4 weeks. Using

a less stringent analysis for sexual dimorphism, we do detect within subtype

differences. These are primarily seen in Aβ-RA + Aδ-LTMRs, and is partly driven

by baseline sex differences at a subpopulation-level, which were initially discussed

in chapter 3. The variability in low count genes adds noise to these analyses:

deeper sequencing and in situ validation may still reveal a clearer interaction, or

lack-there-of between sex and injury.

4.4 Discussion

The availability of subtype-specific transgenics paired to advances in low input

RNA-seq has allowed deep sequencing of sensory neuron subpopulations after

injury. Building on our control data from chapter 3, we are able to explore

changes after SNI at two timepoints, as well as probe sexual dimorphism after

injury at a subpopulation-level.

4.4.1 General injury signatures

Samples cluster primarily by cell type. By collapsing these subtypes we can extract

general injury signatures that mirror injury signatures seen in previous studies.

There is an acute upregulation of key injury genes which decrease over time, along

with the more chronic upregulation of genes like Npy.

This general analysis is enriched for sensory neurons, as opposed to general whole

DRG sequencing. We anticipate this transcriptional signature to be similar to bulk

RNA-seq of MACS-purified neurons, where researchers quantified a "nociceptor"

transcriptome based on the isolation of small diameter neurons [28]. In naïve states,

we see many overlapping genes, including key transcription factors they report to

be enriched in their "nociceptor" sample, opposed to whole DRG. These include

Pou4f2, Myt1, Ldb2, Isl2, Bhlha9, and Atf3, which show varying degrees of cell-type

specificity in our data. We have built on this with added data after injury, giving

insight to possible nociceptor-enriched transcription factors involved in injury. For
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example, Isl2 encodes Insulin related protein 2 and is regulated after injury in

our dataset. It also shows regulation in human patients with diabetic peripheral

neuropathy, suggesting cross-species, cross-model target for future experiments [239].

Timecourse developments To probe differences in acute injury and more

chronic states, we examined samples at 3 days and 4 weeks. When comparing

all ipsilateral samples, we see a reduction in NP and C-LTMR enrichment more

chronically. Population data was pooled for GSEA analyses across timepoints, so

changes in gene signatures can be difficult to interpret. For example, if we are

working with the assumption that injured NP cells die after SNI, as suggested in

chapter 2, the ipsilateral NP samples by 4 weeks are likely to contain primarily

intact neurons (opposed to cell bodies from transected afferents). The significant

reduction of an NP signature over time may thus result from changes in the intact

NP neurons, or a bias in the general nociceptor population, which shows enrichment

for both PEP and NP nociceptors in a naïve state. C-LTMRs show a similar pattern

to NP, although we have not queried the loss of this population to the same extent

as NP. Given similarities seen here, it would be interesting to follow up in a similar

fashion. To address this in further detail, and amplify a major strength of the

study, subtype-specific analyses were performed.

4.4.2 Subtype-specific injury changes

Previous work has explored injury signatures in whole DRG and single cells. We are

adding a middle ground of "bulk", subtype-specific population analyses through deep

sequencing of neuronal subtypes post-SNI. Deep sequencing allows us to interrogate

genes at a larger dynamic range, including lowly expressed genes, and produces

an expression matrix that is less sparse than sc/snRNA-seq.

In line with previous reports, we see a reduction in cell-type specificity within

our injured samples. Primarily, we see a reduced signature in general nociceptors,

as well as NP nociceptors (4.2A), while PEP nociceptors still show enrichment
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for PEP, either from the contribution of intact afferents in the samples, or less

change in injured cells.

There is an added enrichment for Aδ-LTMRs across all nociceptor subtypes,

which remains enriched in LTMR populations. The consequence of this is unclear,

with multiple, non-mutually-exclusive hypotheses available. For example, do

nociceptors develop a more LTMR-like signature? Is this driven by a clear subset

of genes? Is this signature simply representative of a more general, undefined

or immature sensory neuron? Do Aδ-LTMRs show a more injured phenotype

in naïve states? We cannot conclusively exclude this latter possibility, but key

injury genes are not present in the gene set curated from Zheng and colleagues,

and our contralateral Ntrk2 samples are negatively enriched for our general injury

signature at both timepoints. Together, this suggests they do not show a strong

injury phenotype at baseline.

Our sequencing depth also permits differential expression testing within subpop-

ulations. All populations show differential gene expression, but this is primarily

driven by general nociceptors and PEP at 3 days, and Aβ-RA + Aδ-LTMRs at

4 weeks. Using an LFC cutoff of 1, we see significant upregulation of multiple

injury genes, and a significant enrichment of a general injury signature in the

ipsilateral samples across all subtypes. This suggests the low number of DEGs

in other populations is not an artifact of sequencing intact neurons, but instead

a biologically relevant signature. A number of these DEGs are involved in gene

regulation (4A.10), and may be useful targets for genetic manipulation.

Gene signatures Using injury signatures extracted from DEG lists we can

compare subtype responses over time. By four weeks, Ntrk2 samples show a distinct

injury phenotype not captured by the other populations (4.4C-E). Loading values

suggest a strong involvement of Car3 and Car1, which are both involved in oxidative

phosphorylation. Neuropeptide Y (Npy) and cerebellin-2 (Cbln2 ) are also highly

ranked. These have previously been implicated in mechanical hypersensitivity [240].
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Npy has also been well documented for it’s upregulation in large-diameter neurons

after injury, which may explain the subtype-specific effect seen here [241].

4.4.3 Sexual dimorphism

In a naïve state, we see distinct sexual dimorphism across subtypes (chapter 3).

This does not translate to a strong interaction of sex and injury, as the injury

response seems to be consistent across sexes (4.6). With baseline differences in

gene expression across sexes, a strong interaction with injury is not required for

functionally relevant changes in injured states. The differences seen in control

states may still contribute to painful states due to altered immune/glial interactions,

baseline excitability, or differences in higher order circuitry.

Using an additive model to contrast sex and injury at 4 weeks, we are able to

pull out possible gene candidates for further validation. These represent a set of

genes who’s different responses between sexes cannot be solely explained by the

general injury response. A small subset shared across populations, which appear to

be larger sex-linked, or key injury genes. Of these, Sprr1a was previously noted

to be sexually dimorphic in naïve states, but also is strongly upregulated after

injury, in line with previous reports.

Proportionally, Aβ-RA + Aδ-LTMRs show the most DEGs when contrasting

sex and injury condition, in keeping with a naïve state. One third of these genes

were previously reported to differ in control samples, with 12% regulated in injury

at 4 weeks. As a top hit, Slit3 is an estrogen-sensitive axonal guidance molecule

previously discussed in the context of endometriosis and pelvic pain [242]. Other

DEGs include a range of genes involved in inflammation and immune response (eg.

Ifi211, Ctla2a, Tlr4 ), cholinergic receptors (Chrna3, Chrnb3 ), the transcription

factor Neurog3, and numerous sex-linked genes.

4.4.3.1 Technical limitations

This data does not conclusively highlight an interaction of sex and injury within

subtypes. The absence of a strong signature fits previous literature, but nuanced
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changes in lowly expressed genes may still hold biological relevance. As discussed

in chapter 3, tamoxifen dosing introduces a confound. Moreover, the variability in

low count genes makes this difficult to probe with our sequencing depth. Shrinkage

methods differ in their LFC estimates at this point, with a conservative shrinkage by

apeglm showing no changes, while a more relaxed shrinkage by ashr captures large

fold changes, some of which are driven by single samples (4A.12). To give more

confidence to DEGs captured by ashr, more stringent filtering may be warranted

to select candidates for external validation.

4.4.4 Conclusions

Using bulk RNA-seq of DRG subtypes, we build on a mountain of previous studies

exploring naïve and injured molecular signatures, and have curated this data into

an interactive database to improve accessibility. In addition to providing injury

signatures across subpopulations, we are contributing to a growing body of literature

emphasizing the importance of studying sexual dimorphism in painful states.
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Figure 4A.1: Shared injury signatures across timepoints (3 days and 4 weeks) after
SNI. A. Median expression of shared DEGs of interest between 3D and 4W, and 4W v
3D ipsilateral samples. Many genes show recovery towards baseline by 4 weeks. Solid line:
3D samples, dashed line: 4 week samples. B-C: GO term analyses for 3D (B) and 4W (C)
general injury samples.
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Figure 4A.2: Normalized median gene expression from 3 day and 4 week samples,
combined by subpopulation. A. Selected genes across neuronal subtypes. B. Selected
common ion channels across subtypes. Voltage gated sodium (Scn), transient receptor
potential (Trp), acid-sensing (Asic), γ-aminobutyric acid (GABA) receptors (Gabra), and
potassium channel (Kcnb/c/k) genes are highlighted.. Related to Figure 4.1.
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Figure 4A.3: Gene set comparison for chronic v acute injury to previously published,
naïve subpopulation RNA-seq. Related to Figure 4.1.
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Table 4A.1: Gene set enrichment for general injury conditions, ranked by normalized
enrichment scores (score): 4W v 3D: Ipsilateral conditions across timepoints. Genes were
ranked by shrunken LFC. Related to Figure 4.1

Comparison Gene Set Size Score p (adj)

4W v 3D

C-LTMR 727 -1.58 1.09E-03
NP 1400 -1.48 1.09E-03
PROP 594 1.16 4.25E-01
Aβ-field-LTMR 224 1.14 4.25E-01
Aδ-LTMR 248 1.13 4.25E-01
PEP 666 1.00 5.86E-01
Aβ-SA1-LTMR 250 -0.96 5.98E-01
Aβ-RA-LTMR 24 0.75 6.88E-01
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Figure 4A.4: Selection of DEGs shared across multiple populations, either at 3 days, 4
weeks, or both.
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Table 4A.2: Gene set enrichment for injured lumbar DRG, 4 weeks after SNI. Ranked
by normalized enrichment scores within each neuronal subtype. Related to Figure 4.2.

Population Gene Set Size Score p (adj)

Nociceptors

NP 1583 -4.66 1.27E-266
C-LTMR 836 -4.02 8.81E-103
Aδ-LTMR 315 3.70 9.71E-46
Aβ-SA1-LTMR 317 -3.72 9.05E-42
Aβ-field-LTMR 263 -3.33 1.48E-27
PEP 764 -2.47 2.41E-24
PROP 765 2.35 1.05E-19
Aβ-RA-LTMR 35 -1.53 4.16E-02

PEP

NP 1583 -4.51 0.00E+00
C-LTMR 836 -4.52 2.36E-206
Aδ-LTMR 315 3.40 1.86E-35
PROP 765 2.60 6.91E-30
Aβ-SA1-LTMR 317 -2.99 2.38E-26
PEP 764 2.15 1.52E-16
Aβ-field-LTMR 263 -2.11 3.90E-08
Aβ-RA-LTMR 35 -1.51 5.11E-02

NP

C-LTMR 836 -3.65 2.41E-148
PEP 764 -3.54 4.66E-120
Aβ-SA1-LTMR 317 -2.95 1.57E-28
NP 1583 -2.03 1.05E-25
Aβ-field-LTMR 263 -2.88 3.45E-22
Aδ-LTMR 315 2.80 2.13E-21
PROP 765 -1.86 1.82E-10
Aβ-RA-LTMR 35 -1.94 3.68E-03

C-LTMR

NP 1583 -4.90 0.00E+00
PEP 764 -4.34 6.78E-142
Aδ-LTMR 315 3.95 2.80E-70
PROP 765 2.81 8.19E-40
Aβ-SA1-LTMR 317 -2.96 5.15E-23
C-LTMR 836 2.20 1.49E-18
Aβ-field-LTMR 263 -1.97 7.99E-07
Aβ-RA-LTMR 35 1.42 8.73E-02

Aβ-RA + Aδ-LTMRs

NP 1583 -4.28 0.00E+00
PEP 764 -3.70 6.96E-107
Aδ-LTMR 315 3.87 1.80E-73
C-LTMR 836 -2.99 1.61E-51
PROP 765 2.85 4.13E-46
Aβ-SA1-LTMR 317 -2.17 2.13E-09
Aβ-field-LTMR 263 -1.83 1.53E-05
Aβ-RA-LTMR 35 1.52 4.11E-02
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Figure 4A.5: Gene set comparison for injured nociceptors (Scn10acre), 4 weeks after
SNI. Compared to previously published, naïve subpopulation RNA-seq. Related to
Figures 3.5 and 4.2. Scores listed in Table 4A.2.

Figure 4A.6: Gene set comparison for injured PEP (CalcacreERT2), 4 weeks after SNI.
Compared to previously published, naïve subpopulation RNA-seq. Related to Figures 3.5
and 4.2. Scores listed in Table 4A.2.
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Figure 4A.7: Gene set comparison for injured NP (MrgprdcreERT2), 4 weeks after SNI.
Compared to previously published, naïve subpopulation RNA-seq. Related to Figures 3.5
and 4.2. Scores listed in Table 4A.2.

Figure 4A.8: Gene set comparison for injured C-LTMRs (ThcreERT2), 4 weeks after
SNI. Compared to previously published, naïve subpopulation RNA-seq. Related to
Figures 3.5 and 4.2. Scores listed in Table 4A.2.
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Figure 4A.9: Gene set comparison for injured Aβ-RA + Aδ-LTMRs (Ntrk2creERT2), 4
weeks after SNI. Compared to previously published, naïve subpopulation RNA-seq.
Related to Figures 3.5 and 4.2. Scores listed in Table 4A.2.
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Table 4A.3: Overlapping DEGs across 4 or 5 neuronal subtypes 3 days after SNI.
General nociceptors (Noc.), peptidergic nociceptors (PEP), non-peptidergic nociceptors
(NP), C-LTMRs (C-LT) and Aβ-RA + Aδ-LTMRs (A-LT). 1 = differentially expressed
(FDR < 0.05, LFC > 1), 0 = not significant.

Gene Noc. PEP NP C-LT A-LT
Tubb6 1 1 1 1 1
Slc6a4 1 1 1 1 1
Atf3 1 1 1 1 1

Gadd45a 1 1 1 1 1
Gpr151 1 1 1 1 1
Sprr1a 1 1 1 1 1

Tmem88b 1 1 1 1 1
Wfdc3 1 1 1 1 0
Gal 1 1 1 0 1
Kif22 1 1 1 0 1
Clcf1 1 1 1 0 1

4930544M13Rik 1 1 1 0 1
Sox11 1 1 1 0 1

Gm26457 1 1 1 0 1
Gm5152 1 1 1 0 1

E230016M11Rik 1 1 1 0 1
C030004G16Rik 1 1 1 0 1
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Table 4A.4: Overlapping DEGs across multiple neuronal subtypes 4 weeks after SNI.
General nociceptors (Noc.), peptidergic nociceptors (PEP), non-peptidergic nociceptors
(NP), C-LTMRs (C-LT) and Aβ-RA + Aδ-LTMRs (A-LT). 1 = differentially expressed
(FDR < 0.05, LFC > 1), 0 = not significant.

Gene Noc. PEP NP C-LT A-LT
Cckbr 1 1 1 0 1
Tubb6 0 1 1 0 1
Wt1 0 1 1 0 1
Atf3 0 1 1 0 1
Pde6b 0 1 1 0 1
Gpr151 0 1 1 0 1
Abca1 0 1 0 0 1
Krt19 0 0 1 0 1

Cyp26a1 0 1 1 0 0
Uox 0 1 0 0 1
Ttll10 1 0 1 0 0
Npy 0 1 0 0 1
Fgf3 0 1 0 0 1
Cdk6 0 1 1 0 0
Ildr2 0 0 1 0 1
Agbl2 0 1 0 0 1
Mchr1 0 1 0 0 1
Flrt3 0 1 0 0 1
Igfn1 0 1 0 0 1

Tmem88b 0 1 0 0 1
AA536875 0 1 0 0 1
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Figure 4A.10: DEGs for transcription factors (A) and gene regulation (B), plotted as
median VST count data.
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Figure 4A.11: Sexual dimorphism in Ntrk2 afferents 4 weeks after SNI. Dot plots for
median VST expression of top DEGs using an additive design to contrast sex and injury
differences in Aβ-RA + Aδ-LTMRs. Related to Fig 4.6
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Figure 4A.12: Non-transformed count data for sexually dimorphic genes, calculated
with ashr shrinkage (Aβ-RA + Aδ-LTMRs 4 weeks after SNI). Related to Fig 4.6.
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Table 4A.5: DEGs 3 days after SNI which show regulation in opposing directions.
General nociceptors (Noc.), peptidergic nociceptors (PEP), non-peptidergic nociceptors
(NP), C-LTMRs (C-LT) and Aβ-RA + Aδ-LTMRs (A-LT). 1 = differentially expressed
(FDR < 0.05, LFC > 1 = 1, LFC < -1 = -1, 0 = not significant.

Gene Noc. PEP NP C-LT A-LT
Dock2 1 1 0 0 -1
Nol9 1 1 0 0 -1
Ints5 1 1 0 0 -1

Gm12061 1 1 0 0 -1
Gm17655 1 1 0 0 -1
Wnk4 1 -1 0 0 1
Mmp16 1 -1 1 0 0
Slc25a42 1 -1 0 0 0
Zfp324 1 0 0 0 -1
Mthfd2 1 -1 0 0 0
Pex1 1 -1 0 0 0
Med22 1 -1 0 0 0
Celsr1 1 -1 0 0 0
Afmid 1 -1 0 0 0
Ahr 1 -1 0 0 0

Cyb561 1 -1 0 0 0
Fgd6 1 -1 0 0 0
Sgcd 1 -1 0 0 0
Mtif2 1 -1 0 0 0
L2hgdh 1 -1 0 0 0
Galc 1 -1 0 0 0
Npas3 1 -1 0 0 0
Sptlc1 1 -1 0 0 0

Slc25a32 1 -1 0 0 0
Trmu 1 -1 0 0 0
Rabl3 1 -1 0 0 0
Grik1 1 0 0 0 -1
Odf2 1 -1 0 0 0

Arfgap1 1 -1 0 0 0
Cyp2u1 1 0 0 0 -1
Fmn2 1 -1 0 0 0
Nudt2 1 -1 0 0 0
Orc1 1 -1 0 0 0
Ipp 1 -1 0 0 0

Aldh4a1 1 -1 0 0 0
Rita1 1 -1 0 0 0
Il17rc 1 -1 0 0 0
Fbxl19 1 -1 0 0 0
Slc7a6 1 -1 0 0 0
Mns1 1 -1 0 0 0
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Gab3 1 -1 0 0 0
Wdr3 1 -1 0 0 0
Daam1 1 -1 0 0 0

9530077C05Rik 1 -1 0 0 0
Tfb1m 1 -1 0 0 0

Fam222b 1 -1 0 0 0
Dhx38 1 -1 0 0 0
Arap2 1 -1 0 0 0

Abhd17c 1 -1 0 0 0
Ccdc68 1 -1 0 0 0
Znfx1 1 -1 0 0 0
Coq10a 1 -1 0 0 0
Rhou 1 -1 0 0 0
Dnph1 1 0 0 0 -1
Scamp5 1 -1 0 0 0
Hectd2 1 -1 0 0 0
Zfp236 1 -1 0 0 0
Disc1 1 0 0 0 -1
Pigv 1 -1 0 0 0

Slc36a4 1 -1 0 0 0
C130050O18Rik 1 -1 0 0 0

Slc25a26 1 -1 0 0 0
Cd109 1 -1 0 0 0
Myorg 1 0 0 0 -1
Zfp316 1 -1 0 0 0
Ccdc125 1 -1 0 0 0
Mb21d2 1 -1 0 0 0
Lrrc3 1 -1 0 0 0

Cfap300 1 0 0 0 -1
Ficd 1 -1 0 0 0

Tmem120b 1 -1 0 0 0
Mettl15 1 -1 0 0 0
Dhcr7 1 -1 0 0 0
Osm 1 -1 0 0 0

Slc27a4 1 -1 0 0 0
Ttr 1 0 0 0 -1
Clip2 1 -1 0 0 0
Spata6l 1 0 0 0 -1
Lekr1 1 -1 0 0 0

Gm14410 1 -1 0 0 0
Hsbp1l1 1 -1 0 0 0

4933413L06Rik 1 -1 0 0 0
Zfp133-ps 1 -1 0 0 0
Gm12743 1 -1 0 0 0

1700123M08Rik 1 -1 0 0 0
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4930455G09Rik 1 -1 0 0 0
Gm15336 1 0 0 0 -1
Gm13066 1 -1 0 0 0

D630036H23Rik 1 -1 0 0 0
Gm4535 1 -1 0 0 0
Gm16892 1 -1 0 0 0
Gm37219 1 -1 0 0 0
Gm37274 1 -1 0 0 0
Gm38250 1 -1 0 0 0
Gm38211 1 -1 0 0 0
Gm42742 1 -1 0 0 0
Smim36 1 -1 0 0 -1

A430103D13Rik 1 -1 0 0 0
Gm34574 1 0 0 0 -1
Gm49747 1 -1 0 0 0

C030006K11Rik 1 -1 0 0 0
Gm50103 1 -1 0 0 0
Gtpbp1 -1 1 0 0 1
Gm50012 -1 1 0 0 1

Th 0 1 -1 0 0
Sema4f -1 1 0 0 0
Hoxa4 0 1 0 0 -1
Pcbp3 -1 1 0 0 0
Itga3 -1 1 0 0 0

Fam98a -1 1 0 0 0
Tmem25 -1 1 0 0 0
Rapsn -1 1 0 0 0
Btbd6 -1 1 0 0 0
Cacnb3 -1 1 0 0 0
Ess2 -1 1 0 0 0
Ppfia3 -1 1 0 0 0
Clcn5 -1 1 0 0 0
Pnpla6 -1 1 0 0 0
Rfx5 -1 1 0 0 0
Aplp1 -1 1 0 0 0
Gmnn -1 1 0 0 0

B4galnt1 -1 1 0 0 0
Mettl1 -1 1 0 0 0
Twist2 -1 1 0 0 0
Kif19a -1 1 0 0 0
Cars -1 1 0 0 0
Fsd1 -1 1 0 0 0
Naf1 -1 1 0 0 0
Endog -1 1 0 0 0
Wnt11 0 1 0 0 -1
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E2f3 -1 1 0 0 0
Dnttip1 -1 1 0 0 0
Zc3h18 -1 1 0 0 0
Adora2b 0 1 0 0 -1
Smyd4 -1 1 0 0 0
Plagl1 -1 1 0 0 0
Arfgef3 -1 1 0 0 0
Slc29a3 -1 1 0 0 0
Nsg2 -1 1 0 0 0
Polrmt -1 1 0 0 0
Map2k6 -1 1 0 0 0
Sh3yl1 -1 1 0 0 0
Fbf1 -1 1 0 0 0

4930512B01Rik -1 1 0 0 0
Pals1 -1 1 0 0 0

Galnt16 -1 1 0 0 0
Unc79 -1 1 0 0 0
Tnfaip2 -1 1 0 0 0
Trim27 -1 1 0 0 0
Rpp40 -1 1 0 0 0
Slc6a19 -1 1 0 0 0
Ercc8 -1 1 0 0 0
Rab3c -1 1 0 0 0
Rnf180 -1 1 0 0 0
Mipep -1 1 0 0 0
Enox1 -1 1 0 0 0
Jph4 -1 1 0 0 0

Adamts20 -1 1 0 0 0
Septin3 -1 1 0 0 0
Zfp251 -1 1 0 0 0
Gtpbp8 -1 1 0 0 0
Setd4 -1 1 0 0 0
Wiz -1 1 0 0 0

Slc3a1 -1 1 0 0 0
Nudt12 -1 1 0 0 0
Pcdh12 -1 1 0 0 0

C330018D20Rik 0 1 0 0 -1
Pcgf6 -1 1 0 0 0

Cwf19l1 -1 1 0 0 -1
Apex2 -1 1 0 0 0
Nhej1 -1 1 0 0 0

Tmem169 0 1 0 0 -1
Bok -1 1 0 0 0

Atg16l1 -1 1 0 0 0
Asb1 -1 1 0 0 0
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Efcab2 -1 1 0 0 0
Dars2 -1 1 0 0 0
Pmpca -1 1 0 0 0
Grin1 0 1 0 0 -1
Ly75 -1 1 0 0 0
Il1rn -1 1 0 0 0
Nup35 -1 1 0 0 0
Tcp11l1 -1 1 0 0 0
Chgb -1 1 0 0 0
Ttl -1 1 0 0 0

Pcsk2 -1 1 0 0 0
Atp9a -1 1 0 0 0
Aar2 -1 1 0 0 0
Ppa2 -1 1 0 0 0

Nudt17 -1 1 0 0 0
Dab1 -1 1 0 0 0
Dnajc6 -1 1 0 0 0
St3gal3 -1 1 0 0 0
Elavl4 -1 1 0 0 0
Fabp3 -1 1 0 0 0
Zfp362 -1 1 0 0 0
Nipal3 -1 1 0 0 0
Casp9 -1 1 0 0 0
Kcnab2 -1 1 0 0 0
Mthfr -1 1 0 0 0
Clcn6 -1 1 0 0 0
Pex10 -1 1 0 0 0
Dvl1 -1 1 0 0 0
Zcchc4 -1 1 0 0 0
Slc30a9 -1 1 0 0 0
Sds -1 1 0 0 0

Fbxl14 -1 1 0 0 0
Rasgef1a -1 1 0 0 0
Klrk1 -1 1 0 0 0
Bcl2l14 0 1 0 0 -1
Slc17a6 -1 1 0 0 0
Tarsl2 -1 1 0 0 0
Synm -1 1 0 0 0
Kctd13 -1 1 0 0 0
Cdr2 -1 1 0 0 0
Uros -1 1 0 0 0
Cdk16 -1 1 0 0 0
Plxna3 -1 1 0 0 0
Eri1 -1 1 0 0 0
Cenpu -1 1 0 0 -1
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Phlpp2 -1 1 0 0 0
Dctn1 -1 1 0 0 0
Ddx25 -1 1 0 0 0
Rnf111 -1 1 0 0 0
Topbp1 -1 1 0 0 0
Nckipsd -1 1 0 0 0
Abcc10 -1 1 0 0 0
Sgpp2 -1 1 0 0 0
Dis3 -1 1 0 0 0

Zdhhc15 -1 1 0 0 0
Coil -1 1 0 0 0

Fancd2 0 1 0 0 -1
Hdac11 -1 1 0 0 0
Igsf9b -1 1 0 0 0

Traf3ip1 -1 1 0 0 0
Cbl -1 1 0 0 0

Ap2b1 -1 1 0 0 0
Abraxas1 -1 1 0 0 0

1810055G02Rik -1 1 0 0 0
Ibtk -1 1 0 0 0

Tmem59l -1 1 0 0 0
Tmtc2 0 1 0 0 -1
Gmip -1 1 0 0 0
Noa1 -1 1 0 0 0

Tmem177 -1 1 0 0 0
Zcwpw1 -1 1 0 0 0
Tulp1 -1 1 0 0 0

Ccdc138 -1 1 0 0 0
Dexi -1 1 0 0 0

Primpol -1 1 0 0 -1
Reep2 -1 1 0 0 0
Hoxb5 -1 1 0 0 0
Cfap157 -1 1 0 0 0
Mtmr7 -1 1 0 0 0
Tspyl4 -1 1 0 0 0
Ccser1 -1 1 0 0 0
Pgap4 -1 1 0 0 0
Zfp189 -1 1 0 0 0
Zer1 -1 1 0 0 0

Nploc4 -1 1 0 0 0
Ralyl -1 1 0 0 0

Rhbdd2 -1 1 0 0 0
Phtf2 -1 1 0 0 0
Disp2 -1 1 0 0 0
Ttc12 -1 1 0 0 0
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Mis12 -1 1 0 0 0
Cep126 -1 1 0 0 0
Spen -1 1 0 0 0

C1qtnf4 -1 1 0 0 0
Atp1a3 -1 1 0 0 0
Dmxl2 -1 1 0 0 0
Katnal1 -1 1 0 0 0
Bicdl1 -1 1 0 0 0
Csdc2 -1 1 0 0 0
Dlgap3 -1 1 0 0 0
Prdm10 -1 1 0 0 0
Maneal -1 1 0 0 0
Csrnp2 -1 1 0 0 0
Pigz -1 1 0 0 0

Asphd1 -1 1 0 0 0
Sh2d7 -1 1 0 0 0
Zfp518b -1 1 0 0 0

1110032F04Rik -1 1 0 0 0
Champ1 -1 1 0 0 0
Sacs -1 1 0 0 0

Cyb561d1 -1 1 0 0 0
Lonrf2 -1 1 0 0 0
Gpr137c -1 1 0 0 0
Frmpd4 -1 1 0 0 0
Prmt6 -1 1 0 0 0
Proser1 -1 1 0 0 0

2310022A10Rik -1 1 0 0 0
Morn4 -1 1 0 0 0
Zfp668 -1 1 0 0 0
Snip1 -1 1 0 0 0
Kcnb1 -1 1 0 0 0

2310061I04Rik -1 1 0 0 0
Pgbd5 -1 1 0 0 0
Zfp52 -1 1 0 0 0

Tbc1d30 -1 1 0 0 0
St6galnac3 -1 1 0 0 0
Zfand2a -1 1 0 0 0
Ptrh1 -1 1 0 0 0
Txlna -1 1 0 0 0
Vapb -1 1 0 0 0

Tmem62 -1 1 0 0 0
Arhgef33 -1 1 0 0 0
Snupn -1 1 0 0 0
Elapor2 -1 1 0 0 0
Cars2 -1 1 0 0 0
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H2bu2 -1 1 0 0 0
Usp13 -1 1 0 0 0
Camk2b -1 1 0 0 0
Zfp809 -1 1 0 0 0
Cend1 -1 1 0 0 0
Zfp128 0 1 0 0 -1
Ccdc62 -1 1 0 0 0
Hs6st2 -1 1 0 0 0
Lhfpl5 -1 1 0 0 0
Ap3b2 -1 1 0 0 0
Hdac10 -1 1 0 0 0
Nrg1 -1 1 0 0 0

Kcnma1 -1 1 0 0 0
Zfp35 -1 1 0 0 0
Krr1 -1 1 0 0 0

Slc22a21 -1 1 0 0 0
Nr6a1 -1 1 0 0 0

Gm10176 -1 1 0 0 0
Arfgef1 -1 1 0 0 0
Gtf2f2 -1 1 0 0 0

B630019A10Rik 0 1 0 0 -1
Slc7a14 -1 1 0 0 0
Slc35g2 -1 1 0 0 0
Eid2b -1 1 0 0 0
Ccnyl1 -1 1 0 0 0
Zfp65 -1 1 0 0 0
Bhlhb9 -1 1 0 0 0
D2hgdh -1 1 0 0 0
Ccdc61 -1 1 0 0 0
Gm12359 -1 1 0 0 0
Cfap74 -1 1 0 0 0
Zfp566 -1 1 0 0 0

Gm17396 -1 1 0 0 0
Gm12216 -1 1 0 0 0
Gm11706 -1 1 0 0 0
Halr1 -1 1 0 0 0

Gm16976 0 1 0 0 -1
Hoxb5os -1 1 0 0 0
Gm7805 -1 1 0 0 0
Mkln1os 0 1 0 0 -1
Gm11457 -1 1 0 0 0

4933427G23Rik -1 1 0 0 0
Gm15860 -1 1 0 0 0
Gm16235 -1 1 0 0 0
Gm16835 -1 1 0 0 0
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Gm11715 -1 1 0 0 0
5330434G04Rik -1 1 0 0 0

Fcor -1 1 0 0 0
A730090N16Rik -1 1 0 0 0
A430057M04Rik -1 1 0 0 0

Gm17484 -1 1 0 0 0
Gm17092 -1 1 0 0 0
Gm4353 -1 1 0 0 0

NA -1 1 0 0 0
Gm21839 -1 1 0 0 0
Gm26885 -1 1 0 0 0

G630030J09Rik -1 1 0 0 0
Gm26549 0 1 0 0 -1
Gm47512 -1 1 0 0 0

2900076A07Rik -1 1 0 0 0
Gm26684 -1 1 0 0 0
Platr31 -1 1 0 0 0

4921504A21Rik 0 1 0 0 -1
Phf20-ps 0 1 0 0 -1
Gm28800 -1 1 0 0 0
Gm37899 -1 1 0 0 0
Gm36992 -1 1 0 0 0
Gm37446 0 1 0 0 -1
Gm43336 -1 1 0 0 0

C130013H08Rik -1 1 0 0 0
Gm42517 -1 1 0 0 0
Gm32102 0 1 0 0 -1
Dancr -1 1 0 0 0
Gm6261 -1 1 0 0 0
Gm44317 -1 1 0 0 0

4930588G17Rik 0 1 0 0 -1
Gm35021 -1 1 0 0 0
Gm32856 -1 1 0 0 0
Gm45892 -1 1 0 0 0

4930517E14Rik -1 1 0 0 0
Gm48678 -1 1 0 0 0
Gm48420 -1 1 0 0 0
Gm47639 -1 1 0 0 0
Gm49743 -1 1 0 0 0
Gm41293 0 1 0 0 -1

4833415N18Rik -1 1 0 0 0
Bcl6b 0 -1 0 0 1
Exoc3l2 0 -1 0 0 1
Aldh1a3 0 -1 0 0 1
Pigt -1 0 0 0 1
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Fbxo5 0 -1 0 0 1
Rsad2 -1 0 0 0 1
Epha1 0 -1 0 0 1
Zranb3 -1 0 0 0 1
Ppp1r13l 0 -1 0 0 1

She 0 -1 0 0 1
Rnd1 -1 0 0 0 1

Gm11532 0 -1 0 0 1
Rbm12 -1 -1 0 0 1
Sec14l5 0 -1 0 0 1
S100a2 -1 0 0 0 1
Zfp97 0 -1 0 0 1

4731419I09Rik 0 -1 0 0 1
A430110C17Rik 0 -1 0 0 1

Gm6525 0 -1 0 0 1
4732416N19Rik -1 0 0 0 1
4930413G21Rik -1 0 0 0 1

Eef1akmt4 -1 0 0 0 1
Galnt6 0 -1 1 0 0
Sag -1 0 1 0 0



5
Molecular profiling of injured

and intact neurons

Across models of neuropathic pain, ipsilateral DRGs can contain both injured and

intact neurons. The contributions of these populations to pain remain unclear. The

availability of an Atf3creERT2 to label and sort neurons allowed us to explore this via

high throughput sequencing. Using RNA-seq, we show that intact neurons largely

mirror their contralateral counterparts, with minor differences at a molecular level.

In an acute state, we also see an immune-based interaction of sex and injury which

is not present by 4 weeks. We have complemented this with a pilot snATAC-seq

study, showing that neurons cluster by subtype in naïve and injured states.

142
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5.1 Introduction

Our previous dataset contrasted ipsilateral and contralateral afferents after injury.

In neuropathic pain conditions however, the contribution of the injured and intact

neurons ipsilateral to the site of injury remains unclear. Here, we study the molecular

changes within these populations after peripheral injury using a combination of

bulk RNA-seq and single nuclear ATAC-seq (snATAC-seq).

Our current knowledge of injured versus intact afferents is still debated [243].

There is evidence for the role of both injured and intact afferents in painful

phenotypes, which have been presented as the ’injured afferent’ and ’intact afferent’
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hypotheses [244]. The integration of these roles, along with higher order processes,

neuro-immune interactions, and sympathetic sprouting into the dorsal root ganglia

contribute to neuropathic pain states.

Injured afferents Injured afferents refer to those directly in the line of trauma,

with a final common pathway of axonal degeneration. This can arise from peripheral

transection/ligation, or immune mediators (if neurons are partially damaged, natural

killer cells can contribute to further degeneration [98]). This frequently includes

subset of neurons within a DRG, unless entire spinal nerves are affected.

The transcriptional profile of naïve neurons mirrors their function, and you can

see DRG ganglia subdivided into specific functional classes based on transcript

profiles. In injured states, this is not the case. Injured neurons lose this cell-type

specific profile and develop a more stereotyped “injured” state, in an Atf3 -dependent

reprogramming [42]. This process is rapid, occurring over the span of a few days.

Functionally, injured afferents show changes in electrophysiological states, includ-

ing the development of ectopic, spontaneous activity [245, 246], with the majority of

these afferents undergoing Wallerian degeneration in response to injury [243, 247].

Intact afferents Intact afferents are DRG neurons located within the same, or

adjacent DRG implicated in injury. These cells experience changes to their local

environment but do not experience direct assault by the originally injury mechanism.

Across species, these neurons undergo a range of electrophysiological changes in

injured states, including the development of spontaneous activity [120, 248, 249].

5.1.1 Injured and intact comparisons

Seminal works exploring intact and injured afferents were published in the 1990s

and early 2000s. This includes a large body of work on male rats, as well as fewer

studies on mice, humans, and non-human primates [244, 250]. Together, there is

a broad take home message that both injured and intact afferents are involved

in a range of neuropathic pain readouts, with roles complicated by timecourse,

injury type, and immune response.
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Both injured and intact afferents show sensitization to TNFα after nerve injury

[251], and both can develop spontaneous C-fibre activity in neuropathic states

across species [120, 249, 252]. Experiments involving the removal of ganglia and/or

dorsal rhizotomy implicate intact neurons in mechanical hyperexcitability [249, 253,

254], while tetrodotoxin application to ligated nerves results in a partial recovery in

Von Frey withdrawal, supporting the role of injured afferents [255].

At a molecular level, differences arise. For example, Obata and colleagues have

shown NPY regulation related to ERK activation in injured afferents, paired to

BDNF regulation and p38 activation in intact, small diameter cells [256]. Subtype

differences can also be seen. For example, P2rx3 expression, commonly associated

with NP neurons, has been shown to increase in intact neurons, paired to a reduced

immunoreactivity in injured (Atf3+) afferents in both the DRG and TG [257].

There is also a increase in Substance P expression in injured, large diameter (but

not small) afferents [258]. Here, intact afferents were not studied.

5.1.2 Pain model considerations

Differences in pain models are likely to affect the role of different afferent types.

Local transections, crushes, ligations, and systemic models like chemotherapy all

result in nerve damage, but differences in mechanism can translate to differences in

behavioural readouts, recovery, and gene expression changes. For example, dorsal

root injury - where the neurons are injured centrally - shows a distinct injury pattern

from peripheral injury counterparts. In general, dorsal root injury produces a more

modest transcriptional response, with less expression of regeneration associated

genes: Atf3, for example is only upregulated in large diameter DRG neurons

[259]. Additionally, "intact" neurons historically refers to afferents within DRG

that are not transected, as well as those in adjacent ganglia (eg. L4 neurons are

intact, after L5 spinal nerve ligation). It is thus possible that this population

can be further subdivided.
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5.1.3 Aims

As discussed in chapter 2, these DRG subpopulations can be isolated through a

combination of transgenic labelling and fluorescent sorting. Here, we focus on

changes in intact and injured afferents after spared nerve injury (SNI). It is a

consistent, robust model where we spare the sural nerve in one leg, relying on the

internal contralateral control to provide a unique "naive" comparison. From this,

we set out to isolate intact and injured neurons for a combination of bulk RNA-seq

and snATAC-seq to further explore molecular changes.

5.2 Methodology

5.2.1 Animals

All work was done in accordance with the UK Home Office and the University

of Oxford Policy on the Use of Animals in Scientific Research. This study con-

forms to ARRIVE guidelines. Atf3creERT2 characterization is shown in chapter 2,

section 2.3.1.6.

5.2.2 Sample collection

Sample size was calculated using the algorithm published by Zhao et al., with the

same parameters in Chapter 3 [207]. Samples were collected at three days and four

weeks. Techniques mirror those used in Chapter 3. To reiterate, adult animals were

first overdosed and perfused transcardially with sterile, ice cold saline. Lumber

DRGs L3-L5 were quickly removed and placed into HBSS on ice. Post-dissection of

all tissue, collagenase/dispase was added for an hour long digest at 37◦C followed

by mechanical dissociation with polished glass pipettes. Myelin and debris was

removed using a 15% w/v BSA cushion.

Samples were transferred on ice immediately to the WIMM FACS Facility

(Oxford) for sorting on a BD FACSAria Fusion 2 using a 100 µm chip. For each

condition, 100 cells were isolated directly into low protein binding eppendorfs
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containing 2 µl NEBNext Single Cell Lysis Buffer (NEB, E5530S). Samples were

kept on dry ice until transfer to -80◦C for overnight storage.

5.2.3 RNA-seq

After collection, samples were thawed on ice and randomized into a 384-well 4titude

Framestar skirted PCR plate. Samples were processed using NEB Ultra low/Smarter

cDNA amplification followed by sequencing. Non-directional libraries were prepared

together by the Oxford Genomics Centre, and paired-end sequencing was performed

using the NovaSeq6000 platform, with a 150 bp read length, at a depth of 3.0x107

reads per sample. Full library preparation details are outlined in chapter 3.

5.2.3.1 Bioinformatics

The analysis pipeline mirrored that used in chapter 3, with details in section 3.2.6.

Again, reads were mapped to the GRCm38 genome using STAR aligner [210].

Samtools was used to sort, index, and merge BAM files [211]. Quality control (QC)

was performed with both FastQC and Samtools prior to gene counting with HTSeq

[211–213]. Count corrections for effective library sizes were performed in R using

DESeq2, and normalized gene counts were fitted to a negative binomial distribution.

Count transformations were performed using VST for all visualizations [214].

Injury signatures Injury signatures were previously extracted from the dataset

presented in chapter 4. Differentially expressed gene lists were extracted and

used in an SPCA of the current data. The first principal component (PC1) was

then compared across conditions.

Differential expression analyses Count data was first filtered to genes with

an average of 5 reads in at least 10% of the samples. Differential expression

testing was then performed using the Wald test and a weighted FDR correction

(independent hypothesis weighting, IHW), in line with chapter 3 and chapter 4,

using a grouping factor for time and condition.
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Gene set enrichments GSEA analyses were performed using ranked log2 fold

changes (LFC) via msigdbr [216] and clusterProfiler [217] libraries. Custom GSEA

analyses were calculated against a curated list of enriched genes from previously

published subpopulation data, as described in chapter 3 [5]. GO term analyses for

DEGs were performed using the Wallenius method via goSeq (R) [219]. As before, the

filtered count data was used as a background (5 reads in at least 10% of the samples).

5.2.4 snATAC-seq

Wildtype samples were collected in Oxford, and involved MACS purification prior

to FACS. MACS sorting is described in detail in Chp 2. Atf3creERT2 samples were

collected at the University of Glasgow by Dr. Gregory Weir. Samples were pooled

for sex, and collected four weeks after SNI. In Glasgow, this line is crossed to ai9,

instead of the ai14 tdTomato reporter used in Oxford, differing by the insertion

method. Glasgow experiments were approved by the University of Glasgow.

All cells were sorted in CryoStor CS10 Freezing Media (Stem Cell Technologies,

07959). Nuclei were extracted in parallel via lysis according to the 10x Genomics

protocol. Single nuclear ATAC library preparation was performed using 10x

Genomics v1.1 reagents and samples were sequenced on an Illumina NextSeq

500 using the 10X Genomics pipeline at the Glasgow Polyomics Facility.

5.2.4.1 Bioinformatics

Initial analyses were performed using CellRanger-atac. Sequencing data were

processed and mapped to the GRCm38 genome, and Bed files were merged via

Signac. Barcodes (nuclei) with at least 500 reads were included in downstream

analyses. Peaks were called through GenomicRanges [260] and filtered to a width

between 20-10000. Sample normalization across cells and peaks was performed via

Signac through term frequency-inverse document frequency (TF-IDF) normalization.

UMAP projections were performed on dimensions 2:30, as the first dimension

correlated to the total number of counts per cell. Subsequent analyses were

performed in R using the Seurat and Signac libraries [261, 262].
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Quality control was performed by both CellRanger-atac and Signac, and includes

the total number and % of fragments per peak, as a measure of sequencing depth

and quality, respectively, as well as transcription start site (TSS) enrichment scores.

TSS enrichment was calculated for 2000 bp on either side of the TSS (4000 bp in

total). Nuclei from the intact library were omitted due to low median fragment

counts, as well as low cell counts.

Data were integrated with publicly available single cell RNA-seq data (Allen

Brain Atlas) to assign population identities [263]. Annotated data was read-

ily available in the form of a Seurat object (https://satijalab.org/signac/

articles/mouse_brain_vignette.html). After annotation, top neuronal markers

were extracted using a Wilcoxon Rank Sum test across all genes expressed in 5% of

either cluster. Larger cell numbers are required for high powered differential

analysis between injured and control ATAC signatures. Even so, we piloted

differential expression between injured and contralateral samples using a Wilcoxon

Rank Sum test.

5.3 Results

5.3.1 Overview

Using transgenic labelling of injured DRG neurons forty-eight samples were collected,

processed and sequenced (Figure 5.1A). Reads were successfully mapped to the

GRCm38 Mouse Genome with a median read coverage of 85.98% (Figure 5.1B-

C), and one sample was removed due to poor mapping. As expected, male and

female samples were identifiable by Xist expression (5.1D), and injured samples

are distinguishable by Atf3 expression (5.1E).

Samples readily separate by injured status (Figure 5.1F-G). A subset of tdTomato-

samples (both contralateral and intact) cluster separately from the rest of their

cohort. It is unclear why, and we hypothesize this to be due to an inherent variability

in the sample collection. These four samples are from both male and female mice.

The PCA bi-plot shows 3D and 4W injured (tdTomato+, ie. Atf3 expressing)

samples cluster separately from uninjured samples. Both contralateral and intact

https://satijalab.org/signac/articles/mouse_brain_vignette.html
https://satijalab.org/signac/articles/mouse_brain_vignette.html
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Figure 5.1: RNA-seq of Atf3creERT2 mice after SNI. A. Overview of the sample
collection, through FACS, based on Atf3 -driven tdTomato expression in injured neurons.
B. Quality control schematic. C. Percentage of uniquely mapped reads across sample
runs. D. Xist count data by sample. E. Atf3 count data by sample. F. Hierarchical
clustering of by euclidean distance. G. PCA bi-plot by timepoint and condition. Intact:
Atf3 -negative, ipsilateral samples. Injured: Atf3 -positive, ipsilateral samples. Cont:
Atf3 -negative, contralateral samples.

(ipsilateral, tdTomato-) samples largely cluster together as these time points. Minor

overlap between three day intact and injured samples is apparent. Due to the

temporal requirements of tdTomato expression post-injury in the Atf3creERT2 line,

this overlap would support the notion of some injured, but still unlabelled cells

are present in the tdTomato- samples.
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5.3.2 Injury

In our previous RNA-seq experiment, we extracted an unbiased injury signature

through a supervised principal component analysis (SPCA) on DEGs. Using

the same DEG list from this general injury signature (combined subpopulation

samples, in 4.1), we see a clear separation of conditions at both timepoints in this

distinct dataset (Kruskal-Wallis chi-squared, followed by Wilcoxon rank sum with

BH adjustment) (5.2A). Across timepoints, ipsilateral samples differ from their

contralateral counterparts, although no difference is seen between 3D and 4W cont

(p = 0.65). Mirroring our previous data, injured samples are also less strongly

correlated at 4 weeks than at 3 days, reflecting a return to baseline (p = 0.00052).

Gene enrichment analyses were next performed for injured samples across

timepoints against previously published naïve subtypes (Fig 3.5). Here, we see

a negative enrichment for NP at 4W, along with positive enrichments of PEP

and Aβ-Field-LTMR (5.2B). No other subtypes reach significance, with values

listed in Table 5A.1.

In line with previous data, we see an upregulation in injury genes in our injured

afferents, as well as a moderate upregulation in intact ipsilateral samples compared

to control levels (5.2C). Differential expression testing highlights a large number of

regulated genes between injured and intact (3D: 1575, 4W: 1472), as well as injured

and contralateral samples (3D: 2811, 4W: 1363), with a large overlap between the

two lists at both timepoints (5.2D-H, 5A.1A). GO analyses for biological processes

highlight a number of hits common to injury in our injured afferents. At three

days, there is an upregulation in injured afferents to inflammatory response and

apoptosis, paired to a reduction in the behavioural response to pain. By 4 weeks,

we seen an upregulation in axon guidance, apoptosis, and cell adhesion, along with

a reduction in signal transduction, oxidative stress, and endocytosis. All GO tables

are available online (https://github.com/aliibarry/thesis-supp).

https://github.com/aliibarry/thesis-supp
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Figure 5.2: Injured and intact afferents after SNI. A. Injury signature across timepoints
and conditions. Signature was derived from an SPCA of differentially expressed genes
from a previous dataset (chapter 4, 4.1). B. Gene set enrichment analyses between 4W
and 3D injured afferents, based on subpopulation enrichment from Zheng and colleagues
[5]. C. Hallmark injury genes, plotted as median transformed counts. D-E. DEGs for 3D
(D) and 4W (E) across conditions. F-H. Volcano plots highlighting DEGs (magenta, LFC
> 1, FDR < 0.05), for 3D injured vs contralateral (F), 4W injured vs contralateral (G),
and 4W intact vs contralateral (H).

5.3.2.1 Intact changes

Intact samples largely resemble contralateral afferents, but they exist in a different

immune environment after injury. Using the ATF3creERT2, we are able to specifically

look at changes in intact afferents after SNI, instead of grouping them together in
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more generalized ipsilateral samples (Fig 5.3). At three days, 153 genes are regulated

against contralateral samples, with the large majority (140/153) overlapping with

DEGs from injured afferents. This is likely confounded by injured neurons that

have not started to express tdTomato. By four weeks, when tdTomato expression

has peaked, 45 genes are regulated. This includes the upregulation of Atf3 and

Sox11, as well as a handful of genes involved in ligand-receptor binding or immune

response, such as Nts, Il13ra1, Cxcl16, and Cntfr (5.3B-C, 5A.3). Many of these

genes are also regulated in injured afferents compared to contralateral or intact

samples (27/45), and eight genes show regulation across both timepoints (Atf3,

Sox11, Tubb6, Csf1, Adam8, Trf, Stx11, Tnfaip6 ). Uniquely-regulated genes at

four weeks are listed in Table 5A.2. This contains a number of transmembrane

proteins, including Tmed7, Tmem123, and Klra17, as well as a subset of genes

involved in gene regulation (Zfp974, Dhx38 ).

GO analyses show few hits, due to the low number of DEGs. At 3D, this includes

an upregulation in inflammatory response, nervous system development, and cell

population proliferation, as well as a down regulation of various catabolic processes.

By four weeks, there is an upregulation of genes related in lymphocyte chemotaxis

and neural tube formation, paired to a reduction in protein processing.

GSEA against all gene sets highlights additional changes across sample conditions.

In an acute state, this includes a reduction in oxidative phosphorylation and DNA

repair, as well as in increased signature for inflammatory response and Tnfa signaling

via Nfkb (5.3D). For 4 weeks, there is still a reduction in oxidative phosphorylation,

and increases in inflammatory response, Tnfa signaling via Nfkb, and Il6 -Jak-

Stat3 signaling (5.3E), suggesting functional differences in intact afferents and

their contralateral counterparts.

5.3.3 Sexual dimorphism

We previously noted within subpopulation sex differences in a naïve state (chapter 3),

that was not strongly exacerbated by an interaction with injury (chapter 4). The

inclusion of both male and female mice in this dataset allows us to query sex
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Figure 5.3: Intact afferents show changes after SNI. A. 8 genes overlap between 3D and
4W DEGs compared to contralateral tissue. B. Example DEGs from 4W. C.
Immune-related DEGs from intact comparisons. D-E. GSEA plots against hallmark gene
sets for 3D (D) and 4W (E).

interactions in intact and injured populations (5.4). Injured afferents do not show a

strong interaction with sex (5.4A-B), with 3 DEGs (Slc25a28, Gabarapl1, Ahnak2 )

at three days, and 1 DEG (Vars) by four weeks. In line with our previous dataset,

results are dependent on the shrinkage method, with a more relaxed shrinkage

by ashr capturing large fold changes (5.4B).

In intact afferents, we start to see hints of sexual dimorphism emerge when
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compared to contralateral tissue (5.4C-F). At 3D, 69 genes show an interaction

effect (LFC > 1, FDR < 0.05). By 4 weeks, only 3 (Gm7059, Rpl7-ps8, Gm14138 )

with no overlap over time. GSEA analyses suggest sex differences in oxidative

phosphorylation, as well as Tnfa signaling via Nfkb, DNA repair, and reactive

oxygen species pathways. Validation of more highly expressed genes (5.4E), or those

with the largest fold changes (5.4F) are required to add confidence.
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Figure 5.4: Sexual dimorphism in intact afferents. A-B. Volcano plots for DEGs
between injured and contralateral DRGs, 3D (A) and 4W (B) post-SNI. Default LFC
shrinkage via apeglm, with ashr shirnkage highlighted in B. C. Euler plot of DEGs across
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intact afferents, as median transformed count.
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5.3.4 snATAC-seq pilot

In parallel, we are interested in how changes in chromatic structure contribute

to chronic pain states. Chromatin structure is a well-known regulator of gene

transcription, and epigenetic modifications may indicate long term changes in

neuronal properties. As such, we focused on four weeks post-SNI, using snATAC-

seq to interrogate accessible chromatin (Fig 5.5). Here, nuclei are isolated and

DNA undergoes transposition by Tn5. Fragments are then sequenced and aligned.

Collection mirrored that of the RNA-seq sorting. Sexes were pooled for single

nuclei ATAC-seq, with post-hoc annotation available through peak mapping of

sex-linked genes.

Quality control, including TSS enrichment plots were performed on individual

libraries (Fig 5.5C, 5A.4). Intact neurons were omitted for poor library quality,

with very few cells passing filtering criteria. Wildtype samples show slightly skewed

metrics compared to contralateral and injured libraries - a likely effect of sample

preparation differences (MACS+FACS vs FACS alone). Few nuclei were sequenced

in each sample: wildtype (269), contralateral (744), and injured (735). Of these,

TSS enrichment scores indicate good signal to noise (wildtype (8.12), contralateral

(8.45), and injured (7.69)).

DNA accessibility was calculated for specific genes, looking at peak expressing

around the coding region. To annotate the cell populations, peak expression data

were integrated with scRNA-seq data available from the Allen Brain Atlas [263].

Here, samples broadly cluster into five non-overlapping groups which can then

be subdivided into more specific populations. Neuronal subpopulations can be

distinguished, along with large populations of non-neuronal cells (5.5D-E, 5.6A).

Even with low cell counts we can see clear clustering by cell type. This annotation

can be redone with PNS-specific scRNA-seq. Current labels such as oligodendrocytes

likely correspond to a PNS counterpart (here, Schwann cells). Even so, we are able

to define few neuronal subgroups in comparison to other cells, which correspond to

top markers for neuronal groups compared to other clusters (5.6B).
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Figure 5.5: Atf3creERT2 snATAC-seq overview. A. Sequencing overview, looking at
injured, intact, and contralateral samples after SNI. Wildtype samples were sequenced in
parallel. Intact samples failed QC, and are not included in the analyses. B. ATAC-seq
schematic, highlighting the accessible chromatin signal produced by ATAC. C.
Transcription start site (TSS) QC plot for snATAC-seq pilot data. TSS scores per cell
are sorted as ’High’ = TSS > 2 or ’Low’ = TSS < 2. D. UMAP projection of snATACseq
data, run on dimensions 2:30. Nuclei from wildtype, contralateral, and injured libraries
are included. E. snATAC-seq data were annotated against the Allen Brain Atlas
(scRNA-seq, left) to assign populations. CNS-specific labels likely refer to their PNS
counterparts, such as Oligo[dendrocytes] for Schwann cells.

If we interrogate specific marker differences between ipsilateral and contralateral

samples within our neuronal clusters, we see hints of chromatin structure changes in

pain states. The top regulated peak is Hctr2, a Hypocretin (Orexin) receptor

previously implicated in cluster headache (5.6C) [264]. The ATAC signal is

primarily found in neuronal subtypes, and minimally in satellite glia ("astrocytes"),

macrophages, and endothelial cells (5.6). Chromatin accessibility is downregulated

in injured neurons compared to contralateral samples, with a marginal LFC of

-0.66. Higher nuclei counts are required for a more in depth, well powered analysis

of chromatin accessibility in injury states. In our bulk RNA-seq dataset, Hctr2

is not differentially expressed in injured neurons.
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Figure 5.6: snATAC-seq pilot hints at changes after SNI. A. UMAP by sample type.
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Because our pilot data is not exclusively neuronal, we can also study chromatin

changes in other populations (5.6). In satellite glia, one gene - Vmp1 - is significantly

regulated between injured and contralateral cells (FDR = 0.000098; LFC = 0.56).

Vmp1 is an autophagy-related protein with broader expression across clusters. The

regulation is not seen in the neuronal population.

5.4 Discussion

Within DRG ganglia, a mixture of injured and intact afferents can be present. Using

an SNI transection model paired to a transgenic driving reporter expression in

injured afferents, we probed changes in these populations through bulk RNA-

seq and snATAC-seq.
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5.4.1 RNA-seq

Broadly, intact neurons mirror their contralateral counterparts, while injured,

tdTomato-expressing neurons show a classic injury phenotype. Intact neurons

cluster with naïve cells, and show lower levels of Atf3 than their injured neighbours

(Fig 5.5). At both timepoints, injured neurons are positively correlated to an

unbiased signature generated from a previous dataset, and are significantly different

than the contralateral samples (5.6A). This suggests we are accurately capturing

an injury phenotype which mirrors previous data. At 4 weeks, intact samples

are also significantly different from contralateral samples, but with a small effect

size, supporting the idea that these neurons are similar, but not the same as their

contralateral afferents. At three days, intact samples more strongly correlate with

the injury signature, but this may be driven by injured, non-tdTomato expressing

neurons due to the timecourse of reporter expression [191].

Injured samples were next compared over time. Similar to our previous data, we

see a significant downregulation of NP, paired to an upregulation of PEP signature

by 4 weeks, compared to three days (5.6B, 4.2). This lends further support to the

loss of NP neurons post-transection, which has been alluded to throughout this

thesis. If this translates functionally, it would also align with earlier work on injured

and intact afferents by Obata et al. that showed a lack of tactile hypersensitivity,

but heightened thermal hypersensitivity in male rats with a high proportion of

Atf3+ afferents 2 weeks after CCI [265].

Unlike our previous analyses, we do not see a significant C-LTMR enrichment.

This may be biologically relevant, or an artifact of low proportions of C-LTMRs

in these samples. This population typically comprises 5% of lumbar DRGs, but

the previous dataset was enriched by including ThcreERT2 samples.

Differential expression testing further highlights large differences between injured

afferents with both intact and contralateral samples. This includes the upregulation

of multiple injury genes, as well as the downregulation of various subpopulation-

specific genes (Calca, Trpa1, Mrgprd, Scn10a, Scn11a). In intact afferents, we see

a moderate upregulation of injury genes (eg. Atf3, Sox11 ) at both timepoints,
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with a subset of genes regulated in intact, but not injured afferents (Table 5A.2).

These uniquely regulated genes in intact afferents allow mechanistic speculation.

Cdhr1 and Dhx38 have both been studied for their roles in photoreceptor-based

retinal degeneration [266, 267], suggesting functions that span sensory systems. The

presence of multiple transmembrane proteins adds additional intrigue: Tmem123

has a known role in oncosis, whereas Tmem7 (ie. Rtp3 ) is an interferon response

gene with a role in chemosensation [268, 269]. GO and GSEA analyses suggest

additional functional changes in this population. The GSEA enrichment for TNFα

in intact neurons fits previous data, with Schäfers et al. previously highlighting

intact sensitization by TNFα after nerve ligation [251].

Sexual dimorphism Few genes show an interaction of sex and injury, in line

with previous results (chapter 4). In an acute state, intact neurons do show

sexually dimorphic changes against contralateral samples. Sixty-nine genes appear

significantly regulated. This includes a number of genes directly involved in immune

function, including Ltf and Trf, which show two of the highest LFC, as well as

a range of other functions, like synapse regulation (Magi2 ), cell-cell interactions

(Spock1, Tjp2 ) and protein degradation (Fbxo2 ).

GO analyses also suggests the regulation of various immune terms, includ-

ing neutrophil chemotaxis, neutrophil aggregation, leukocyte chemotaxis, innate

immune response, leukocyte migration involved in inflammatory response, and

antibacterial humoral response. Together, we interpret this as a largely neuro-

immune cross-talk, which has previously documented sexual dimorphism. For

example, mechanical hypersensitivity in male mice depends on microglia activity,

while adaptive immune cells are implicated in female mechanical hypersensitivity

[203, 204]. At a subpopulation level, this effect was not seen in our previous data

(chapter 4). Gating negative cells may capture additional non-neuronal cells and

drive an immune-centric sexual dimorphism documented here. The switch to a

dual-recombinase reporter, will add clarity, as will further validation and replication.
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GSEA analyses also highlighted differences in TNFα signalling, with a positive

enrichment for TNFα in male intact neurons, compared to females. The sensitization

of injured and intact afferents by TNFα has been well documented in males [251],

and our findings here suggest additional experiments are warranted to further

explore the sexually dimorphic nature of this pathway.

Technical considerations Different FACS gatings between positive and negative

samples add confound. Even so, the expression of neuronal genes in negative

samples, paired to the significant downregulation in positive samples by comparison

gives support that our negative samples are largely neuronal. Refined transgenics

will still improve future experiments, as alluded to in chapter 2. RC::FLTG is

a dual-recombinase reporter allowing for flp-driven expression of tdTomato, but

Flp + Cre mediated eGFP expression. Paired to an AdvillinflpO in addition to

Atf3creERT2, RC::FLTG results in the labelling of injured (eGFP-expressing) and

intact (tdTomato-expressing) neurons specifically. This new approach has since

been validated for downstream experiments.

5.4.2 snATAC-seq

In addition to the RNA-seq data presented, we took steps to study the underlying

chromatin structure in wildtype and injured DRG, which, to our knowledge, is not

currently available elsewhere. Across conditions, we see a primary clustering by

subtype, in line with recently published TG snATAC-seq data for both mouse

and human [51].

As a pilot, this study was informative but requires further optimization. Fewer

neurons were sequenced than expected, and one library failed. Pooling samples

across multiple animals does not seem to increase the number of neurons linearly,

and optimal number of animals per sort still needs to be established. Additionally,

cell lysis timing for nuclear extraction is very dependant on population type. Our

population may have been enriched for non-neuronal cells at this stage, and lysis

timing will be explored further prior to subsequent sequencing.
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Building on protocol optimization, Atf3 is also upregulated in Schwann cells

after injury [270, 271]. This can label glia with tdTomato in the injured cohort,

accounting for the increase in Schwann cells due to tdTomato expression (5.6A).

These cells are also present in the contralateral sample, and an alternative hypothesis

is that injury may increase the presence of Schwann cells in the DRG, thus increasing

the contamination. The transition to Atf3creERT2; AdvillinFlpO; RC::FLTG dual-

recombinase reporter system will address this confound, although the enrichment

of SG in the RNA-seq data has to be considered.

Differences in sample purity of Oxford vs Glasgow is not clear, as we have not

done direct comparisons. Brightfield of samples before and after FACS suggest

samples are highly enriched for neurons, but magnetic purification was also used on

sequenced wildtype samples in Oxford, which is known to increase purity. Moving

forward, MACS may reduce costs by focusing specifically on smaller-diameter

neurons, but cell attrition through additional sorting is an issue.

We are excited to gain insights into injured versus intact ATAC signatures,

and to integrate with some injury RNA-seq data – both external single cell and

the bulk dataset described here. Similar to our RNA-seq results, we hypothesize

that intact neurons will show a subset of unique chromatin structures compared to

contralateral and injured neurons, even if the general ATAC signatures cluster by

cell type. Moreover, changes in chromatin structure which overlap with transcript

changes would add strength and provide an avenue for viral targeting and/or novel

transgenics. This data is forthcoming.

5.4.3 Future directions

In addition to optimizing the snATAC-seq protocol, there are various ways to build

on this data. While 3D intact samples come with the added caveat of a reporter

expression timecourse, differences between intact and contralateral samples at 4

weeks suggest more chronic, minor changes in neurons exposed to a local immune

environment. The consequence of this remains less clear, and the similarities

between intact and contralateral neurons do not indicate naïvity.
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As a stand-alone method, RNA-seq is not able to capture the complexity of the

intact/injured afferent story. This dataset exists as a resource to query as we further

interrogate differences in these populations. For example, how does the increase

in apoptosis in injured afferents affect higher order circuitry? Do the innervation

patterns of intact neurons change in specific ways after injury? Does afferent

sensitization by immune mediators affect populations differently? What does the

intersection of injured/intact look like when subtype identities are considered? Much

of this work is ongoing in Glasgow, and will complement the data presented here.

Additionally, validation via previously available single cell data will strengthen

our RNA-seq data. Intact neurons closely resemble contralateral samples, supporting

the notion that the stereotyped changes we see after injury correspond to our

tdTomato-expressing neurons, while our intact cells correspond to those considered

"naïve" in previous datasets [33, 42]. Pseudo-bulk analyses of these datasets would

further permit within population interrogation, and have the added advantage of

multiple injury types, even though Renthal et al. limited their data to male mice [42].

Data accessibility remains a key priority. Our database will also be updated

to host this data in parallel.

5.4.4 Conclusions

There is a long history studying the contributions of intact and injured afferents in

pain states. With improving transgenics and high throughput sequencing techniques,

we have been able to add deep RNA-seq of injured and intact afferents after SNI,

as well as probe the chromatin structure of DRG neurons. Intact neurons largely

mirror their contralateral counterparts, with small differences at a molecular level

highlighting possible functional changes in oxidative phosphorylation, immune

response, and Tnfa signaling via Nfkb. In an acute state, we also see an immune-

based interaction of sex and injury which is not present by 4 weeks.
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Figure 5A.2: Atf3creERT2 subpopulation enrichment over time. Compared to previously
published, naïve subpopulation RNA-seq. Related to Figure 5.2. Scores listed in Table
5A.1.

Table 5A.1: Gene set enrichment for injured lumbar DRG over time. Ranked by
normalized enrichment scores within each neuronal subtype. Related to Figure 5.2.

Population Gene Set Size Score p (adj)

Atf3creERT2

PEP 725 1.72 5.52E-08
A-field-LTMR 251 1.91 7.29E-07
NP 1570 -1.40 5.29E-06
AB-LTMR 292 1.23 1.71E-01
C-LTMR 800 1.13 2.04E-01
PROP 677 0.98 6.81E-01
Ad-LTMR 270 -0.92 7.81E-01
A-RA-LTMR 30 -0.71 8.55E-01
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Table 5A.2: Unique DEGs between intact vs contralateral (Intact), but not in injured
vs contralateral (Injured) four weeks after spared nerve injury. A subset of genes are also
regulated within ipsilateral samples (Injured v Intact, "Ipsi"). Based on a LFC > 1, FDR
< 0.05.

Symbol Intact Injured Ipsi
Klra17 1 0 0
Cdhr1 1 0 0
Paqr8 1 0 0
Ell3 1 0 0

Tsc22d2 1 0 0
Cntfr 1 0 0
Usp2 1 0 0

Tmed7 1 0 0
Dop1a 1 0 0
Dhx38 1 0 0
Rasef 1 0 0

Ankrd45 1 0 0
Rnf150 1 0 0

Tmem123 1 0 0
Tnfaip6 1 0 0
Zfp974 1 0 0

E330034L11Rik 1 0 0
D130062J10Rik 1 0 0

Ptch1 1 0 1
Erbin 1 0 1

Trp53bp2 1 0 1
Vwa3a 1 0 1

Trf 1 0 1
Ndufa4l2 1 0 1
Gm10226 1 0 1
Hspd1-ps4 1 0 1
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Figure 5A.4: snATAC-seq quality control. A. % reads in peaks. B. Peak region
fragment counts. C. TSS enrichment score. D. Nucleosome signal. Related to Fig 5.5.



6
General discussion

Sensory neurons have a well documented role in acute and chronic pain states.

In this thesis, we have added to the discussion with deep RNA-seq of murine

neuronal subtypes after nerve injury. Spread over two datasets, we have curated

transcriptomic data for male and female DRGs at two timepoints after SNI. In

one experiment, I focus on classically defined sensory neuron subtypes (general

nociceptors, peptidergic nociceptors, non-peptidergic nociceptors, C-LTMRs, and

Aβ-RA + Aδ-LTMRs). In the other, I focus on differences in intact and injured

neurons after injury. We have complemented these studies with a snATAC-seq

pilot on DRG neurons. Taken together, these data provide unique insight to the

molecular underpinnings of neuropathic pain in primary afferents.

6.1 Molecular insights

Across subtypes we can divide neurons by a general injury signature, supporting

previous work highlighting stereotyped changes after injury [42]. The strength of

these studies, however, comes from the ability to study subpopulations and sex

differences, with DEG lists and pathway analyses providing additional foundation

for future functional studies.

169
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6.1.1 Sexual dimorphism

In naïve states, we see sexual dimorphism within sensory neuron subtypes that

warrants further study. This is particularly true for Ntrk2 afferents, which show the

largest change in DEGs but have minimal data published on female animals. After

injury, differences from a basal state largely remain and show negligible interaction

with the injured state in our experiments, except for in intact afferents, 3 days after

insult. Here, there appears to be a neuro-immune pattern emerge which may have

been detected, in part, due to gating negative cells. Baseline sex differences may still

contribute to painful states, regardless of interaction, due to altered immune/glial

interactions, baseline excitability, or differences in higher order circuitry. All of

these require further study, along with cross-species validation, as we continue to

deepen our understanding of male and female pain pathways.

6.1.2 Gene signatures and enrichment

Our work was validated against previously published RNA-seq data [5], and we

subsequently extracted general injury signatures from one dataset which positively

correlated to injured and intact cells in a separate study. Taken together, this

reproducibility adds strength to each study.

This also highlighted various injury response differences across subtypes, such

as an enriched signature for Aδ-LTMRs in high threshold populations, and the

reduction in NP signature across datasets by 4 weeks. Aβ-RA + Aδ-LTMRs show

unique changes by 4 weeks after SNI in one dataset, but we were not well positioned

to explore this further in Atf3creERT2 samples. Additional experimentation with

the Ntrk2creERT2 in both male and female mice will be instrumental to elaborate

on these current results.

6.1.3 Cell death

Throughout this thesis we have alluded to the loss of NP neurons after injury.

This was initially queried in the context of the Atf3creERT2, due to the lack of

tdTomato/IB4 overlap seen by 4 weeks. Follow-up studies in collaboration with
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Greg Weir and Andrew Cooper using various transgenic models paired to retrograde

tracing strongly suggest this is due to a loss of almost all injured NP neurons,

and is not limited to the SNI model.

Previous work in our group has highlighted the loss of small diameter neurons

in cleared DRG tissue, as well as contributing to previous evidence of synapse loss

in lamina IIi [196]. Hall et al. recently highlighted massive neuronal loss in humans

with diabetic neuropathy [239]. Additional work from Prof. Andrew Todd and

colleagues suggests MrgprdGFP-labelled afferents are lost in the dorsal horn after

injury (personal correspondence). We have built on this here showing a reduction

in the NP signature in injured NP neurons, as well as more broadly between

ipsilateral samples at 4W compared to 3D in two separate RNA-seq datasets. Taken

together, this data shifts the dialogue away from simply a loss of IB4-binding or

axon degeneration after injury to a fundamental loss of neurons.

Functionally, the implications are unclear. Long-term, we have not explored

whether other populations experience similar levels of cell death. Our current

data also hints at a possible loss of C-LTMRs that requires further study. We

hypothesize changes in higher order circuitry play a crucial role to the functional

consequences. To one end, the loss of NP neurons may reduce spontaneous activity

in that population. Alternatively, this may reduce inhibition and exacerbate pain,

for example through aberrant sprouting/retraction of interneurons in the dorsal horn

[272]. We can start teasing this out by trying to promote survival of the affected

afferents. We do not know the mechanism of cell death, but the increase in "apoptosis"

terms in this population suggests this is one to explore. Blocking this pathway may

help, and the availability of subtype transgenics allows a targeting method.

Looking to other systems may provide further insight. Retinal ganglion cells

(RGCs) are a highly diverse neuronal population that undergo a similar transcrip-

tional reprogramming after injury to DRG neurons. The cell death after optic

nerve crush is dramatic, with 80% of neurons dying by 2 weeks. The subtypes

can be grouped based on susceptibility to cell death, and some subtypes die off

completely [43]. By comparing differences in subtype resistance/susceptibility to
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cell death through scRNA-seq, a heterogeneous group of DEGs appears. Post-

hoc testing revealed a subset of these genes have neuroprotective effects, and can

increase survival when modulated in susceptible cell types [43]. Some of these

may be relevant in DRG neurons as well. For example, Timp2 is an inhibitor of

matrix metalloproteinasesis (MMPs), and is predominately expressed in resilient

RGC subtypes. Overexpression improves survival in a subgroup of susceptible

subtypes. In DRG neurons, Timp2 is enriched in PEP nociceptors, and has the

lowest expression in NP. It is mildly upregulated (LFC ~0.5) in general ipsilateral

samples by 4 weeks, compared to 3 days, and has previously been discussed for

in the context of MMPs and neuropathic pain [273]. Other factors explored in

RGCs included Unc, Crhbp, and Mmp12.

6.1.4 A case for energy

Across subtypes and datasets, a downregulation of oxidative phosphorylation is

seen after injury. This also shows signs of sexual dimorphism. At the level of the

proteome, mitochondrial dysfunction and changes in related pathways (oxidative

stress response, oxidative phosphorylation, TCA cycle) have also been shown in

the DRG [36], and the transfer of mitochondria between cell types has recently

been discussed in inflammatory pain models [138]. Axonal degeneration can occur

by depleting energy stores, through the NADase SARM1 (sterile alpha and TIR

motif—constraining 1) [247, 274], and sensory neurons in diabetic rats have shown

lower respiratory chain activity than healthy controls [275]. Partial sciatic nerve

ligation in mice results in metabolic changes [276], and in basal states, mitochondrial

trafficking occurs in response to sensory neuron activation [277].

Clinically, mitochondrial disease often affects sensory neurons, and more than

50% of patients experience chronic pain, many with distal limb "neuropathic-like"

pain [278]. Mitochondrial dysfunction has also been related to sensory neuropathy

in HIV patients and non-human primates, with differences in organelle density

across neuronal subtypes [279]. This pathway, as it relates to electron transport

and ATP synthesis, is thus an intriguing candidate for further study.
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6.2 Data access and integration

Accessible, effective data use reduces the need for new dataset generation and

accelerates research [280]. The integration with human data further increases

translatability, thus refining the impact of current data. Additionally, the use

of meta-analyses to interrogate transcriptional data has been shown to improve

candidate selection and reproducibility [281]. Long-term, there is a case for a

centrally-hosted, integrated database for -omics work that moves beyond raw

data repositories. Effective data sharing should have a low barrier of entry, and

user-friendly data access is important.

Until that is possible, we have curated our data in house for others to dissect.

The addition of a database greatly strengthens the work, and is expected to increase

it’s impact. Currently this database is in development, with a functional, base

version presented in this thesis. More effective data integrate with other studies,

as well as more efficient search functions will help refine outputs.

6.3 Limitations and refinements

Transgenics These lines were studied with the goal of bulk sorting subpopulations

after injury. Currently, we are able to probe either injured versus intact neurons, or

subtype-specific populations using simple transgenic approaches. We employ a Flp-

based Advillin to limit Ntrk2 targeting to neuronal populations, but the addition

of dual-recombinase reporters against a FlpO driver for neuronal subpopulations

or injured afferents would allow further refinement. For example, a MrgprdflpO;

Atf3creERT2 against an intersectional reporter such as RC::FLTG would allow distinct

tdTomato/eGFP labelling of Mrgprd-lineage intact vs injured neurons ipsilateral to

the site of injury, with contralateral labelled intact neurons in parallel. Pairing an

Atf3 driver with our subtype drivers would allowed injured and intact ipsilateral

samples for each subtype, opposed to the current mixed samples produced here.

To our knowledge, many of these transgenics are not readily available for

intersectional labelling. Alternatively, a pain model which targets all neurons within
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a specific ganglia would circumvent this mixed intact and injured populations see

in subtype-specific samples. Here, animal welfare must be considered, as many

nerves contain a mix of sensory and motor neurons from both the periphery and

viscera. Pain models should also be relevant in the context of human translation.

Few traumatic nerve injuries seen in humans would transect all afferents in a

specific ganglia. Even systemic conditions such as chemotherapy-induced peripheral

neuropathy and diabetic neuropathy affect a subset of neurons.

Spared nerve injury was chosen as a well documented model used in both mouse

and rat, with large amounts of associated behavioural data at both acute and

chronic time points. Other models would also have been appropriate choices too,

and future work can compare and contrast profiling in these cases. Technically,

systemic models would also provide more cells per animal, although you lose the

internal, paired control available with contralateral tissue.

Validation Cross-comparisons to previously published RNA-seq data adds confi-

dence to our results. Further validation of new candidates, particularly for lowly-

expressed, sexually-dimorphic genes, will be required in the future.

Timecourse Our studies selected 4 weeks as a "chronic" timepoint, but what

happens after 4 weeks? Recent work suggests long-term sexually dimorphic changes

in the spinal cord, including a reduction in telomere length in males, but not female

mice by 4 months [282]. How DRG subtypes develop long-term remains unclear

and would be an interesting avenue for a follow-up study.

System-level analyses We exclusively looked at molecular changes in DRG

soma. Gene regulation can also occur along axons [283], suggesting that even

within primary afferents, we are likely missing information. Crucially still, DRG

neurons are not isolated. They exist as a part of the larger system. Detailed

interrogations of ligand-receptor binding, neurites, and spinal cord innervation

patterns are required to add context in the larger system.
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6.4 Conclusions

Through bulk RNA-seq of primary afferent subtypes, we reveal molecular underpin-

nings in naïve, intact, and injured neurons after injury. This data was compiled

into a user-friendly online platform to increase accessibility. In naïve states, we find

within subtype sex difference, including a large number of regulated genes in Aβ-

RA + Aδ-LTMRs. After injury, we are able to detect stereotyped injury changes,

as well as differences at a subpopulation level, with changes in NP enrichment

patterns and a unique response of Aβ-RA + Aδ-LTMRs 4 weeks after injury. At

this timepoint, there is not a strong interaction of injury with sex, but differences

in naïve states continue to contribute. Within ipsilateral tissue, differences in intact

and injured afferents are also seen, with intact neurons largely resembling their

contralateral counterparts. Interestingly, changes are still visible between intact

and contralateral neurons, with differences in oxidative phosphorylation, immune

response, and Tnfa signaling via Nfkb.

Collectively, this thesis explored the molecular underpinnings of neuropathic pain

in murine sensory neurons. We see this work as an important resource for the field

as we continue to probe new ways of understanding and treating neuropathic pain.
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