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Abstract

Sensory neuronal cells of the dorsal root ganglia (DRG) are highly polarised cells,
which receive and relay noxious signals from the periphery to the spinal cord. These
sensory neuronal cells are capable of remarkable plasticity to adapt to the local
environment and external stimuli. During periods of inflammation and in chronic
pain states, the nociceptors are sensitised and consequently activated by lower
thresholds of stimuli, in addition to firing of action potentials at a higher frequency.
Multiple mechanisms have been shown to contribute to these events, including
inflammatory mediators such as prostaglandin E; (PGE3), which has been shown to
be crucial in inducing a sensitised state. The neuroplasticity of sensory neurons is
likely mediated by local regulation of translation which drives changes to the local
proteome and neuronal function. In vitro studies have characterised a distinct
neurite transcriptome unique to that of the cell body of the sensory neuronal cell.
Changes to the local transcriptome, and local translation regulation in the axon, are
hypothesised to facilitate quick adaptation in the periphery of sensory neuronal
cells. The aim of this thesis was to characterise the local axonal transcriptome and
to assess the changes in the axonal transcriptome in a PGE;-induced model of

sensitisation of DRG-neurones.

Embryonic (16.5) DRG-cells were exposed to 24-hours (H) 10uM PGE,, to create an
in vitro model of sensitisation of peripheral nociceptors. The PGE,-protocol induced
a significant increase in excitability to subsequent exposure to capsaicin, measured
as calcium (Ca?*) transients, compared to vehicle-treated control DRG-cells.
Additionally, the PGE;-protocol resulted in significantly higher expression of Ngf
MRNA in the cell body, compared to control DRG-cells. The model was successfully
replicated with adult (8WOQ) DRG cells, with an adjusted protocol of exposure to
PGE; for 12H. The data demonstrated a suitable in vitro model of sensitisation had

been established.

Porous membrane chambers were used to allow the separate extraction of RNA

from the cell body or the axons of PGE;-exposed and control DRG-cells. This RNA



was used for sequencing (RNAseq) to explore potential changes in the axonal
transcriptome induced by PGE,. Comparison of the axonal transcriptome revealed
considerable overlap in expression patterns between the control DRG-cells from
embryonic and adult mice. Pathways associated with local translation, such as elF2-
and oxidative phosphorylation-signalling, characterised the axonal transcriptome of
control E16.5 and 8WO DRG-cells. These results provide evidence for a
compartmentalised transcriptome playing a key role in the functional adaptation of
DRG-cells, possibly through local regulation of translation. The PGE;-sensitisation
protocol induced significant changes to the local axonal transcriptome of DRG-cells
from both embryonic and adult mice. Pathways previously associated with
hyperalgesic priming of sensory neuronal cells, including IL-6- and cyclic AMP
(cAMP)-mediated signalling, were identified as characteristic of the axonal
transcriptome following PGE;-sensitisation. Overall, 23 RNAs were significantly
increased in the axon following PGE;-sensitisation for both embryonic and adult

mice.

Bioinformatic analysis of the axonal transcriptome identified 3 RNAs, Arid5a, Cebpb,
and Tnfrsf12a, associated with the sensitisation by PGE; and predicted as potential
localised therapeutic targets. Arid5a, AT-rich interactive domain-containing protein
53, is an RNA-binding protein which has been identified to play a role in stabilising
MRNAs associated with an inflammatory response through NF-kB and CREB. Cebpb,
the transcription factor C/EBPB, has been linked to the development of
sensitisation in the central nervous system through cAMP-signalling and increased
expression of nociceptive channels including the capsaicin receptor, transient
receptor potential cation channel subfamily V member 1 (TRPV1). Tnfrsf12a mRNA
encodes the tumour necrosis-like weak inducer of apoptosis (TWEAK) receptor, also
known as Fibroblast growth factor inducible 14 (Fn14), associated with neurite
regeneration following axotomy through NF-kB pathway activation. In the final
study, the identified RNAs were knocked down in E16.5 DRG-cells with 24H siRNA
treatment prior to induction of the model of PGE; sensitisation. Knockdown of

Tnfrsf12a RNA prevented PGE;-induced hyperexcitability to capsaicin. While



underpowered, knockdown of Arid5a also reduced the PGE;-induced sensitisation

of the capsaicin response.

The results presented in this thesis characterise the similarities and differences in
the axonal transcriptome of DRG-cells from embryonic and adult mice. The
identified changes in the axonal transcriptome of nociceptors in the model of
sensitisation, and the subsequent knockdown of specific RNAs successfully reducing
excitability, support the further investigation of the local transcriptome and

translation regulation for the development of novel analgesics.
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Chapter 1: General Introduction




1.1 Defining pain

Pain is an essential biological warning mechanism, existing to protect the body from
physical injury, however, the corruption of the mechanism can induce detrimental
abnormal pain sensation. It is estimated that up to 10% of the global population
suffers from prolonged abnormal pain sensations characterised as chronic pain
(Scholz et al., 2019; van Hecke et al., 2014). The majority of patients experience

suboptimal relief from the currently available treatments.

1.1.1 Pain with or without a purpose
The International Association for the Study of Pain (IASP) has defined 3
characteristic types of pain according to the physical presentation and genesis:
nociceptive pain, inflammatory pain, and neuropathic pain (‘Classification of
Chronic Pain, Second Edition (Revised)’, 2011). Nociceptive pain is the essential
protective mechanism. Acute inflammation following injury or lesion is associated
with inflammatory pain, and characterises increased activation of pain pathways for
the specific purpose of protecting the site of injury during healing (R.-R. Ji et al.,
2016; Yam et al., 2018). Nociceptive and acute inflammatory pain are contrasted
with chronic inflammation and neuropathic pain. Chronic inflammation is
associated with pathologies such as arthritis, while neuropathic pain is associated
with damage or trauma to the nervous system either by lesion or disease (Colloca
et al., 2017). While distinct differences characterise chronic pain as either
inflammatory or neuropathic pain depending on the genesis, they are found to

share common mechanisms of modulating pain pathways (Q. Xu & Yaksh, 2011).

1.2 The somatosensory nervous system

The somatosensory nervous system detects tactile sensation of the physical
environment through pressure and temperature, as well as pain. As illustrated in
Figure 1.1, the somatosensory system detects stimuli which are relayed via the

peripheral nervous system (PNS) to the spinal cord and then to the brain.
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Figure 1.1: Somatosensory nervous system pathways from peripheral input to central processing.
Adapted from “Somatosensory Afferents Convey Information from Periphery to Central Circuits”, by
BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates

1.2.1 Signalling of sensory neuronal cells
Signals of neuronal cells are transmitted as action potentials along axons in nerve
fibres. An action potential is a transient reversal of the polarity of the membrane
potential of neuronal cells, initiated through stimulus capable of raising the polarity
to a minimum threshold that induces a chain reaction causing the temporary
permeability of the cell to select ions including Na* and K* (Barnett & Larkman,
2007). An action potential is initiated by electrical, temperature, chemical or
mechanical stimulation and it is commonly characterised through 3 distinct phases:
depolarisation, repolarisation and hyperpolarisation (Figure 1.2) (Barnett &

Larkman, 2007; Raghavan et al., 2019).
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Figure 1.2: The fluctuations of the membrane potential throughout an action potential are defined
by the movement of ions across the membrane. Figure adapted from (Bahar et al., 2016) created in
BioRender. A. The stages of an action potential following exposure to a stimulus. B. The ion

movements driving the changes to the membrane potential identified on the membrane potential
trace

An initial stimulus causes the membrane potential to rise to the threshold which
triggers the opening of sodium (Na*) and calcium (Ca?*) channels, causing an influx
of Na* into the cell driving depolarisation (Barnett & Larkman, 2007; Bean, 2007).
Depolarisation facilitates increased permeability of the membrane to Ca®* along
with a release of Ca?* from intracellular stores in the endoplasmic reticulum (ER)

(Bahar et al., 2016; Bean, 2007). The depolarisation phase is terminated due to



spontaneous inactivation of the Na* channels and opening of K* channels (Bahar et
al., 2016; Tsantoulas & McMahon, 2014). During the repolarisation phase K* rapidly
exits the cells. K* channels start to close upon reaching an electrical threshold,
however the K* are slow to close, thus an undershoot occurs manifesting as
hyperpolarisation. Hyperpolarisation is resolved through the inward current /p,
which serves to return the membrane potential to the resting stage and allow
subsequent action potential initiation (Momin et al., 2008; Momin & McNaughton,

2009).

Signals are transmitted from the free nerve endings of first-order sensory neuronal
cells in the periphery. Peripheral nerves terminate in the dorsal horn of the spinal
cord, synapsing on both interneurons and projection neurones. The spinal cord is
divided into 10 cytoarchitectonic layers, the Rexed laminae (Rexed, 1952).
Nociceptive first-order neurons primarily terminate in the upper superficial laminae
(and I1) or in lamina V (Bourne et al., 2014). Second-order neurons are divided into
nociceptive-specific (NS) which selectively transmit noxious stimulus from the
upper laminae, or wide-dynamic-range (WDR) neurons in lamina V, which respond
to both noxious and innocuous stimuli (G. |. Lee & Neumeister, 2020). The second-
order neurons transmit the signal via the spinothalamic tract to the thalamus where
somatosensory information is primarily processed (Finnerup et al., 2021; G. I. Lee &
Neumeister, 2020). The central nociceptive pathways are beyond the scope of this
thesis, however, the following reviews are recommended for further information
(Bourne et al., 2014; Heinricher and Fields, 2013; Kuner & Kuner, 2021; Yam et al.,
2018).

1.3 Cellular anatomy of the peripheral sensory nervous system

The peripheral nervous system (PNS) is broadly characterised as consisting of
neuronal cell bodies grouped in ganglia, and nerve fibres consisting of axons
encapsulated in myelin sheaths and connective tissue (Catala & Kubis, 2013;
Goldstein, 2001). The sensory neuronal cells of the PNS, which relay messages of
innocuous and noxious tactile sensation, are supported by non-neuronal cells

within the periphery including immune cells (macrophages and T-lymphocytes) and



glial cells (Schwann cells and satellite glial cells) as well as fibroblasts, which play
crucial roles in the stabilisation of neuronal cells, as well as the transmission of
sensory signals (Bhatheja & Field, 2006; R.-R. Ji et al., 2016; Scholz & Woolf, 2007;
Shinotsuka & Denk, 2022).

First-order sensory neuronal cells are pseudo-unipolar cells, where the cell body
(the soma) is located in a dorsal root ganglion (DRG). A single axon extends from
the soma and divides into two branches, one extending toward the periphery, and
the other into the dorsal horn of the spinal cord. The DRG are bilateral structures
situated at every vertebrae adjacent to the spinal cord (Esposito et al., 2019; Sleigh
et al., 2016). Humans possess 31 pairs of DRG, while mice contain 30 or 31 pairs of
DRG depending on the genetic variant. DRGs are characterised according to their
level along the spinal column, divided into cervical, thoracic, lumbar, or sacral
(Haberberger et al., 2019; Sleigh et al., 2016) (Figure 1.3). A majority of the research
on DRG-cells have been carried out in mice, as the availability of viable human
tissues and broadly accessible experimental techniques has been limited until very
recently (Haberberger et al., 2019; Nguyen et al., 2021; Ray et al., 2021). The
research discussed should therefore be assumed to be applicable to mice, unless

otherwise stated.



Figure 1.3: Characterisation of neuronal cells of the DRG. A: A drawing of the spinal cord with DRGs
clearly illustrated by Cajal, 1917, originally from Recuerdos de mi vida-Historia de mi labor cienti fica
(“Recollections of my life—The story of my scientific work”), published by (DeFelipe, 2013). B: A DRG-
explant stained to visualise the neurites (anti-8-Tubulin in green and anti-peripherin in red) and cell
bodies (nuclei stained with Hoechst stain in blue), through immunofluorescence, published by
(Fornaro et al., 2018). C. Illustration of a pseudo-unipolar sensory neuron, the primary neuronal type
of the DRG, with one axonal branch extending to the periphery and another towards the spinal cord
(Figure from Biorender.com)

A heterogeneous population of neuronal and non-neuronal cells collectively
function to mediate sensory and nociceptive signalling in the periphery. The
peripheral sensory neuronal cells are similarly characterised as a heterogenous
population of subtypes, facilitating the sensation of noxious input of different

modalities.

1.3.1 Functional and structural characterisation of peripheral sensory
neuronal cells

Peripheral sensory neuronal cells have been characterised according to the speed
of transmission, the expression of select proteins, and the input stimulus inducing

transmission.



Nerve fibre subtypes

Neuronal cell-types in the periphery are subdivided based on the nature of the

nerve fibres, or the axonal branches, including the diameter and the myelination

(Table 1.1).
AB-fibre (A-beta) Ab-fibre (A-delta) C-fibre
Myelinated | Yes Yes No
Diameter 6-12um 1-5um 0.02-1.5um
Conduction | >20 m/s 2-10 m/s <2 m/s
speed
Thermal No Yes/No Yes/No
sensitivity
Function Proprioceptor/ Nociception/ Nociception/
mechanoreceptor Touch Touch
Modality Touch and pressure | Mechano-thermal Polymodal
from skin and touch from skin | (mechanical,
thermal, chemical)

Table 1.1: Nerve fibre subtypes of the DRG. Table adapted from (G. I. Lee & Neumeister, 2020)

A functional distinction is made by further dividing neurons into low-threshold

mechanoreceptors (LTMR) and high-threshold mechanoreceptors (HTMR), the

latter of which respond to noxious stimuli (Abraira & Ginty, 2013; Basbaum et al.,
2009). Non-nociceptive cells of the somatosensory nervous system can broadly be
characterised as LTMR cells. The majority of LTMR cells have AB- and A&-fibres with
large-diameter axons which transmit signals quickly, however, Aa-fibres and
unmyelinated C-LTMRs are also observed (Abraira & Ginty, 2013; L. Li et al., 2011;
Meltzer et al., 2021). In contrast, the majority of HTMR cells, nociceptors, are

unmyelinated C-fibre neurons, however, cell subtypes with As- and AB-fibres



additionally fall within this categorisation (Djouhri & Lawson, 2004; Dubin &

Patapoutian, 2010).

AB-fibre neurons: AB-fibres are large, myelinated fibres with fast conduction speed,
which primarily transmit innocuous signals (Table 1.1). The existence of nociceptive
AB-fibres has been a topic of controversy, however, research indicates that a small
number of AB-fibres transmit noxious signals in nociceptive signalling, presenting
with high heat thresholds and moderate pressure threshold (Crawford & Caterina,

2020; Djouhri & Lawson, 2004).

Ab-fibre neurons: Ab-fibres are medium-sized, myelinated fibres with moderate
conduction speed, which transmit both innocuous and noxious signals (Table 1.1).
Ab-fibre cells have been further divided into 2: A-mechano-heat (AMH) Type | and
Type Il. AMH Type | is characterised by high heat threshold and lower mechanical
threshold and additionally responds to lower heat threshold after prolonged
stimulus, while AMH Type Il presents with high mechanical threshold and lower
heat threshold (Basbaum et al., 2009; Djouhri & Lawson, 2004). Furthermore, AMH
Type | is insensitive to capsaicin, while AMH Type Il is readily stimulated by
capsaicin. Nonpeptidergic nociceptors with Ad-fibres are specifically associated

with cold temperature sensation (Crawford & Caterina, 2020).

C-fibre neurons: C-fibres are small-diameter, unmyelinated fibres, which primarily
transmit noxious signals (Table 1.1). HTMR C-fibres respond solely to mechanical
stimuli and are distinct from thermal-responsive C-fibre nociceptors (Abraira &
Ginty, 2013). Thermal-responsive C-fibres are divided into peptidergic or non-
peptidergic nociceptors (Abraira & Ginty, 2013; Basbaum et al., 2009). Peptidergic
C-fibres innervate the basal regions of the epidermis and mediate temperature
nociception, while nonpeptidergic C-fibres innervate superficial layers of the
epidermis and transmit noxious cold sensation, as well as noxious mechanical

stimuli (Abraira & Ginty, 2013; Cavanaugh et al., 2009; Crawford & Caterina, 2020).

1.3.2 Markers of peripheral sensory neuronal subtypes
Neuronal subtypes are preliminarily identified as peptidergic or nonpeptidergic.

Peptidergic neurons express the neuropeptides calcitonin gene-related peptide



(CGRP, encoded by Calca mRNA) or substance P (SP, encoded by Tacl mRNA), along
with broad expression of the NGF receptor TrkA (encoded by Ntrk1 mRNA) (Abraira
& Ginty, 2013; Basbaum et al., 2009; Cranfill & Luo, 2021). Nonpeptidergic neurons,
despite the nomenclature, in some cases still express neuropeptides, however, they
are primarily identified through isolectin B4 (IB4)-binding, as well as expression of
the GDNF-receptor c-RET (encoded by Ret mRNA), the Mas-related G protein-
coupled receptors (Mrg-family of GPCRs, encoded by Mrgpr mRNAs) and the
purinergic ion-channel Piezo2 (encoded by mRNA of the same name) (Basbaum et

al., 2009; Cranfill & Luo, 2021; M. Zhang et al., 2019) (Figure 1.4).

Peptidergic neurons
Subtype Molecular markers Fiber type Functions
PEP1.1 Calca, Tac1, Trpv1, Trpm3 Cc

. Peripheral targets
PEP1.2 Calca, Tac1, Trpv1, Trom3, Trpat, Piezo2 C Inflammatory pain
PEP1.3 Calca, Tac1, Trpv1, Trpm3, Plgir (4} Noxious heat

& Muscle,
PEP1.4 Calca, Tac1, Trpv1, Trpm3, Trpal, Piezo2 (] bones, joints %

Calca, Trpv1, Piezo2, Pgir, Asic3, Nefh AS f

TRPMS.1 Trpm8, Calca, Tact (o}
TRPMS.2 Trpm8, Prdm12, Tact c %
TRPM8.3 Trpm8, Tact, Trpv1, Nefh Ad

Spinal cord dorsal horn
Rexed laminae

Nonpeptidergic neurons

yp Fiber type Functions
Mrgprd, Trpom3, Trpal, Piezo2 C
Mrgprd, Trpm3, Trpal, Piezo2, P2rx3 C
NP2.1 Mrgpra3, Mrgprc11, Calca, Piezo2 Cc itch
NP2.2 Mrgpra3, Mrgprc11, Calca, Piezo2, P2rx3 [}
NP3 Nppb, Sst, II-31r, Cystir2, Trpv1, Piezo2 C innocuous weinnth

Itch

Figure 1.4: The functional significance of expression of molecular markers and receptors of
peptidergic and nonpeptidergic neurons of the PNS. Figure from (Cranfill & Luo, 2021)

Consequently, neuronal cells are further classified through functional roles defined
by receptor-expression. Specific receptors have been identified as playing key roles
in sensory transmission through the stimulus-specific response such as TRPV1
(heat), TRPMS (cold) and acid-sensing ion channels (ASICs, pH) (Basbaum et al.,
2009; Dubin & Patapoutian, 2010).
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1.4 Nociceptive signalling

Nociceptive signalling is characterised by binding or activation of receptors or
channels attuned to specific sensory modalities. These receptors or channels
increase the membrane potential sufficiently to trigger the opening of voltage-

gated channels, thereby inducing an action potential.

1.4.1 Receptors of the nociceptor

TRP-channels

TRP-channels are cationic channels with non-selective pores facilitating the
movement of Na*, K*, and Ca?* across the cell membrane (Patapoutian et al., 2009).
The TRP vanilloid (V1) channel plays a key role in nociceptive signalling (Caterina et
al., 1997; J. Huang et al., 2006; Van Buren et al., 2005). The TRPV1 channel is
formed by 4 subunits, each of which consists of the 6 transmembrane domains that
characterise all TRP-channels and form a polymodal sensor of physical and chemical
noxious stimuli. The cation channel is activated by capsaicin, noxious heat (>42°C)
and pH<6, which triggers opening of the pore to allow ions, predominantly Ca?*, to
move through the channel (Touska et al., 2011). TRPV1 is colocalised with the TrkA
receptor, as well as SP and IB4, consequently appearing on both peptidergic and

nonpeptidergic neurons of the DRG (J. Huang et al., 2006).

TRP ankyrin 1 (A1) is involved with chemical and cold noxious sensation, activated
by <15°C, isothiocyanates (found in mustard, horseradish and wasabi),
cinnamaldehyde (cinnamon), allicin (garlic), bradykinin (BK), and ROS (Berta et al.,
2017; O. Chen et al., 2020; Hjerling-Leffler et al., 2007). BK activates TRPA1 through
a phospholipase C (PLC)-mediated pathway (Bandell et al., 2004; Garcia-Afioveros &
Nagata, 2007). Additionally, the TRPA1 is activated by microRNA let-7b, which is
released from proinflammatory macrophages and nociceptors, as let-7b binds to
TRPA1 and induces coupling to TLR7 which triggers an action potential (O. Chen et
al., 2020; Lehmann et al., 2012). TRPA1 is particularly highly expressed in small-
diameter nociceptors and often colocalises with TRPV1, as well as CGRP, SP and

TrkA (Garcia-Afioveros & Nagata, 2007).
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TRP melastatin 8 (M8) is associated with cold innocuous and noxious sensation,
activated by <25°C, menthol and icilin, exposure to which predominantly drives Ca%*
movement (Liu et al., 2020; Xing et al., 2007). TRPMS8 is expressed by ~10% of DRG-
neurons, however, generally does not colocalise with IB4, TRPV1, and TRPA1

(Hjerling-Leffler et al., 2007; Liu et al., 2020; Patapoutian et al., 2009).

ASICs

Acid-sensing ionic channels (ASICs) are broadly expressed in the DRG (Deval &
Lingueglia, 2015). The extracellular binding of protons on ASIC channels facilitate
the movement of Na* across the membrane (Yam et al., 2018). Injury-sites and
subsequent inflammatory states are characterised by an increase in protons

measured as low pH (Deval & Lingueglia, 2015; Yam et al., 2018).

Purinergic receptors

Purines, adenine triphosphate (ATP) and adenosine are released locally following
lesion or in inflammatory states, activating distinct pathways mediating nociceptive
pain through two receptor groups: P2X and P2Y. There are 7 ionotropic P2X
receptors (ligand-gated ion channels) identified. P2X1-6 are expressed in neuronal
cells and P2X2 and P2X3 show preferential expression in small neurons of the
periphery in both murines and humans (Hamilton & McMahon, 2000). Binding of
ATP triggers the opening of the P2X-channels, facilitating Na* mediated
depolarisation, and Ca?* intracellular signalling (Dawes et al., 2013; Hamilton &

McMahon, 2000; J. Huang et al., 2006; Yam et al., 2018).

Voltage-gated channels

Voltage-gated ion channels are activated by membrane depolarisation induced by
TRP-channels, ASICs or purinergic receptors, and allow ion movements across the
cell-membrane thereby mediating action potentials (Dib-Hajj et al., 2009; Yang &
Zheng, 2014). Voltage-gated Na* and K* channels (NaV and KV channels) are broadly
expressed in sensory neuronal cells, with a select few showing preferential
expression in nociceptors. NaV1.7, NaV1.8 and NaV1.9 (encoded by Scn9a, Scni10a,
and Scn11a mRNA respectively) are preferentially expressed in peripheral

nociceptors (Dib-Hajj et al., 2009; R. S. Y. Ma et al., 2019). KV channels are widely
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expressed in neuronal cells and, as previously described, play a key role in action
potentials by facilitating rapid efflux of K* driving repolarisation and thereby
affecting the threshold and frequency of action potentials in humans and murines

(Tsantoulas & McMahon, 2014).

Consequently, specialised neuronal subtypes emerge, with unique physical
attributes and biomolecular profiles attributed to receptor expression patterns. The
sensory modality of nociceptors is defined by the expression patterns of stimulus-
specific receptors within the periphery, while the signalling transmission is
characterised by the nerve-fibre morphology. Following trauma or disease, distinct
neuroplastic changes to nociceptive signalling mediators and pathways are

associated with hyperexcitability of nociceptors.

1.4.2 Inflammatory mechanisms induce hyperalgesic priming
Exposure to inflammatory mediators drives long-lasting neuroplastic changes to
nociceptors manifesting as a state of sensitisation. This process of hyperalgesic
priming is established through activation of several protein kinases, inducing
increased nociceptive signalling (Ferrari et al., 2010). Key inflammatory mediators,

that drive hyperalgesic priming, are discussed below.

Prostaglandins

Prostaglandins (PGE>, PGl,, PGE; and PGD;) are metabolites of arachidonic acid
produced by cyclooxygenases (COX-1 and COX-2), released by non-neuronal cells,
including macrophages and keratinocytes, in response to inflammation (L. Chen et
al., 2013; W. Ma & Eisenach, 2003; Sugimoto & Narumiya, 2007; C. Wang et al.,
2007). G protein-coupled receptors (GPCRs) for PGE; (EP1-4) are broadly expressed
in DRG-neurons, however, EP1 and EP4 are particularly relevant in the development
of peripheral sensitisation (L. Chen et al., 2013; L.-Y. M. Huang & Gu, 2017).
Activation of EP receptors cause increased cAMP, synthesised from ATP, which
triggers protein kinase A (PKA) to induce phosphorylation of TRPV1, thereby
sensitising TRPV1 (J. Huang et al., 2006; L.-Y. M. Huang & Gu, 2017; Hucho & Levine,
2007; W. Ma & St-Jacques, 2018). PGE; has additionally been indicated to cause

increased expression of the nociceptor-specific NaV1.8 through a nitric oxide (NO)
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mediated pathway (Hucho & Levine, 2007). PGE,-induced increase of cCAMP
additionally activates exchange proteins activated by cAMP (Epacs), an intracellular
protein, which in turn increases protein kinase Ce (PKCe) and have been associated
with sensitisation of P2X3-receptors (Cheng et al., 2008; L.-Y. M. Huang & Gu, 2017;
St-Jacques & Ma, 2011; C. Wang et al., 2007). Furthermore, prolonged exposure to
PGE; has been shown to increase EP4 receptors in the axon of nociceptors (St-
Jacques & Ma, 2014). The activation of the EP4 receptor in nociceptors is shown to
mediate an increase in hyperpolarisation-activated current /, causing faster

refractory period (Kasai & Mizumura, 2001).

Cytokines

Cytokines, such as interleukins (ILs), tumour necrosis factors (TNFs), and
neurotrophins (including NGF) are released from non-neuronal cells, including
macrophages, mast cells and Schwann cells, in an inflammatory state. NGF binds
both TrkA and pan-neurotrophin p75N™ receptor, with TrkA primarily mediating the
effect of heat sensation and lower affinity for the p75N® receptor (Denk et al.,
2017). Binding of NGF to TrkA causes endocytosis of the ligand-receptor complex
and subsequent retrograde transport, which leads to increased expression of not
only TRPV1 but also P2X3 and ASIC3 receptors in peripheral neurons, along with SP
and CGRP (Denk et al., 2017; Hucho & Levine, 2007; R.-R. Ji et al., 2002; Van Buren
et al., 2005). Additionally, NGF binding of the p75N™ in DRG-neurons induces
increased CGRP expression and drives heat hyperalgesia in the periphery,
demonstrating a role for the low-affinity NGF-receptor in peripheral sensitisation
(Watanabe et al., 2008). Exposure to NGF is associated with increased transcript
and protein level of the voltage-gated channel NaV1.7 (Dib-Hajj et al., 2009; R. S. Y.
Ma et al., 2019). Interestingly, expression of NaV1.8 and NaV1.9 is diminished in
peripheral neurons following injury, however, exposure to inflammatory mediators
including NGF and PGE; induces increased expression of the voltage-gated ion
channels in uninjured unmyelinated cells, facilitating a sensitised state in
inflammatory states (Gold et al., 2003; Rush & Waxman, 2004). Exposure to NGF
and IL-6 has additionally shown increased hyperexcitability of NaV1.7 and NaV1.8 in

DRG-neurons, independently of transcript and protein changes, hypothesised to
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instead be driven by extracellular signal-regulated kinase (ERK) and p38 mitogen-
activated protein kinase (MAPK) pathways of phosphorylation (Atmaramani et al.,
2020). Specifically, NGF exposure triggers Src kinase, PI3 kinase (PI13K), as well as
p38 and ERK MAPK activity, which induces increased expression of TRPV1 in the
membrane, through increased transport and translation of Trovl mRNA (Denk et

al., 2017; J. Huang et al., 2006; R.-R. Ji et al., 2002).

Interleukins including IL-1p and IL-6 are released from macrophages and monocytes
in inflammatory conditions (J.-M. Zhang & An, 2007) They are shown to bind to IL-1
and IL-6 receptors (IL-1R, IL-6R), driving increases in PGE,, SP and CGRP in DRGs
(Ebbinghaus et al., 2015; J.-M. Zhang & An, 2007). IL-1B increases the excitability of
NaV currents through a pathway with p38 MAPK activation (Dawes et al., 2013).
The activation of IL-6R or soluble IL-6R (sIL-6R) is mediated through glycoprotein
130 (gp130) and has been associated with several downstream pathways. IL-6 has
been indicated to mediate a pathway of axonal growth and regeneration through
Janus kinase/signal transducers and activators of transcription (Jak-STAT)/ERK
MAPK pathway in sensory neurons (Kummer et al., 2021; Melemedjian et al., 2010;
Moy et al., 2017). Increased action potential firing of nociceptors has been shown
to be mediated through the MNK1/2-elF4E signalling pathway of translation, which
is additionally activated through IL-6R/ERK MAPK activation, regulating expression
of voltage-gated channels, as well as probable increases in membrane trafficking of

PGE;,-receptors (Kummer et al., 2021; Moy et al., 2017).

Inflammatory mediator TNF-a binds the TNF receptor (TNFR) and activates PKCe
which phosphorylates TRPV1, thereby sensitising the receptor (Hucho & Levine,
2007; J.-M. Zhang & An, 2007). Additionally, TNF-a is found to induce sensitisation,
measured as an increase in action potentials, through increased activity of ASICs in
a pathway mediated by p38 MAPK activity (Wei et al., 2021). TNF-a is additionally
capable of increasing NaV currents through a pathway with p38 MAPK, similar to
that of IL-1B (Dawes et al., 2013).
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Neurotransmitters

SP and CGRP are neuropeptides which characterise the peptidergic class of
nociceptors, however, additionally mediate sensitisation. SP is increased in the
axon following prolonged exposure to inflammatory mediator IL-1f3, and is released
from afferent fibres of nociceptors in inflammatory states (Jeanjean et al., 1995; J.-
M. Zhang & An, 2007). SP binds the GPCR NKj receptor to induce release of PGE;
and NO as well as enhance cAMP/PKA activity, thereby mediating excitatory effects
and the development of sensitisation (R.-R. Ji et al., 2014; Yam et al., 2018). CGRP is
released from axonal terminals in the periphery in states of inflammation, however,
it also activates a GPCR (CLR) on nociceptors, which is associated with Ca%*-
mediated depolarisation, as well as sensitisation of peripheral neurons (Schou et

al., 2017; Segond von Banchet et al., 2002).

Neurotransmitter ATP is released from damaged tissues and activates purinergic
receptors including the metabotropic P2Y GPCRs on nociceptors, which is
associated with PLC-B/PKC and cAMP/PKA pathways of TRPV1 phosphorylation (J.
Huang et al., 2006; Yam et al., 2018). P2Ys have additionally been associated with
phosphorylation of cCAMP response element-binding protein (CREB), a key mediator
of neuroplasticity in nociceptors (Melemedjian et al., 2014; Molliver et al., 2002).
Inflammatory mediators including PGE; have been observed to induce increased
ATP-responses of P2X3-receptors through cAMP/PKA signalling pathway (C. Wang
et al., 2007). Furthermore, the P2X7-receptor is preferentially expressed in non-
neuronal cells, specifically satellite glial cells, and activated by higher
concentrations of ATP which triggers release of inflammatory mediators IL-1 and
TNF-a, thereby triggering additional inflammatory pathways (R.-R. Ji et al., 2013;
Toulme et al., 2010).

Collectively, neuroplastic changes to nociceptors are induced following exposure to
inflammatory mediators, including PGE; and NGF, which manifest as a state of

sensitisation.
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1.5 The transcriptome of sensory neuronal cells

The transcriptomic profile reveals the genomic phenotype of a cell, which mediates
the protein expression-patterns for functional differences, such as receptor-
expression patterns (Chambers et al., 2019; Z. Wang et al., 2009). The
transcriptomes of different cell-types are highly variable, and additionally adaptable
to facilitate both natural physiological processes such as maturation, as well as
adverse external cues, inducing changes to protein expression. Neuronal cells
contain thousands of mMRNAs which collectively make up the transcriptome of the
cell. The transcriptome encompasses both coding RNAs (messenger RNAs, mRNAs),
which can be translated into proteins, and noncoding RNAs, ncRNAs, of various
subtypes with a wide array of functions including post-transcriptional roles.
Microarray is a technique which allows quantification of several thousand mRNAs in
parallel from at least two contrasting sources through the presence of
oligonucleotides corresponding to gene transcripts in catalogued locations on a
glass “chip” (Schena et al., 1995). More recently, the developments within next
generation sequencing (NGS) protocols, such as RNA sequencing (RNAseq) allow for
the collection of short sequences of bases, collectively characterising all the RNAs
present in a sample including novel transcripts and isoforms. RNAseq techniques
have significantly increased the understanding of the unique transcriptomic profile
of cells, and neuronal subtype classification has been presented in several studies
using sequencing protocols (Usoskin et al., 2015; Zeisel et al., 2018). The use of
RNAseq techniques to study the transcriptome of DRG-cells and the changes
observed in the manifestation of chronic pain, has similarly been initiated by

several research groups (Starobova et al., 2018).

1.5.1 Categorising neuronal cell-types of the DRG based on the
transcriptomic profile

Sequencing studies of sensory neuronal cells have largely been carried out with
aims that can divided into two groups: 1. Studies exploring the differences between
different types of cells, and 2. Studies exploring the differences induced by
exposure to various insults or mediators of pain pathways. Studies comparing the

differences in cell-types have demonstrated the unique profiles of different cell-
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types. Single-cell RNAseq has been utilised to create categories for cell-types of the
DRG (Hockley et al., 2019; C.-L. Li et al., 2016; Usoskin et al., 2015; Zeisel et al.,
2018; Y. Zheng et al., 2019). Interestingly, while there are common categories
which are generally agreed upon, sub-categories are found to differ between
research groups. In some cases this is due to the focus of the study, such as tissue-
specific innervation (Hockley et al., 2019) or innate preliminary characterisations
within the study design (Y. Zheng et al., 2019). The most comprehensive
characterisation is thus found to be carried out through single-cell RNAseq of cells
from both the peripheral and central nervous system (Zeisel et al., 2018),
suggesting updates to the sub-divisions previously presented (C.-L. Li et al., 2016;
Usoskin et al., 2015). Three primary groups of sensory neurons are suggested;
peptidergic (eight subtypes), nonpeptidergic (seven subtypes), and neurofilament

(three subtypes).

Recently, data has been published attempting to similarly categorise cell-types from
human DRGs demonstrating that while some cell-types appear to correspond to
murine cell-types, there are novel cell-type with no clear transcriptomic equivalent
in murine models (Nguyen et al., 2021). This follows a number of papers which
comparatively characterise the transcriptomes of DRG-tissues from humans to mice
DRGs, indicating distinct differences, although meaningful features are conserved
between the human and mouse DRG-transcriptome (Ray et al., 2018; Wangzhou et
al., 2020). An additional valuable library of transcriptomic data is the toolbox
developed by the Denk laboratory; characterising non-neuronal cell-types of the
periphery, specifically macrophages of nerves and DRGs (Liang et al., 2020). Over 20
studies have explored the transcriptome of sensory neuronal cells through

sequencing techniques including microarray, whole- and single cell-RNAseq (Table

1.2).
Tissue | Organism | Comments Ref.
DRGs | M Comprehensive characterisation of (Zeisel et al.,

neuronal cell-types of both the central 2018)
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and peripheral nervous system through

single-cell RNAseq

DRGs | M Large scale classification of RNA (Usoskin et
expression in sensory neurons of lumbar | al., 2015)
DRGs through single-cell RNAseq

DRGs |M&H Comparative transcriptome profiling of | (Ray et al.,,
human and mouse DRG cells 2018)

DRGs |M&H An exploration of changes between (Wangzhou et
native and cultured mouse and human al., 2020)
DRGs with a focus on potential
pharmacological targets

DRGs | M Bulk RNAseq of labelled sensory (Y. Zheng et
neuronal subtypes focused on ion- al., 2019)
channel expression

DRGs | M Characterisation of subpopulations of (N. Sharma et
sensory neurons of the DRG in cells from | al., 2020)
embryonic and adult mice

DRGs | M Characterisation of mechanosensory (Parpaite et
properties and molecular profiles of al., 2021)
sensory neurons from the DRG using
patch-seq and single-cell RNAseq

DRGs | M Transcriptomic profile of MRGPRD- (Reynders et
expressing C-fibres and C-low threshold | al., 2015)
mechanoreceptors through RNAseq of
fluorescence activated cell sorting
(FACS) of DRG-cells

DRGs | M Insight into the gene expression profile (Thakur et al.,
of Nay1.8-expressing nociceptors 2014)
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through magnetic cell sorting (MACS)

and RNAseq

DRGs Identification of gene sets expressed in (Goswami et
TRPV1-positive DRG neurons based on al., 2014)
FACS and RNAseq

DRGs Microarray shows that KO of SCN9A (Minett et al.,
(Nay1.7) gene leads to upregulation of 2015)
PENK mRNA in DRG

DRGs Clarification of genes enriched in TRPM8 | (Lippoldt et
neurons of the DRG using microarray al., 2013)
analysis to explore cold nociception

DRGs Identification of seven subtypes of (Hockley et
colonic sensory neurons by single-cell al., 2019)
RNAseq of retrogradely traced mouse
colonic sensory neurons in the DRG

DRGs Identification of subtypes of (C.-L. Lietal.,
somatosensory neurons by 2016)
transcriptomic, morphological, and
functional characteristics using single-
cell RNAseq

DRGs Characterisation of lymph-node (S. Huang et
innervating nociceptors of the DRG al., 2021)
through single-cell RNAseq

DRGs Characterisation of sacral and lumbar (Smith-
sensory neurons in embryonic and adult | Anttila et al.,
mice considering sex differences using 2020)
RNAseq

DRGs Comparison of transcriptomic profiles of | (Manteniotis

and dorsal root and trigeminal ganglia with etal., 2013)

TGs
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focus on ion channels and GPCRs

through RNAseq

DRGs | M Comparison of gene expression of dorsal | (Lopes et al.,

and root and trigeminal ganglion neurons 2017)

TGs through FACS and RNAseq

DRGs | M Sex differences in murine Nav1.8 (Tavares-
expressing nociceptor cells of the DRG Ferreira, Ray,
are characterised through Translating etal., 2022)

Ribosome Affinity Purification

sequencing
DRGs | M RNAseq of whole DRG and purified (Mecklenburg
and sensory neuronal cultures from male etal., 2020)
TGs and female mice demonstrate sex

differences of the transcriptome

DRGs |H Comprehensive characterisation of (Nguyen et
neuronal cell-types within the human al., 2021)

DRG through single nucleus RNAseq

Table 1.2: Transcriptomic studies exploring molecular physiology and characterisation of sensory
neuronal cells. DRGs: dorsal root ganglia, SN: sciatic nerve, TGs: trigeminal ganglia, H: human, M:
mouse. Table adapted and progressed from (Starobova et al., 2018)

Transcriptomic methods have been used to explore specific targets, or diseases of
interest, in subpopulations of cells within the DRG. Distinct differences to RNA
expression patterns are revealed, demonstrating transcriptomic profiles of sensory
neuronal subtypes within the DRG, which may facilitate adaptability to changing

environments.

1.5.2 Changes to the transcriptome of sensory neuronal cells induced by
noxious stimulus

Comparative assessments of the transcriptome of sensory neuronal cells have
shown differences attributed to maturity, tissue specificity and gender (Hjerling-

Leffler et al., 2007; N. Sharma et al., 2020; Smith-Anttila et al., 2020). While it was
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found that cells from embryonic mice were sufficiently developed to study pain

pathways (Hjerling-Leffler et al., 2007), more comprehensive assessments of the

transcriptome found distinct differences between cells from mice of different age-

groups (N. Sharma et al., 2020; Smith-Anttila et al., 2020). Mediators of pain

pathways, such as transcription factor Prdm12, play different roles depending on

the maturity of the nociceptor (Landy et al., 2021).

Changes to the transcriptome have additionally been studied in sensory neuronal

cells in states of chronic pain. DRG-cells from mice have been sequenced following

induction of a pain state, which is most commonly been done by inducing a model

of pain in vivo and subsequently isolating cells for RNA sequencing (Table 1.3).

Pain type Org. | Tissue Comments Ref.
Burns pain M DRGs RNAseq shows genes (Yin et
involved in neuropeptide al., 2016)
signalling, axon guidance,
and glutamatergic synaptic
transmission increased
following burns injury in
mice
Spared nerve | M DRGs and Transcriptional and (Uttam
injury (SNI) spinal cord | translational changes are etal,
explored in the DRG through | 2018)
RNAseq and ribosome
profiling following SNI injury
including changes to the ERK
signalling pathway
Spinalnerve | M DRGs RNAseq shows genes of the (Wu et
ligation (SNL) DRG following SNL in male al., 2016)

mice are characterised by

increased expression of ion
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channels and GPCRs and
mediators of GnRH
signalling, as well as

alternative splicing

Peripheral M DRGs RNAseq of sensory neuronal | (J. Ma et
diabetic cells from an in vivo model of | al., 2015)
neuropathy diabetic neuropathy show

increased expression of

mediators of inflammatory

pathways
Radicular/ H DRGs Electrophysiological (North et
neuropathic measurements were al., 2019)
pain ass. with correlated with RNAseq to
malignant show significant sexual
tumours dimorphisms characterising
within or neuropathic pain
adjacent to development
the spine
Charcot R&H | DRGs Comparison of gene (Sapio et
Marie Tooth expression profile in sciatic al., 2016)
(mutation) nerve and DRGs from

humans and rats comparing

the transcriptomic profile of

neuronal and Schwann cells

using RNAseq
Spinal nerve | M DRG Significant changes to the (Renthal
transection, transcriptome of neuronal etal.,
sciatic nerve cells are established through | 2020)

transection

scRNAseq following

axotomy, directly reliant on
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or sciatic the activity of transcription

nerve crush factor Atf3
Partial sciatic | M Isolated RNAseq following peripheral | (Jager et
nerve ligation satellite nerve injury illustrates SGCs | al., 2020)
glial cells exhibit increased immune
and profile distinct to the

nociceptors | transcriptional changes of

from DRG nociceptors

Table 1.3: Studies exploring changes to the transcriptomic of DRG sensory neuronal cells in pain
pathology. Table adapted from (Starobova et al., 2018)

RNAseq confirms the flexibility of the transcriptomic profile of DRG-neurons during
chronic pain states, showing plasticity of sensory neuronal cells in the manifestation
of sensitisation. Assessments of transcriptome patterns in models of chronic pain
showed distinct cell-subtype differences including increased expression of RNAs
encoding mediators of axon guidance, neuropeptide and extracellular signalling, as
well as inflammatory and ERK signalling, collectively pointing towards neuroplastic
pathways inducing a hyperexcitable state in inflammatory and neuropathic pain (J.
Ma et al., 2015; Sapio et al., 2016; Uttam et al., 2018; Wu et al., 2016; Yin et al.,
2016). Interestingly, pathway analysis shows the ERK signalling pathway as an
upstream regulator of both transcriptional and translational changes of the SNI
induced chronic pain model, hypothesised to be mediated through mitogen-
activated protein kinase interacting kinase (MNK1/2)-dependent translation
regulation, which has previously been associated with sensitisation of sensory
neuronal cells (Moy et al., 2017; Uttam et al., 2018). The study of the transcriptome
is therefore of key importance to further characterise the changes of sensory

neuronal cells in the development of sensitisation.

Consequently, the transcriptome of sensory neuronal cells is found to characterise
cell-subtypes, and changes thereof are suggested to drive sensitisation in chronic

pain states.
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1.6 Compartmentalised functional genomics of sensory neuronal
cells

Neurons are highly polarised cell structures which extend axons that can reach
hundreds of times the diameter of the cell body to innervate the outer periphery.
The cell body contains the nucleus and the DNA of the cell, while the axons contain
99% of the cytoplasm (Holt et al., 2019). Local mechanisms are consequently
necessary to facilitate axonal guidance and growth, adaptation to synaptic inputs
and extrinsic stimulus, and maintain functionality (Glock et al., 2017; Holt et al.,

2019).

1.6.1 Translation of mRNAs
Functional genomics is the study of the transcriptome (the RNAs present in the
compartment), the translatome (the RNAs in the process of translation) and the
proteome (the proteins within the compartment). The process of translation
characterises the expression of genetic information to produce proteins, which
ultimately facilitates the classification, functioning, and purpose of the cell. The
process of translation is divided into 3 steps: initiation, elongation, and termination
(Gkogkas et al., 2010; Hellen, 2018; Knight et al., 2020). Although it is now clear
that translation can be controlled by modulating both the initiation and the
elongation rates, the majority of regulatory mechanisms identified in neurons
involve regulation of the initiation of translation (Klann et al., 2004; Malone &
Kaczmarek, 2022). During initiation, the Met-tRNA; complex is formed, in which the
tRNA combines with eukaryotic initiation factor 2 (elF2) and guanosine
triphosphate (GTP) to form the ternary elF2-Met-tRNA-GTP complex (Bhat et al.,
2015; Jung et al., 2014; Klann et al., 2004). The 43S preinitiation complex is formed
as the 40S ribosomal subunit is recruited, and the ternary complex associated with
the small subunit of the ribosome (Bhat et al., 2015; Jung et al., 2014). The elF4F
cap-binding complex, consisting of elF4E (cap-binding protein), elF4A (ATP-
dependent helicase) and elF4G facilitates binding of the 43S preinitiation complex
to the 5’ end of the mRNA (Bhat et al., 2015; Jung et al., 2014). The small ribosomal
subunit scans the 5’UTR until the start codon (AUG) of the mRNA is identified by

base-pairing to the Met-tRNA;. Upon locating the start codon, the complexes form
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the 48S initiation complex through binding of elF3. The 60S ribosomal unit is
recruited through GTP hydrolysis and the 40S and 60S ribosomal subunits form the
80S complex completing the initiation process and facilitating the progression to
the elongation phase for protein synthesis (Bhat et al., 2015; Knight et al., 2020;
Passmore & Coller, 2022).

1.6.2 Localised translation regulation
The process of translation is characterised by mechanisms facilitating regulation of
both localisation and timing of translation. Localised translation, inducing increased
protein expression in the axon, has been found to drive axonal growth and
branching in both murines and humans (Bigler et al., 2017; Donnelly et al., 2013;

Vogelaar et al., 2009).

Translating ribosomes were reported to be important in dendrites in early research
(Autilio et al., 1968; Steward and Levy, 1981). The field suffered from initial
contradictory information, as the existence of axonal ribosomes was challenged,
however, multiple studies have since confirmed and validated their existence and
consequently their role in axonal translation (Hafner et al., 2018; Lasek et al., 1973;
Shigeoka et al., 2016; Tennyson, 1970). Local protein translation within the axon
was hypothesised following studies showing proteomic changes at a time-scale
which excluded trafficking in both murine cells and the squid giant axon (Eng et al.,
1999; Giuditta et al., 1968, 1991; Holt et al., 2019). The transport of proteins
produced in the cell body would require several days to reach the distal axon (Holt
et al., 2019; Maday et al., 2014). Additionally, studies following axonal transection
confirmed the continued emergence of newly synthesized proteins, despite the
divorce from the somal compartment, providing a convincing argument for a

localised mechanism (Giuditta et al., 1968).

Interestingly, axotomy was additionally reported to trigger the transfer of
ribosomal proteins from glial cells to the axon (Rangaraju et al., 2017). The transfer
of polyribosomes from Schwann cells was observed in a process not unlike
endocytosis, where vesicles from Schwann cells were absorbed into the axon the

contents of which were subsequently released into the axoplasm (Court et al.,
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2008; Rangaraju et al., 2017). While minimal expression of polyribosomes was
detected, the presence of which can perhaps be attributed to Schwann cells,
monosomes are found more readily expressed within the axon, associated with a
surprisingly large expression of ribosomal RNA (rRNA) within the axon, the presence
of which introduces the possibility of locally synthesised ribosomal RNAs
contributing to the translation capacity of axons (Holt et al., 2019; Rangaraju et al.,

2017).

Regulation of translation is mediated through numerous mechanisms, facilitating
control of the specific localisation and timing of protein translation. It is generally
well accepted that RNAs can be transported in a repressed state, mediated through
targeted inhibition of initiation, and subsequently translated following specific local
signalling mechanisms (Moine & Vitale, 2019). The structure and sequence of both
the 3'UTR and the 5’UTR of the transcript contribute to the localisation and the
translation-state of specific mMRNAs (Di Liegro et al., 2014; Moine & Vitale, 2019).
Translation initiation can be regulated through several mechanisms including
activation of multiple receptors such as mGluRs, particularly mGluR1 and mGIluRS5,
NMDA receptors and TrkA/TrkB receptors (Khoutorsky & Price, 2018; Moine &
Vitale, 2019). Collectively, downstream effects include activation of ERK, mTOR,
S6K1 and eukaryotic translation initiation factors, inducing differential translation

initiation (Figure 1.5).
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Figure 1.5: Key signalling pathways of translation initiation. Translation initiation factors elFs and
initiation complexes play key roles in translation and are targeted for translation regulation. Figure
from (Jung et al., 2014)

Translation regulation by elF2

Phosphorylation of key mediators of the eukaryotic initiation complexes regulates
translation of specific mRNAs. Phosphorylation of elF2a is mediated by 4 kinases:
heme-regulated elF2a kinase (HRI), the RNA-dependent elF2a kinase (PKR), the
amino acid-regulated elF2a kinase (GCN2), and the PKR-like endoplasmic reticulum
elF2a kinase (PERK) (Jung et al., 2014; Klann et al., 2004). Phosphorylated elF2a
prevents the formation of the ternary complex necessary for translation initiation,
thereby inducing global decreases in translation. However, interestingly, certain
MRNAs containing an upstream open reading frames (LORF) in the 5’UTR exhibit
increased expression following elF2a phosphorylation (Jung et al., 2014; Moine &
Vitale, 2019). An example of this is Atf4 mRNA, which is localised to dendrites in
neurons and for which increased expression is associated with neuroplasticity in
long-term potentiation (LTP) and memory formation (Costa-Mattioli et al., 2007;
Jung et al., 2014). Additionally, axon branching and guidance are associated with
alternative regulation of elF2 translation initiation pathway (Cagnetta et al., 2019;
Pacheco et al., 2020). At the peripheral terminal, exposure to the extracellular cue
Sema3a induces phosphorylation of elF2a by PERK, which mediates noncanonical

elF2B-driven increased translation of 75 specific RNAs in the axon driving axon
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guidance and neuronal wiring (Cagnetta et al., 2019). Furthermore, axonal injury
induces elF2a phosphorylation by PERK, which instigates an increase in Ca?*-binding
protein calreticulin, despite global decreases in translation, in a pathway mediated

by elF2B, and found to promote axonal regeneration (Pacheco et al., 2020).

Translation regulation by 4E-BPs

elFAE-binding proteins (4E-BPs) bind to elF4E, thereby preventing the formation of
the elF4F complex. Phosphorylation of 4E-BPs prevents binding to elF4E, and elF4E
is free to form the elF4F complex, which locates the 5’'cap thereby stimulation
translation initiation (Price & Géranton, 2009). Phosphorylation of 4E-BPs is
predominantly mediated by mTOR (Klann et al., 2004).

Two variants of mTOR exist, mMTOR complex 1 (mTORC1, where mTOR binds the
regulatory protein Raptor), and complex 2 (mTORC2, where mTOR binds the
regulatory protein Rictor). mTORC1 is a downstream target of the receptor coupled
lipid kinase PI3K (Obara et al., 2012). mTORC1 is additionally distinct from mTORC2
as it is susceptible to inhibition by rapamycin. It has been extensively studied and
shown to induce protein translation in dendrites when phosphorylated through
TrkB-activation, which triggers the late phase of LTP (L-LTP) (Jung et al., 2014;
Kelleher et al., 2004). mTORC1 induces changes to translation through
phosphorylation of 4E-BPs and kinase p70 S6 (S6K1) (Khoutorsky & Price, 2018;
Nandagopal & Roux, 2015). S6K1 phosphorylates S6 protein which mediates
translation of mMRNAs through elF4A interaction (Nandagopal & Roux, 2015). mTOR
additionally regulates translation of RNAs with a specific 5’ terminal oligopyrimidine
tracts (5'TOP) sequence through mTOR phosphorylation of LARP proteins (Berman
et al., 2021; Nandagopal & Roux, 2015). RNAs with the 5’TOP sequence are
commonly mRNAs localised in dendrites and encode ribosomal proteins and other
translational machinery, and may therefore contribute to the generation and
regeneration of axonal ribosomes (Kelleher et al., 2004; Khoutorsky & Price, 2018;
Klann et al., 2004). The phosphorylation of mTORC1 is shown to be indirectly
limited or inhibited by ERK (Gobert et al., 2008; Klann et al., 2004; Obara et al.,
2012; Roux et al., 2007). ERK MAPK additionally phosphorylates protein kinase

MNK1 which, along with p38 MAPK, selectively phosphorylates elF4E to induce
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translation initiation in axons of neuronal cells mediating L-LTP (Kelleher et al.,

2004; Obara et al., 2012; Price & Géranton, 2009).

Translation regulation by cytoplasmic polyadenylation

Cytoplasmic polyadenylation facilitates translation regulation by the 3’UTR in
contrast to elF2 and 4E-BPs which target the 5’UTR (Klann et al., 2004; Sutton &
Schuman, 2005). The cytoplasmic polyadenylation element-binding protein (CPEB),
binds mRNAs with U-rich sequences, termed cytoplasmic polyadenylation elements
(CPE), and can block the recruitment of the elF4F complex thereby preventing
translation initiation (Y.-S. Huang & Richter, 2004; Kelleher et al., 2004).
Phosphorylation of CPEB is suggested to induce translation in the cytoplasm
(Charlesworth et al., 2013). During translation in the cytoplasm, poly(A) polymerase
(PAP) is recruited to lengthen the poly(A)-tail and the poly(A)-tail is bound by
polyadenylate-binding proteins (PABPCs) (Passmore & Coller, 2022; Sutton &
Schuman, 2005). PABPCs are theorised to bind the elF4E translation initiation
complex and collectively recruit the 40s ribosomal complex to induce the closed-
loop translation initiation complex (Charlesworth et al., 2013; Passmore & Coller,
2022). Additionally, although the focus has been on CPEB, several other RNA
elements and RBPs are suggested to mediate cytoplasmic polyadenylation and
thereby localised translation, including Pumilio and ELAV-like proteins

(Charlesworth et al., 2013; Vicario et al., 2015).

Translation regulation by FMRP and miRNA

Fragile X mental-retardation protein (FMRP), encoded by the Fmr1 RNA in mice, is
an RNA-binding protein which mediates translation regulation of specific RNAs by
direct binding to a G-quadruplex structure or indirectly through recruitment of the
BC1 RNA (Kindler & Kreienkamp, 2012; Klann et al., 2004; Liu-Yesucevitz et al.,
2011). A granule is formed of FMRP-proteins, mRNAs, microRNAs (miRNAs),
ribosomes and RBPs, which additionally includes the RNA-induced silencing
complex (RISC), facilitating trafficking of transcripts in a repressed state.
Phosphorylation of FMRP subsequently facilitates localised translation initiation
following mGIuR activation, through a pathway mediated by mTOR (Kindler &
Kreienkamp, 2012; Price et al., 2007).
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Short noncoding RNA sequences, miRNAs, are well-known for their role in
translational control, mediated through binding of specific sequences in the 3’UTR
to inhibit translation of a given transcript (Lucci et al., 2020; Price & Géranton,
2009). The inhibition is mediated through miRNA, bound to specific RNAs, attaching
to RISC, leading to shortening of the poly(A) tail and inhibition of translation

initiation (Andersen et al., 2014).

1.6.3 Axonal translation drives sensitisation
The presence of ribosomes, RBPs and eukaryotic translation initiation factors has
been shown in the axon of sensory neuronal cells both in vivo and in vitro, and
explored to assess the association of mMRNAs with ribosomes in the neurite
compartment (Shigeoka et al., 2016, 2018; J.-Q. Zheng et al., 2001). The process of
localised translation in axons of sensory neuronal cells is suggested to drive the
development of sensitisation through neuroplastic pathways similar to LTP and L-

LTP (E. Kim & Jung, 2020).

Translation regulation by 4E-BPs

mTOR and ERK are activated following stimulation of cells through exposure to NGF
and IL-6 in axons of nociceptors (Kandasamy & Price, 2015; Melemedjian et al.,
2010; Moy et al., 2017; Obara et al., 2012). Both mTORC1 and mTORC2 have been
associated with axonal plasticity in nociceptor in chronic pain states (Khoutorsky et
al., 2015; Obara et al., 2012; Wong et al., 2022). mTORC2 has specifically been
associated with hyperexcitability of NaV1.8*-nociceptors, as ablation of the
regulatory protein Rictor of the mTORC2 complex inhibited specific structural
changes localised to the peripheral terminal (Price & Géranton, 2009; Wong et al.,
2022). Additionally, mTORC2 induces phosphorylation of Akt, which acts as an
upstream regulator of mMTORC1, however, mTORC2 activation is capable of
bypassing direct mTORC1 inhibition to induce neuroplastic changes (Price &
Géranton, 2009; Wong et al., 2022). Interestingly, ERK translation mediation is
indicated to primarily affect heat hyperalgesia in C-fibres, while mTOR signalling
predominantly induces mechanical hypersensitivity in A-fibre nociceptors (Obara et

al., 2012; Price & Géranton, 2009).
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Translation regulation by cytoplasmic polyadenylation

Activation of PKC by inflammatory mediators in states of chronic pain, as has been
previously shown, induces increased CPEB-mediated polyadenylation in axons of
select mRNAs, including the mRNA encoding a-CaMKIl, which has 2 CPE sites
(Ferrari et al., 2013; Sutton & Schuman, 2005). Neuroplastic changes characterising
hyperalgesic priming has been directly linked to activation of CPEB and increased a-
CaMKII expression in the axonal terminals of IB4*-nociceptors (Bogen et al., 2012;

Ferrari et al., 2013).

Translation regulation by FMRP and miRNAs

miRNAs have been found to play a key role in mediating neuroplasticity of
sensitisation through compartmentalised localisation of specific miRNAs, mediated
localised regulation of RNA translation (Jung et al., 2014; Kress et al., 2013; Sasaki
et al., 2014). Inflammation is associated with repression of a number of miRNAs
causing increased expression of IL-13 (miR-124), as well as TNF-a and IL-6 (miR-

146a) (Andersen et al., 2014; X. Li et al., 2011).

Phosphorylation of FMRP stimulates the dissociation from target RNAs, driving
translation initiation, and is observed following mGIuR1/5 activation in peripheral
nociceptor sensitisation in a pathway associated with mTOR (Price & Géranton,
2009). Interestingly, expression of a-CaMKII in the axon appears to be mediated

through FMRP-pathways as well as CPEB-activity (Kindler & Kreienkamp, 2012).

1.6.4 Trafficking of mMRNAs in neuronal cells
Local RNA translation relies on the subcellular localisation of specific RNA
transcripts relevant for neuroplastic changes. Localisation and translation of key
RNAs is well known to rely on both retrograde and anterograde trafficking of RNAs
and proteins (Di Liegro et al., 2014; C. Gonzalez & Couve, 2014; Sinnamon &
Czaplinski, 2011). The anterograde transport of RNAs and retrograde transport
locally synthesised proteins has been shown to be mediated through a number of
pathways (C. Gonzdlez & Couve, 2014; Sinnamon & Czaplinski, 2011). The primary
mechanism is through movement along microtubules by molecular motors such as

the kinesin or dynein complex (C. Gonzélez & Couve, 2014; Kanai et al., 2004). A
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complex is formed by RNA binding proteins (RBPs) binding RNAs and forming larger
RNA transport granules (Sinnamon & Czaplinski, 2011). The RNA granules are
trafficked with translation repressors (such as FMRP, Pum2 and ZBP1), as well as
miRNAs, to prevent continuous translation (Klann et al., 2004; Van Driesche &
Martin, 2018). Dynein and kinesin mediate the retrograde and anterograde

trafficking of the RNA granules along microtubules (Kanai et al., 2004).

1.6.5 The significance of the 3’"UTR in localisation of mRNAs
Sequences within the 3'UTR are found to serve as binding sites for RBPs (Martin &
Ephrussi, 2009). Exploration of isoforms within the neurite transcriptome are found
to exhibit alternative polyadenylation with site usage downstream of the ones used
in proliferating cells, leading to 3’UTR sequences with increased RBP motifs and
RNA modification sites (Martin & Ephrussi, 2009; Mayr, 2016; Taliaferro et al.,
2016; Van Driesche & Martin, 2018). Alternative distal exon splice-variant isoforms
have been observed to be predominantly located in neurites from cortical neuronal
cells using MISO (Mixture-of-Isoforms) bioinformatic analysis of RNAseq data
(Taliaferro et al., 2016). Additionally, targeted deletion of the 3'UTR sequence of
mTOR is shown to prevent axonal localisation of the RNA in sensory neuronal cells,
which consequently reduces mTOR protein expression following nerve injury
(Terenzio et al., 2018). In DRG-neurons, 2 isoforms of the nuclear transport
regulator Importin-81 are observed, and the isoform with the longer 3'UTR exhibits
axonal localisation, while the shorter 3'UTR isoform of Importin-81 exhibits somal
localisation (Perry et al., 2012). Interestingly, following injury, the axonal isoform
was shown to be increased and inhibition thereof was found to disrupt
transcriptional responses in the soma of sensory neuronal cells following axonal
injury, indicating both anterograde and retrograde trafficking of the axonal isoform

as a signalling mechanism (Korsak et al., 2016; Perry et al., 2012).

Extracellular stimuli, including NGF exposure, are found to alter local levels of
specific mRNAs, including B8-actin, Gap43, and Prph (encoding peripherin),
indicating activated transport mechanisms (Willis et al., 2007). It is suggested that
trafficking of specific transcripts is triggered by stimulation of pathways similar to

translation initiation regulation. Pathways of PI3K and MAPK activation, as well as
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phosphorylation of kinases including ERK and p38 MAPK, c-Jun N-terminal kinases
(JNKs), and Akt, are associated with phosphorylation of kinesin and dynein to
induce select RNA transport mediating changes to the local transcriptome (Gibbs et

al., 2015; Sahoo et al., 2018; Vuppalanchi et al., 2009; Willis et al., 2007).

1.7 The distinct localised transcriptome of neurites of neuronal cells

The significance of localised RNAs in mediating neuroplastic changes in neuronal
cells is apparent (Cajigas et al., 2012; Lucci et al., 2020; Shigeoka et al., 2016; Van
Driesche & Martin, 2018). A particularly elegant study by Zappulo et al. provided
data for the comparative study of the transcriptome (RNA abundance through
RNAseq), the translatome (ribosomal RNA association of mRNAs through Ribo-seq),
and the proteome (protein abundance by mass spectrometry, LC-MS) of neurites
from sensory neuronal cells (Zappulo et al., 2017). RNAs enriched in neurites were
found to account for upwards of 50% of the localised proteome (Zappulo et al.,
2017). However, the neurite transcriptome was additionally found to be enriched in
markers of non-neuronal cells, indicating a possible contamination in the neurite
compartment utilised to extract RNA localised to the axons. Despite this, the local

transcriptome is suggested to characterise a “functional fingerprint” of the axon.

Sequencing techniques have significantly increased our knowledge of localised
mRNAs, facilitating the development of a unique compartmentalised transcriptome
profile (Cajigas et al., 2012; Van Driesche & Martin, 2018). 18 studies are
considered, which have directly assessed the transcriptomic profile of neurites

(either axons, dendrites, or both) of neuronal cells (Table 1.4).

Organism | Tissue/Cell type | Findings Ref.
Rat Hippocampal Microarray characterised over (Poon et al.,
neurons from 100 mRNAs localised to the 2006)

post-natal day O | dendrites largely associated with
rats translation, however, axonal

RNAs could not be confirmed

Rat Embryonic Microarray of axonal RNA shows | (Taylor et al.,

cortical and transcriptional profile optimised | 2009)
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hippocampal

for translational machinery and

neurons transport
Mouse DRG neurons Microarray of axonal RNA from (Gumy et al.,
DRG-cells from embryonic and 2011)
adult mice shows differential
expression profiles according to
maturity
Rat Hippocampal Through RNAseq of neuropil (Cajigas et al.,
neurons (pups) (neurite network and associated | 2012)
glial cells) from hippocampal cells
transcriptome profiling was
presented, showing thousands of
localised transcripts encoding a
heterogenous localised
proteome
Mouse Embryonic DRG | RNAseq of axons from NGF- (Minis et al.,
(sensory dependent sensory neurons 2014)
neurons) showed enriched expressions of
mMRNAs encoding transcription
factors and translation
machinery
Mouse/ Sciatic nerve, RNAseq was used to characterise | (Sapio et al.,
Human primary afferent | sciatic nerve fibre, identifying 2016)
fibre specific targets of Charcot Marie
Tooth neuropathy in the
periphery
Mouse Differentiated Comparative exploration of the (Zappulo et
embryonic stem | transcriptome, translatome and al., 2017)

cells (iNeurons)

proteome of neurites, attributing

the localised proteome profile
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largely to the localised

transcriptome

Mouse Neuronal cell- Transcriptome characterisation (Taliaferro et
lines (CAD and at the isoform-level was carried al., 2016)
N2A) and out through RNAseq showing key
primary cortical | role of 3’UTR in localisation of
cells mRNAs to neurites
Mouse Primary RNAseq of the axonal (Briese et al.,
motoneuron compartment of motoneurons 2016)
cultures from shows transcriptional profile
embryonic mice | optimised for translation
including rRNAs
Human Differentiated Transcriptional profile of neurite | (Bigler et al.,
human projections favours translational | 2017)
embryonic stem | and ribosomal expression
cells (hESC- mimicking results from the axon
neurons) of embryonic primary rat cortical
neurons
Mouse Primary Microarray data shows a (Saal et al.,
embryonic transcriptomic profile optimised | 2014)
motoneurons for protein synthesis, identifying
Smn mRNA, deficient in spinal
muscular atrophy, as key in
axonal growth and synaptic
plasticity
Mouse Differentiated Alternative 3’UTR characterises (Ciolli Mattioli
mouse the transcriptomes localising to et al., 2019)
embryonic stem | the axon
cells (iNeurons)
Mouse Primary RNAseq was used to show (Farris et al.,
hippocampal distinct subregional profiles of 2019)
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CA2 and CA1

dendritic transcriptomes with

pyramidal long distinct 3’UTR
neurons
Human Differentiated RNAseq was used to characterise | (Maciel et al.,
human the axonal motoneuron 2018)
pluripotent stem | transcriptome showing roles
cells (spinal associated with transport and ER-
motoneurons) associated protein catabolism
Mouse Embryonic Transcriptomic profile of the (Rotem et al.,
motoneurons axon of motoneurons is found to | 2017)
correlate ca 60% with the axonal
transcriptome of sensory
neurons and characterised by
mMRNAs facilitating RNA
translation and transport as well
as receptor activity
Mouse Embryonic Single cell RNAseq (Middleton et
hippocampal characterisation of the dendritic | al., 2019)
neurons transcriptome of hippocampal
neurons shows 3'UTR isoform
variation to dictate localisation
patterns with enriched RNAs
associated with translation and
mitochondrial function
Human Differentiated Single cell sequencing of neurite | (Téth et al.,
human compartment obtained through 2018)

pluripotent stem
cells (iCell

neurons)

nanobiopsy protocol with

enriched RNAs associated with
protein synthesis and ribosome
biogenesis facilitating response

to extracellular stimuli
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Rat Mature Microdissection and sequencing | (Farias et al.,
myelinated of contents of axonal cytoplasm 2020)

motor axon from ventral root shows
depletion of glial markers, while
enrichment of neuronal markers
and RNAs associated with
translation and mitochondrial

proteins are observed

Table 1.4: Transcriptomic studies exploring the neurite compartments of primary neuronal cells and
cell-lines from mice, rats, and humans

The transcriptomic profiles of neurites from neuronal cells of a heterogenous
population of neurons from both CNS and PNS have been explored (Table 1.4). The
localised transcriptome of neurites are expected to exhibit subtype specific profiles,
however, despite this, a comparative analysis demonstrated a group of 61 RNAs
defined as the core transcriptome of neurites, which was retained across the
majority of addressed studies (von Kiigelgen & Chekulaeva, 2020). The core
transcriptome of neurites contains RNAs associated with ribosomal proteins,
translational machinery, signalling pathways, synaptic function and interestingly,
nuclear RNAs. These data support an inducible mechanism of retrograde transport
of locally translated proteins from the axonal to somal compartment (Korsak et al.,

2016; Rangaraju et al., 2017).

The first comprehensive assessment of the transcriptome of the axon of sensory
neuronal cells is believed to be published in 2014 (Kar et al., 2018; Minis et al.,
2014). A large and distinct transcriptome was observed specifically in the axon of
DRG-neurons, characterised by enrichment of mRNAs encoding transcription
factors and translational machinery, using RNAseq of DRG-cells from E13.5 mice

grown in porous membrane chambers (Minis et al., 2014).

1.7.1 The changes to the localised transcriptome in sensitisation
Previous research has indicated a key role for localised translation in the

development of a chronic pain state (Melemedjian et al., 2010, 2014; Obara et al.,
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2012; Price & Géranton, 2009). Studies have demonstrated how peripheral
administration of modulators of translation, including rapamycin (inhibiting
mTORC1), anisomycin (inhibiting 80S), and cordycepin (inhibiting polyadenylation),
were capable of both preventing and reversing hyperalgesia in vivo in rats (Bogen et
al., 2012; Ferrari et al., 2013; Jiménez-Diaz et al., 2008). This data suggests a role for
localised translation, but it is insufficient to definitively conclude that translation in
axons is involved, as the peripheral injection will also have affected translation in
the surrounding tissue. However, transcriptome analysis of sensory neurons
following burn injury shows differential expression of mediators of axonal guidance,
strongly suggesting local translation and consequently identifying a largely
unexplored area of interest (Yin et al., 2016). Despite the evidence suggesting a role
for localised translation in chronic pain and sensitisation, limited research has, as of
yet, been done to comprehensively assess changes to the localised transcriptome in
the axon in chronic pain states. A semi-static transcriptome profile of the axon is
hypothesised, with a fixed core transcriptome, and varied elements induced by

trafficking of RNAs, inducing functional differences.

1.8 Aim of Thesis

The aim of this thesis is to characterise the change in the axonal transcriptome of
sensory neuronal DRG-cells from embryonic and adult mice and to identify
potential changes to the localised transcriptome which may drive sensitisation of

nociceptors.

To address this aim, | developed an in vitro model with DRG-cells grown in porous
membrane chambers which allowed the separate extraction of axonal and somal
RNA (Chapter 3). Nociceptor sensitisation was induced via prolonged exposure to
prostaglandin E2 (PGE;) (Chapter 4). | used RNA sequencing to characterise the
axonal transcriptome of embryonic (E16.5) and adult (8WO) mice and explored the
changes to the axonal transcriptome induced by PGE;-induced sensitisation
(Chapter 5). Finally, | investigated the role of 3 RNAs, identified in the analysis in
Chapter 5, through targeted siRNA knockdown, as potential mediators of peripheral

sensitisation in the axon (Chapter 6).
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Chapter 2: Materials and
Methods
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2.1 Animals

Animals (C57BL6/J mice) were bred, housed, and treated according to ethics and
welfare regulations of the Animal (Scientific Procedures) Act 1986. Schedule 1
procedures were performed under the ethical guidelines of the NC3Rs in
accordance with the age and species used (Kilkenny et al., 2010). In accordance
with NC3R principles, all dissections were designed and planned to optimise the use
of each animal, with cells extracted from tissues from both the pregnant female

and embryos.

2.2 Cell culture techniques

2.2.1 Preparation of dishes for cell-culturing
All protocols for cell-culturing and preparation for cell-culturing was carried out in a

class Il cabinet using sterile equipment.

Dishes were obtained sterile or soaked in 70% ethanol for 24H and airdried to
sterilise. Poly-L-Lysine (PLL)-coating (Sigma P1524) was carried out 24H prior to
seeding. PLL was diluted to 0.02mg/ml for nunclon dishes (nunc 35mm, Thermo
Fisher Scientific 153710) in sterile water (dH20) and 1ml was added to dishes.
1mg/ml for porous membrane chambers (Corning 353102) in sterile water (dH20)
and 500ul both above and below the chamber-insert for porous membrane
chambers. Plates were incubated at room temperature for 1 hour, then washed

once in dH,0. Plates were dried overnight in class Il cabinet.

Laminin-coating (Sigma L2020) was carried out 1H prior to seeding. Laminin was
diluted to 20ug/ml in Dulbecco’s Modified Eagle’s Medium (DMEM D6546, Sigma).
200ul was added to nunc dishes in the centre of the dish, and 500ul above and
below the porous membrane chamber to coat the membrane. Laminin was
removed following 1H incubation at 37°C, and cells immediately seeded without

allowing the dish to dry.
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2.2.2 In vitro culturing of DRG-cells from embryonic mice
Dissection
Embryos were obtained on day 16.5 (E16.5) from C57/BL6 mice for extraction of
dorsal root ganglia (DRGs). DRGs were individually isolated using forceps and placed

in Leibovitz-15 (Sigma) media on ice (Figure 2.1).

Embrvos are extracted The head is removed from The dorsal root ganglia are
ry - — theembryotoexposeand — identified as bilateral
at embryonic day 16.5 ! . . .
remove the spinal cord structures in the immediate

vicinity of the spinal cord,
and extracted for culturing

N
9

Figure 2.1: An illustrated timeline of DRG extraction from E16.5 embryos of C57/BL6 mice. Figure
created with BioRender.com.

Explant seeding

Explants were moved from ice directly to an eppendorf tube with of complete
media (Complete media: 48m| DMEM (Sigma D6546 or Sigma D5546), 1ml (2%) B27
supplement 50x (Gibco, 17504-044), 500ul (1%) penicillin-streptomycin (Pen/Strep,
Invitrogen), 500ul (1%) GlutaMax (Gibco), 4uM Aphidicolin (APH, Sigma A4487),
4uM (final concentration 50ng/ml) GDNF (Sigma SRP3200, resuspended in DMEM +
2% BSA), 2mM (final concentration 50ng/ml) NGF 2.5S (Thermo Fisher Scientific
13257019)). Complete media was supplemented with APH, NGF, and GDNF to
reduce proliferation of non-neuronal cells and promote axonal growth (E. J. Huang
& Reichardt, 2001; LoPresti et al., 1992; Markus et al., 2002; Mundy et al., 2010).
Explants were seeded in PLL- and laminin-coated dishes in complete media with 2
explants per dish. Explants were grown for a total of 7 days with media changes

every 2-3 days.
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Dissociation and seeding of dissociated cells

Eppendorf tubes were prepared containing 1ml 0.025 mg/ml Trypsin (Sigma T9201)
in Dulbecco’s Phosphate Buffered Saline (PBS without MgCl; and CaCl;, Sigma-
Aldrich) and 10-15 DRGs added per tube. They were incubated in 37°C waterbath
for 10min. 0.2%(w/v) collagenase type Il (Gibco 17101-015) was prepared in falcon
tube with 5ml PBS and filtered using 0.2um filter syringe to sterilise. Trypsin was
replaced by 1ml collagenase solution and explants incubated for 20 min at 37°C.
Collagenase solution was removed and 1ml dissociation media added (Dissociation
media: 44ml DMEM media, 5ml (10%) Fetal Bovine Serum (FBS, Gibco F7524), 500yl
(1%) Pen/Strep, 500ul (1%) GlutaMax). Explants were dissociated by gently
pipetting against the side of the eppendorf tube up to 15 times. The dissociated
cells were centrifuged at 4000g for 5 min and supernatant discarded. The cell pellet

was resuspended in complete media for seeding.

Culturing in dishes

Dissociated DRG-cells were seeded in PLL- and laminin-coated dishes at a
concentration of 2-3 dissociated DRG-explants/dish (1.22x10° cells/ml) in 100ul
complete media in the centre of the dish. Media was topped up to 1ml after 24H.
DRG-cells were allowed to grow for up to 8 days with media changes every 2-3

days. DRG-cells were grown in incubators at stable conditions of 37°C and 5% CO.

Culturing in porous membrane chambers

The protocol for seeding and culturing in porous membrane chambers was adapted
from previous experimental protocols (Unsain et al., 2014). The porous membrane
chamber was prepared by adding 2ml complete media below the chamber-insert.
25 dissociated DRG-explants (6.39x10° cells/ml) were seeded above membrane in
100ul complete media in the centre of the chamber. Media was topped up to 1ml
after 24H. DRG-cells were allowed to grow for up to 7 days to facilitate the
development of an axonal network below the membrane, with media changes
every 2-3 days. DRG-cells were grown in incubators at stable conditions of 37°C and

5% CO..
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Culturing in custom PDMS-rings

Custom polydimethylsiloxane (PDMS) rings with a diameter of 11mm were
produced for minimising media-use when culturing in nunc dishes. Dishes were PLL-
and laminin-coated as previously describes and PDMS-rings sterilised in 70%
ethanol. PDMS-rings were placed in the centre of laminin-coated dishes and
attached through gentle pressure to the rim of the ring. 1 dissociated DRG-explant
was used to seed 2 dishes. DRG-cells were grown for a total of 7 days with media
changes every 2 days. DRG-cells were grown in incubators at stable conditions of

37°C and 5% CO,.

2.2.3 In vitro culturing of DRG-cells from adult mice
Dissection and dissociation
DRG explants were isolated from adult 8-week-old (8WQ) C57/BL6 mice. The DRG-
explants were stored in a falcon-tube with Hank’s Balanced Saline Solution (HBSS,
Sigma-Aldrich) on ice. The tube was centrifuged at 440rpm for 30seconds to collect
tissue at the bottom. Following aspiration of supernatant, collagenase A solution
(50mg collagenase A (Roche), 50ml HBSS) was added. The tissue was gently
loosened and incubated in 37°C waterbath for 25min. The tube was once again
centrifuged at 440rpm for 30seconds to facilitate the aspiration of supernatant.
Collagenase D solution (50mg collagenase D (Roche), 5ml (10%) Papain (Roche),
45ml HBSS) was added. The tissue was gently loosened by swirling tube, and the
tube subsequently incubated in a 37°C waterbath for 20min. The falcon-tube was
centrifuged at 440rpm for 2min and supernatant aspirated. Enzyme T solution
(50mg Trypsin inhibitor (Roche), 50mg Bovine Serum Albumin, 50ml TG media (TG
media: DMEM with F12 and GlutaMax (Gibco), 10 %FBS, 1% Pen/Strep) was added
to falcon-tube and dissociation commenced by pipetting up and down repeatedly.
To minimise debris, the tissue was strained through cell strainer (70um nylon). The
filter was washed with TG media to obtain optimal number of neurons in strained
solution. A cell pellet was obtained by centrifuging the tube at 440rpm for 4min.
Dissociated DRG-cells were diluted in L-15 media (L-15 media, FBS, Pen/Strep,
FRDU, NGF). FRDU is an anti-mitotic agent which minimises the growth of non-

neuronal cells, while NGF (final concentration 5ng/ml) is added to promote the
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axonal growth. Dissociated DRG-cells were seeded in porous membrane chambers

as previously described.

2.3 DRG sensitisation protocol

2.3.1 PGE;
Dissociated DRG-cells were exposed to prolonged incubation with Prostaglandin E;
(PGE;, Cayman Chemical) to induce an in vitro model of sensitisation. PGE; was
purged with nitrogen and stock solution made through dilution in PBS to 10mM
stock. Final working concentration of 10uM was obtained by adding directly into
complete media every 2H for 24H for E16.5 DRG-cells (Figure 2.2). PBS (vehicle) was
added to control DRG-cells every 2H for 24H.

Day 0: Cells harvested from Day 6: 12/24-hour incubation
8WO/E16.5 mice with 10uM PGE,
| |
| [ |
Media changes every 3 days Day 7: Nociceptors

are sensitised

Figure 2.2: A timeline of treatments of dissociated DRG cells with 10uM PGE;

Due to laboratory constraints, the 24H incubation could not be maintained for WO
DRG-cells. Consequently, a 12H incubation was imposed for 8WO DRG-cells with

treatments every 2H for 12H.

2.3.2 16,16-PGE>
Prolonged PGE;-exposure was found to successfully induce a functional in vitro
model of sensitisation, however, the manual addition of PGE; every 2H was
challenging in the long term. Stabilised 16,16-dimethyl PGE; (16,16-PGE,, Tocris)
has in previous research been used in place of PGE;, making it a promising
candidate to optimise the PGE;-model of sensitisation (W. Ma, 2010). 16,16-PGE;
has a prolonged half-life of 12H, compared to 2H for PGE;, due to resistance to
metabolism by 15-hydroxy PGDH, thereby necessitating fewer additions to
maintain concentration in culture. 16,16-PGE; was purged with nitrogen prior to

dilution in dimethyl sulfoxide (DMSO, Sigma-Aldrich) to 100mM stock. It was
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subsequently diluted directly into culture medium of dissociated DRG-cells every
12H for 24H to maintain a final concentration of 10uM according to previously
described timeline (Figure 2.2). For the control protocol 0.01% (v/v) DMSO (vehicle)
was added to DRG-cells every 12H for 24H.

2.4 siRNA silencing of target RNAs

To evaluate the role of the RNAs of interest in the model of hyperalgesia, select
siRNAs were introduced for the RNAs into our PGE2-model. siRNAs are short non-
coding RNA sequences which silence the target RNA through RNAi. RNAI strategies
are most commonly facilitated using shRNA or siRNA, which utilise different
mechanisms to reach the same results: post-transcriptional gene silencing through
silencing of target RNA. siRNAs are synthetic sequences which, upon entry into cells
associates with the RNA-Induced Silencing Complex (RISC), facilitating the binding
of innate mRNA to the guide-strand of the siRNA in the RISC (Y. Dong et al., 2019;
Rao et al., 2009). Upon binding the siRNA/RISC complex, the mRNA is cleaved and
subsequently degraded. In the present study, | used Accell SMARTpool siRNA which
contains a mix of 4 siRNAs collectively targeting all transcripts of the target RNA and
has been validated as effective in murine neuronal cells (Dolga et al., 2008; Vagnoni

et al., 2012).

2.4.1 siRNA silencing protocol
siRNAs for target RNAs Arid5a, Cebpb and Tnfrsf12a, as well as a non-targeting

control, were obtained from Horizon Discovery Biosciences Limited (Table 2.1).

Name Accession hits

Accell Mouse Arid5a Transcript variant 1 (NCBI Reference Sequence:
(214855) siRNA - NM_001172205.1),

SMARTpool Transcript variant 2 (NCBI Reference Sequence:

NM_001172206.1),

Transcript variant 3 (NCBI Reference Sequence:
NM_145996.4),

Transcript variant 4 (NCBI Reference Sequence:
NR_033310.1),

Transcript variant 5 (NCBI Reference Sequence:
NM_001290726.1),
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Transcript variant 6 (NCBI Reference Sequence:
NM_001290727.1),

Transcript variant X1 (NCBI Reference Sequence:
XM_017319751.3)

Accell Mouse Cebpb
(12608) siRNA -
SMARTpool

Transcript variant 1 (NCBI Reference Sequence:
NM_001287738.1),

Transcript variant 1 (NCBI Reference Sequence:
NM_001287739.1),

Transcript variant 1 (NCBI Reference Sequence:
NM_009883.4)

Accell Mouse Tnfrsf12a
(27279) siRNA -
SMARTpool

Transcript variant 1 (NCBI Reference Sequence:
NM_013749.2),

Transcript variant 2 (NCBI Reference Sequence:
NM_001161746.1

Accell Non-targeting Pool

None

Table 2.1: Accell siRNA details of targets and accession hits

5nmol of siRNA was dissolved in 50ul HyClone water (Fisher Scientific) by gently

spinning for 30min at room temperature. Target siRNAs were further diluted

directly into cell media for a working concentration of 1uM. Dissociated DRG-

cultures were exposed to siRNA for a total of 48H, with incubation commenced 24H

prior to 16,16-PGE;, to ensure silencing of target RNA (Figure 2.3).

Day 0: Cells harvested from
E16.5 mice

Day 5: 48-hour incubation
with 1uM siRNA

Day 6: 24-hour incubation
with 10uM 16,16-PGE,

Media changes every 3 days

Day 7: Nociceptors
are sensitised

Figure 2.3: A timeline of incubations with 48hour 1uM siRNA and 24hour 10uM 16,16-PGE,

2.5 Imaging of DRG explants using brightfield microscopy

Axonal growth was assessed to evaluate the effect of glucose concentration in the

growth media. E16.5 DRG explants were seeded in nunc dishes with 2

explants/dish. Three dishes were seeded per condition: low glucose media (Sigma

D5546) or high glucose media (Sigma D6546).
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2.5.1 Axon length
Axons were imaged at day 3, 5 and 7 using phase contrast/brightfield microscopy
using an Axiovert Zeiss 200M with a 10x objective coupled to a CCD Photometrics
CoolSnap MYO camera and Micro-Manager software v2.0 (Edelstein et al., 2010).
An axon was identified and followed from the edge of the explant to the end of the
axon and images stitched together for a complete image. 2 complete images were
obtained per explant with 6 technical replicates for a total of 12 complete images

per condition each day.

2.5.2 Axonal network density
Axons were imaged at day 6 and 8 through phase contrast/brightfield microscopy
using an Axiovert Zeiss 200M with a 20x objective coupled to a CCD Photometrics
CoolSnap MYO camera and Micro-Manager software v2.0 (Edelstein et al., 2010).
Images were taken mid-way between the end of the axon network and the edge of
the explant-body. An average of 15 photos/dish were taken, providing ~45 images
per condition for each day. Axonal network density was measured using an Image)
plugin, which calculated the total axonal area through binarisation of the images
and subtraction of the background, thereby measuring the coverage of the dish

(Sasaki et al., 2009; Schneider et al., 2012).

2.6 Immunocytochemistry

Immunocytochemistry was utilised to visualise the growth of dissociated E16.5
DRG-cells in porous membrane chambers. Following 7 days of growth, the growth-
media was removed, and cells washed in 1x PBS. Porous membrane chambers were
incubated with 4% paraformaldehyde (1.6g PFA, 34ml 4% sucrose in H,0, 80ul
10mM NaOH, dissolved for 30min in waterbath at 50°C, followed by 4ml 10x PBS,
200ul 1M MgCL;, ~60ul HCI) 1ml above and below chamber for 30min at room
temperature. Cells were subsequently washed twice with PBS (1x)/Glycine (10mM)
1ml above and below chamber and incubated in Glycine (10mM)/0.2%Triton/PBS
(1x) for 30min at 4°C. Chambers were washed twice in PBS/Triton and either stored

in 1xPBS overnight or immediately incubated in 3% BSA for 30min at 4°C to. The
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membrane was subsequently cut out of the porous membrane chamber using a

scalpel. Primary antibody was prepared in 3% BSA according to Table 2.2.

Target and dilution Host ID 2°antibodies
Acetylated tubulin, Mouse Sigma T7451 Anti-mouse 563
1:300

Table 2.2: Antibodies used for immunocytochemistry with fixed DRG cultures

Membrane was incubated overnight with primary antibody in darkened humidified
chamber at 4°C. Membrane was gently washed twice for 5min in PBS/Triton to
remove unbound primary antibody. Secondary antibody (anti-mouse 563) was
diluted in 3% BSA. DAPI nuclear was added directly with secondary antibodies for a
final concentration of 300nM. Membrane was incubated in 100ul of secondary
antibody in humidified chamber for 2hours at room temperature or overnight at
4°C. Membrane was washed twice in PBS/Triton and lastly washed in PBS, before
gently dried. Imaging slide was prepared by adding hardset Vectashield (Vector
laboratories) or fluorogel mounting medium (~20ul) and membrane placed onto
slide. Another drop of Vecta shield or mounting gel was added prior to coverslip,
which was pressed down to remove bubbles. Imaging was performed using the

Zeiss LSM 880 confocal microscopy at 20x or 63x.

2.7 RNA extraction from porous membrane chambers

2.7.1 RNA extraction from E16.5 DRG-cells
RNA extraction from E16.5 DRG-cells grown in porous membrane chambers was
carried out according to an experimental protocol from (Garcez et al., 2017) with
TRIzol™ Reagent (Invitrogen 15596018). RNase-free DNA LoBind® Tubes (Eppendorf)
tubes were used to minimise surface-binding of nucleic acids and consequently
maximise RNA product.
Lysing
Prior to lysing, growth media was aspirated, and the cells gently washed with PBS.
1ml of TRIzol™ Reagent was used to remove the somal or axonal contents from

porous membrane chambers by gently scraping the membrane to promote
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detachment and pipetting onto each side of the porous membrane. The contents of
the somal or axonal compartment were added into separate 1.5ml eppendorf
tubes. 0.2ml chloroform was added and the tube vigorously shook for 15 seconds,
followed by a 2-3min incubation at room temperature. Tubes were centrifuged at
12,000g for 15min at 4°C allowing for three distinct layers to form. The upper
aqueous phase was removed and placed in new eppendorf tubes, discarding

remaining liquid.

RNA isolation

10ng GlycoBlue (Invitrogen AM9516) was added followed by 0.5ml 100%
isopropanol. The tube was incubated at room temperature for 10min or overnight
at -20°C and subsequently centrifuged at 12,000g for 10min at 4°C, causing a blue

cell-pellet to become visible.

RNA wash

The supernatant was removed, leaving the cell-pellet, to which GTC mastermix
(GTC solution, 300ul; 2M Sodium Acetate, 35ul; Isopropanol, 500ul) was added. The
tube was briefly vortexed, followed by a 30min incubation at -20°C. Subsequently
the eppendorfs were centrifuged at 12,000g for 30min at 4°C. The supernatant was
removed and 1ml of 75% ethanol added. Following a brief vortex, the eppendorfs
were centrifuged at 7500g for 5min at 4°C. The ethanol wash was carried out 3

times. Lastly the ethanol was removed, and the RNA pellet was dried for 10-15min.

RNA suspension

RNA pellet was dissolved in 30l RNase-free H,0 by pipetting cell pellet up and
down gently against side of eppendorf followed by an incubation in a heat block for
15min at 55-60°C. RNA samples were immediately moved to -20°C for short-term

storage or -80°C for long-term storage.

2.7.2 RNA extraction from 8WO DRG-cells
RNA extraction from 8WO DRG-cells grown in porous membrane chambers was
carried out using TRIzol-based Direct-zol™ RNA Miniprep Plus (Zymo Research)

according to manufacturer instructions. All reagents and tubes were provided in the
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kit apart from TRIzol™ Reagent and RNase-free DNA LoBind® Tubes for lysing cells in

TRIzol™ Reagent. All centrifuge steps were carried out at 14,000g.

Lysing
Lysing was carried out as previously characterised for E16.5 DRG-cells grown in

porous membrane chambers (see chapter 2.6.1).

RNA purification

1ml 100% ethanol was added to tube with TRIzol™ Reagent and cells, and
thoroughly mixed. The total contents were subsequently added to a Zymo-Spin
column in a Collection tube and centrifuged for 30sec. The column was moved to a
new Collection tube and the previous discarded along with the flow-through. For
DNase | treatment, 400l RNA Wash Buffer was added to the column and the tubes
were centrifuged for 30sec. The flow-through was discarded and DNase | treatment
(5ul DNase | and 75ul DNA Digestion Buffer) added to column. The samples were
incubated at room temperature for 15min. 400l Direct-zol™ RNA PreWash was
added to column and samples centrifuged. The flow-through was discarded and the
PreWash step repeated once. 700ul RNA Wash Buffer was then added to the
column and the tubes centrifuged for 1min. The column was then transferred into
the final tube for RNA elution. Somal samples were eluted in 30ul and axonal
samples in 20ul RNase-free H,0. RNA samples were immediately moved to -80°C

for storage.

2.7.3 RNA quantity and quality assessments
The amount of RNA in all samples was assessed through measurements of UV
absorbance at 260nm using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, USA) (Becker et al., 2010). A yield of >25ng/ul was considered acceptable

for axonal samples and >100ng/ul for somal samples.

The quality of the RNA extracted from E16.5 DRG-cells was evaluated through

electrophoresis to ensure sufficient quality for RNAseq.
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Automated Electrophoresis

The Agilent RNA Screentype System was used with Agilent 2200 TapeStation
instrumentation according to manufacturer instruction. The RNA Screentype
Sample Buffer (5067-5577) and RNA Screentype Ladder (5067-5578) was
equilibrated to room temperature over 30min, then vortexed to ensure sufficient
mix of samples. Meanwhile RNA samples were thawed on ice. 5ul RNA sample-
buffer was mixed with 1l RNA sample or ladder. The sample was spun down,
vortexed at 2000rpm for 1 min to mix, then spun down again. A denaturation cycle
was carried out where samples were heated to 72°C for 3min, then placed on ice
for 2min, and finally spun down. Samples were then run on the Agilent 2200
TapeStation instrument. The ratio of 28s to 18s RNA is a widely accepted and
utilised indicators of RNA integrity (Imbeaud et al., 2005). 28S and 18S are the most
widely distributed ribosomal RNAs and a ratio of 2 is considered great quality, while
>1 is generally accepted as good. Additionally, the RNA integrity number (RIN) are
obtained for all samples. The RIN gives an estimate of RNA quality through
automated and standardised assessment of RNA degradation, by assigning a RIN

value from 1 (totally degraded) to 10 (intact) (Schroeder et al., 2006).

2.8 RT-gPCR

2.8.1 Reverse transcription (cDNA synthesis)
cDNA synthesis was carried out to facilitate subsequent gPCR. Invitrogen
SuperScript Il CellsDirect cDNA synthesis kit was used for cDNA synthesis according
to manufacturer instructions (Thermo Fisher Scientific). 3ul of mastermix 1 (2ul
200ng/ul random hexamers and 1pul 10mM dNTPs per sample) was added to each
small eppendorf. Xul RNA equivalent to 500ng and 11.5-Xul of RNase-free H.O was
added. Eppendorf was placed in heat-block at 70°C for 5min, then moved to ice for
Imin. 5ul of mastermix 2 (4ul 5x First Strand Buffer and 1ul 100mM DTT per
sample) was added per sample. Eppendorf was briefly vortexed and spun down.
0.5ul Superscript Il was added, followed by brief vortex and spin, and tubes were
subsequently incubated at room temperature for 5min. The tubes were then placed
in a waterbath for 1hour at 50°C, followed by 10min in a 70°C heating block. The

contents of the tubes were spun briefly to collect any condensation. For gPCRs a
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1:20 dilution was performed by adding 180ul of RNase-free H,0. cDNA was stored
at -20°C.

2.8.2 qPCR
gPCR was carried out to measure the expression level of select RNAs of interest.
Mastermix was made according to the following quantifications per sample: 0.5ul
forward primer, 0.5ul reverse primer, 5ul GoTag gPCR mastermix (Promega A6002)

and 2ul RNase-free H,0. Primer sequences are listed in table 2.3.

Target Forward primer Reverse primer

Gapdh 5 - AAGAAGGTGGTGAAGCAGGC |5’ -
ATCGAAGGTGGAAGAGTGGG

Ngf 5 - 5 -

ACACTCTGATCACTGCGTTTTTG CCTTCTGGGACATTGCTATCTGT

Hprt 5 - GGTGTTCTAGTCCTGTGGCC 5 -
AGTGCAAATCAAAAGTCTGGGG

Arid5a 5 - 5 - TTGCTTCCTGGGCTTGGTAG
ATCTTGGCTTCAAGCAGATTAAC

Tnfrsfl12a | 5’ - CATGGACTGCGCTTCTTGTC 5 -
CAGTCTCCTCTATGGGGGTAGT

Table 2.3: Primer sequences for gPCR

Primers were checked for efficiency and specificity.

8ul of mastermix was added to each gqPCR tube followed by 2l of cDNA sample
(previously diluted). 3 technical replicates were always run per sample. Samples
were loaded to QIAGEN Rotor-Gene Q and exposed to the following thermal profile
(40-50 cycles): Hold for 5min at 95°C. Cycle at 95°C (10sec), 60°C (20sec), 72°C
(20sec). Melt at 72-95°C.

2.8.3 Analysis of gPCR data
gPCR results in the form of Ct values were imported into Microsoft Excel for
analysis. Expression patterns of Ngf, Hprt, Tnfrsf12a and Arid5a mRNA were
normalised to Gapdh as an internal housekeeper, or reference gene, and compared

for E16.5 DRG-cells exposed to control-protocol or PGE;-protocol through the
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comparative Ct method (2"22%) (Livak & Schmittgen, 2001). The output of the
comparative Ct method is the fold change of expression of an RNA of interest (ROI)
in the target sample compared to the control. It is defined by the following

equation:
AACt = (CtROI - CtGapdh)Target - (CtROI - CtGapdh)Control

The expression of the ROl (Ngf, Arid5a, Tnfrsf12a) is consequently normalised to
the expression of the reference gene (Gapdh) and the expression pattern of the ROI
in the target sample (PGE,-protocol) is compared to the expression pattern of the
control sample. As 2° = 1 the expression of the ROl in control conditions is close to

one.

2.9 Ca%" imaging

2.9.1 Ca?" imaging protocol
The measurement of Ca?* transients using fluorescence imaging was carried out as
a measure of neuron excitability of E16.5 DRG-cells following activation. Each dish

of cells was only imaged once.

After 7 days of culturing, growth media was removed, and DRG-cells were loaded
with the fluorescent dye, Fluo-5 AM (Thermo Fisher) for a total of 30min at room
temperature. Fluo-5 AM is a single wave-length fluorescent dye, which binds to Ca?*
and renders the cell-membrane permeable through acetoxymethyl (AM) ester-
forms. Fluo-5 AM binds at a lower affinity compared to other fluorescent Ca?* dyes,
making it the optimal choice for intracellular measurements which ranges within
1uM-1mM. This range which would result in saturation with the use of dyes with
higher affinity such as Fluo-4 (Paredes et al., 2008; Thomas et al., 2000). Fluo-5 AM
was diluted in Pluronic F127 20% solution in DMSO (Sigma-Aldrich) for a 10mM
stock, which was stored at -20°C. Fluo-5 AM is extremely light-sensitive and all
subsequent work with the compound was carried out in red light conditions. Fluo-5
AM was diluted in complete imaging buffer to a final concentration of 100nM
(Imaging buffer: 500ml autoclaved sterile water, 3.9447g (135mM) NaCl, 0.1118g
(3mM KCl), 1.191506g (10mM) HEPES, 1.35117 (15mM) glucose (all Sigma-Aldrich).
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Imaging buffer was made every 4 weeks and complete imaging buffer was made for

every experiment by adding 1mM MgSOsand 2mM CacCl,.

Following loading with Fluo-5, a gentle wash with complete imaging buffer was
used to remove unbound or nonspecifically associated dye. Subsequently, a de-
esterification period of 30min was imposed where cells were incubated with
complete imaging buffer at room temperature to cleave the AM-group from
intracellular Fluo-5 to allow fluorescence upon activation (Lock et al., 2015).

Imaging buffer was removed from the cells immediately prior to imaging.

Imaging was carried out using an Olympus IX70 Inverted tissue culture microscope
connected to a CCD camera (Photometrics CoolSnap MYO). Image recording was
carried out through multi-acquisition in Imagel, with 1200 frames recorded (one
frame every 500ms for 10min) per measurement. Image settings were selected for
10x magnification, as 2x2 image binning of 470nM wavelength filter. Dissociated
DRG-cells were imaged for 20seconds prior to stimulation to establish baseline
fluorescence signaling. Stimulus (30l 200nM capsaicin or 25mM KCI) was gently

added directly to cells following baseline recording of 30 sec.

2.9.2 Analysis of Ca?* imaging data
All analysis of Ca?* imaging data was completed using ImagelJ software (FlJ1) V. 2.0.0
and Microsoft Excel (Schindelin et al., 2012). The image-files were recalibrated to
account for pixel to um ratio (110 pixels = 150um). Cells were manually selected in
the Imagel software (Figure 2.4), and the fluorescent intensity collectively

measured using the multimeasure feature.
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Figure 2.4: Representative image of the axonal network of DRG neurons following 7 days of in vitro
growth

The cell-size (um) and fluorescence (F) for each selected cell over 1200 frames were
obtained and exported into Excel for further analysis. To normalise the fluorescent
intensity, the baseline fluorescence, Fo, for each selected cell was calculated, as the
average fluorescent intensity for the first 30sec prior to stimulation. The baseline
fluorescence was subtracted from the fluorescent intensity at every time point (F:)
for each selected cell. The change in fluorescence over time was consequently
defined by the equation AF=(F — Fo)/Fo. The average change in fluorescence for all
cells in 1 dish (up to 20 cells) was obtained and considered 1 technical replicate. At
least 2 technical replicates were included in each biological replicate. For each
experiment a minimum of 3 independent repeats (biological replicates) was
obtained for statistical analysis. The fluorescent intensity was converted to % for
graphical representation of time-course analysis, thereby showing the change in
excitability in response to stimulus over time. The peak fluorescent intensity (PFI)
was calculated as the increase in % between the baseline and the normalised

maximum fluorescent intensity defined by the equation PFI=AF — Fo.
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2.10 Statistical analysis

All image analysis, including bright field microscopy of axon growth,
immunocytochemistry of membranes from porous membrane chambers, and Ca%*
imaging was carried out using Imagel Fiji. gPCR and Ca?* imaging data files were
organised in Microsoft Excel for Mac. Statistical analysis and most graphical
presentation were carried out using Graphpad Prism V. 7.0 for Mac. Additional
graphical presentation was indicated where applicable. For all statistical tests “n”
indicated independent experimental repeats. When less than n=3 was obtained the
data was considered preliminary and statistical significance was not assessed.

Statistical significance was considered when p-value<0.05.

Axon network density: The effect of low or high glucose concentration in media on
axon network density was assessed following 6 and 8 days of growth (n=3 for each
group) using two-way analysis of variance (ANOVA) with Sidak’s multiple

comparisons test.

Ca?* imaging: The difference in PFI between DRG-cells exposed to control-protocol
(n>3) or PGE»/16,16-PGE;-protocol (n>3) was assessed using paired two-tailed t-
test. The effect of siRNA silencing of key RNAs Cebpb, Arid5a or Tnfrsf12a on 16,16-
PGE;-induced hyperexcitability was analysed by first normalising all PFl values to
the PFI of DRG-cells exposed to the 16,16-PGE; protocol to obtain %PFI of PGE,-
sensitised PFl. The %PFI of PGE,-sensitised PFl of untreated control-cells, siRNA
control+16,16-PGE;, Arid5a siRNA+16,16-PGE,, Cebpb siRNA+16,16-PGE;, or
Tnfrsf12a siRNA+16,16-PGE, were compared using matched one-way (mixed
effects) ANOVA with Geisser-Greenhouse correction and Tukey’s multiple

comparisons test.

gPCR: The effect of the PGE;-protocol compared to the control-protocol on Ngf,
Hprt, Tnfrsf12a and Arid5a RNA expression in E16.5 DRG-cells was assessed using

paired two-tailed t-test of 222 values (n>3).
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2.11 RNAsequencing

RNA sequencing (RNAseq) is a next generation sequencing technique where the
expression patterns of all RNAs in a sample are measured. Total or fractionated
RNA is converted to a library of cDNA fragments with adapters attached to either
one or both ends, facilitating single-end sequencing or paired-end sequencing
respectively (Kukurba & Montgomery, 2015; Z. Wang et al., 2009). The output reads
from sequencing are 30-400bp depending on the sequencing equipment and
protocol. Sequenced reads are mapped to a reference genome/transcriptome to
identify known RNAs or the reads are assembled de novo if a reference genome

does not exist (Grabherr et al., 2011).

2.11.1 Library preparation and sequencing
Library preparation can be carried out in several ways the most common of which
include poly-A selection (polyA+) or rRNA depletion (Kukurba & Montgomery, 2015;
Z. Wang et al., 2009) to remove the highly abundant ribosomal RNAs from the
samples, which would otherwise interfere with measurements of lowly expressed
RNAs (Kukurba & Montgomery, 2015). rRNA depletion selectively circumvents rRNA
through tagging with oligo(dT) primers for depletion during reverse transcription
(Kraus et al., 2019), while polyA+ works by tagging polyadenylated RNAs with poly-T
oligos for sequencing and thereby excludes not only rRNA but also other RNA
lacking a poly-A tail, such as long non-coding RNAs (Bush et al., 2017; Z. Wang et al.,
2009). Subsequent consideration must be given to the details of the sequencing
protocol itself, which includes the length of reads, whether it is carried out as
single-end or paired-end sequencing, and finally the depth of sequencing, all of
which could create biases within the final outputs (Freedman et al., 2020). Paired-
end is commonly preferred to optimise sensitivity and specificity, however, has
been shown to only be imperative for transcriptomic assembly, while single-end
sequencing has been shown to be perfectly satisfactory to quantify gene expression

(E. Gonzalez & Joly, 2013).
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RNA from E16.5 mice: DNase treatment was carried out by followed by library
preparation with rRNA depletion in preparation for lllumina HiSeq paired-end

150bp sequencing by GeneWiz (Azenta Life Sciences).

RNA from 8WO mice: polyA-selected library preparation and single-end 75bp

sequencing at the University of Texas at Dallas sequencing core.

2.11.2 Bioinformatic analysis
The bioinformatic analysis pipelines of RNAseq data can vary greatly with rapid
developments of new tool-packages (Conesa et al., 2016; Koch et al., 2018). RNAseq
data needs to be aligned and mapped to a genome or transcriptome with
annotations in order to produce the quantification of the transcriptome in the form
of counts for genes/RNAs. Subsequently, the raw counts can either be inputted
directly into a tool-package for differential expression analysis or alternatively the
raw counts can be transformed through normalisation calculations prior to
comparable analysis. Additionally, filtering can be carried out to explore changes to
select subtypes of RNAs. Quality control can and should be utilised at several steps
throughout the final bioinformatic pipeline. A thorough discussion of the

bioinformatic tools used for analysis will follow.

All bioinformatic analysis was carried out in the Terminal coding operating system
on MacOS and graphical presentation was created in Graphpad PrismV 9.3.1 or in

an online instance of MathWorks MATLAB.

Quality control and mapping

Upon obtaining RNAseq datafiles quality control was carried out using FastQC
which assesses the read quality and gives a quality score per base. Commonly it is
observed that the quality drops towards the 3’ end of reads and may be clipped to
discard sequences of poor quality or possibly contamination with adapter
sequences (Conesa et al., 2016; Kukurba & Montgomery, 2015). The initial length of
the read should however be considered as shorter reads are at risk of multi-

mapping shorter reads to multiple loci (Raghupathy et al., 2018)
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Alignment and mapping of the sequences to a reference genome/transcriptome is
subsequently carried out. The selection of the same reference genome for mapping
libraries to be compared is of importance to avoid introducing innate bias (Frankish
et al., 2015). Several different tools can be used for this process, one of the most
common is STAR (Conesa et al., 2016; Dobin & Gingeras, 2015). STAR is found to be
not only faster, but indicated to produce more uniquely mapped reads (Sahraeian
et al., 2017; Schaarschmidt et al., 2020). STAR is additionally preferable for mapping
particularly long reads, and is capable identifying both canonical and non-canonical

splice junctions (Dobin & Gingeras, 2015).

Having obtained mapped reads, various packages can similarly be used to process,
quality-check and transform data to obtain formatted files of gene or transcript
counts for significance testing. Samtools allows for sorting and merging of
alignment files as well as removal of PCR duplicates (H. Li et al., 2009). HTSeq is a
large tool-package for sequence manipulation, such as quality evaluation and
trimming of reads, as well as creation of counts tables specifically for differential

expression analysis (Anders et al., 2015).

Quality checks of the RNAseq data was carried out using FastQC in a local instance
of Galaxy and FastQC files obtained (See Appendix). E16.5 and 8WO axonal and
somal samples were mapped to the GENCODE GRCm38 genome using the
GENCODE vM25 reference annotation through the STAR mapping tool-package
(Dobin & Gingeras, 2015; Frankish et al., 2015, 2019). Clipping was carried out in
STAR for RNA from embryonic mice to 5pN 5 and 3pN 94 based on FastQC results
(See Appendix). Clipping was not carried out on RNA from adult mice as FastQC

results showed it was unnecessary.

Duplicates were not attempted to be removed due to indication of low rate of
duplication, and the risk of removing real reads. Filtering was carried out to only
consider protein-coding, non-mitochondrial genes. HTSeq was subsequently used

to obtain counts tables for further analysis.
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Normalisation

Differential expression (DE) analysis is often the primary exploratory output of an
RNAseq experiment. DE provides an initial insight into defining features of the
datasets of interest. An important aspect for meaningful DE analysis is found within
the mapping and counting, however, further consideration must be given to
transformations and normalisation of datasets. Visualisation of datasets is used to
assess similarities and comparability, such as principle component analysis (PCA)
and Kernel density plots (Koch et al., 2018; Lever et al., 2017; Van den Berge et al.,
2019). Distribution plots such as Kernel density plots are used to assess the
comparability of samples through graphical representation of the distribution of
RNA expression in samples. PCA is utilised to explore the overall groupings of
samples, however, important consideration must be taken regarding the effect of

normalisation techniques on results (Lever et al., 2017).

Normalisation is an essential part of analysis to ensure reliability of findings.
Normalisation of data can be incorporated within DE analysis tool-packages, as is
seen within DESeq2, or it can be imposed on raw counts following filtering.
Normalisation can be divided into three types; 1. normalisation for gene/transcript
length length, 2. normalisation for library size or sequencing depth, 3. normalisation

for technical artifacts across samples.

Normalisation for transcript length is particularly important as gene-length can
create bias towards more reads for longer transcripts (Conesa et al., 2016; Oshlack
& Wakefield, 2009). It is carried out using transcripts per kilobase million mapped
reads (TPM) based on normalisation for length of the gene/transcript and the
number of reads in the sample (Conesa et al., 2016). TPM is calculated by dividing
reads by the length of the transcript, followed by normalising to the number of

reads in the sample through a per million scaling-factor.

Samples with different library-sizes are normalised to facilitate comparison
between heterogenous transcript expression by calculating a scaling factor (Abbas-
Aghababazadeh et al., 2018; Conesa et al., 2016). The most utilised methods Upper

Quartile (UQ) and Relative Log Expression (RLE), the latter of which is included

62



within the DESeq2 DE analysis package. RLE normalisation is based on calculating a
transformation factor to satisfy the assumption that most genes are not
differentially expressed when comparing two samples. The RLE correction factor is
calculated by dividing the median of the ratio of reads for each gene in a sample, by
the geometric mean across all samples (Abbas-Aghababazadeh et al., 2018). This
normalisation is based on negative binomial distribution and applied to all read
counts to strengthen the reliability of findings of differential expression analysis
(Anders & Huber, 2010). UQ normalisation does not contain an assumption within
the statistical framework. For UQ normalisation only RNAs with reads in at least
one sample are considered. Each read-count in a given sample is divided by the 75t
percentile of reads with counts within that sample and subsequently all read-counts
are multiplied by the mean upper quartile across all samples (Abbas-

Aghababazadeh et al., 2018; Dillies et al., 2013; Glusman et al., 2013).

Normalisation was optimised to address the experimental objectives: To analyse
the differences between somal and axonal samples from E16.5 and 8WO DRG-cells,
counts were transformed to TPMs, and UQ normalisation was subsequently carried
out to obtain ugTPM values. Normalising for known or unknown technical artifacts
was not carried out due to the risk of removing real biological effects (Abbas-
Aghababazadeh et al., 2018). To assess the effect of the PGE,-protocol compared to
the control-protocol on axonal samples the counts obtained from HTSeq were
imported into the DESeq?2 analysis package and consequently underwent RLE
normalisation. Kernel plots were created in a local instance of MathWorks MATLAB
to assess comparability of axonal and somal samples from E16.5 and 8WO mice.
Principle component analysis (PCA) was additionally carried out in MathWorks to
assess similarity of axonal and somal control samples from both E16.5 and 8WO

mice.

Differential expression analysis

Differential expression analysis is commonly used for finding targets or markers of
pathologies or following pharmacological interventions. DESeq2 was used for
differential expression analysis. DESeq?2 utilises a negative binomial distribution as

the probabilistic model and a modified empirical Bayes method to estimate
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shrinkage for distribution based on calculations of width of prior distribution of
data assessed (Costa-Silva et al., 2017; Lamarre et al., 2018; Love et al., 2014). As
previously described, RLE normalisation is an inherent part of DESeq2 analysis,
which asserts that most genes are not differentially expressed in the analysis.
Depending on the research hypothesis DESeq2 may not be appropriate to explore

certain experimental designs (Kukurba & Montgomery, 2015).

To analyse the differences between somal and axonal samples from E16.5 and 8WO
DRG-cells DESeq2 was not an appropriate analysis tool due to the expected large
differences between the cell compartments, thus increasing the risk of false
negatives. uqTPM values for axonal and somal samples were compared using
GraphPad Prism V. 7.0 for Mac. Unpaired multiple t-tests with two-stage linear
setup procedure of Benjamini, Krieger and Yekuteili to control the false discovery
rate. To assess the effect of the PGE,-protocol compared to the control-protocol on
axonal samples the counts obtained from HTSeq were analysed using DESeq?2. All

coding scripts are included in the Appendix (See A.2).

2.12 Qiagen Ingenuity Pathway Analysis

Pathway analysis of results from differential expression analysis facilitates the
interpretation of RNAseq results in the context of previous knowledge of molecular,
cellular, and biological functions. Ingenuity Pathway Analysis (IPA) is an advanced
tool package allowing for in depth analysis of pathways, not only in comparison to
publicly available pathways and ontology databases, but additionally, by comparing
to an extensive library of high-throughput datasets (Kramer et al., 2014). IPA
contains analytical tools which allow for explorations of predicted Upstream
Regulators, Mechanistic Networks, Causal Network Analysis, and Downstream

Effects Analysis.

Outputs of DESeg2 and multiple t-tests were uploaded to IPA with regular p-value
and log> fold change values for pathway analysis (QIAGEN Inc.,

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis)

(Kramer et al., 2014). For the assessment of the effect of the PGE,-protocol

compared to the control-protocol in the axon, cut-offs were imposed of regular p-
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value<0.05, and log; fold-change for downregulated RNAs<-0.5 and log; fold-
change for upregulated RNAs>0.5. For exploration of changes between the axon
and the soma, cut-offs were imposed of regular p-value<0.05 and log; fold change
for downregulated RNAs<-1 and upregulated RNAs>0.6. Comparative analysis was
carried out for results from E16.5 and 8WO DRG-cells to assess the similarities of

canonical pathways and upstream regulators.

65



Chapter 3: Compartmentalised
culturing of DRG-cells for studies
of axonal growth and in vitro

modelling
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3.1 Introduction

Modelling disease is a key aspect of preclinical research, allowing researchers to
explore fundamental aspects of pathophysiological progression, which are
otherwise elusive in a clinical setting. Animal models have been used widely to
explore pathophysiological changes of chronic pain states, with a plethora of
different methods used to induce and explore different types of pain such as
neuropathic pain and inflammatory pain (Burma et al., 2017; Kaliyaperumal et al.,
2020; Muley et al., 2015). The use of cell-based, or in vitro, models provide a unique
opportunity to explore basic preclinical research aims, while adhering closer to
NC3R principles for animal research (reduction, replacement, and refinement) (The
3Rs | NC3Rs, n.d.). The use of in vitro models facilitates studies of individual tissues
or cell-types through a broad range of experimental tools to manipulate and
qguantify changes. In vitro models are a valuable preclinical tool found particularly
well suited to explore nociception, as it allows for the study of sensory
hyperexcitability without exposing animals to undue stress. As previously discussed
(See Chapter 1), dorsal root ganglion (DRG) cultures contain sensory neuronal cells
which innervate peripheral tissues including skin and muscle, responding to tactile
and noxious stimuli. It is generally accepted that changes to DRG-cells, specifically
changes affecting the responses to stimuli, play a key role in the manifestation of
chronic pain (Berta et al., 2017). The isolation and culturing of DRG-cell cultures are
therefore well-suited to study nociception and the development of sensitisation

(Fornaro et al., 2018; Lin & Chen, 2018; Unsain et al., 2014).

3.1.1 Compartmentalised chambers facilitate the study of axonal growth
Mice and rats are the most commonly used animals in both in vivo and in vitro
models (Ellenbroek & Youn, 2016). While rats were previously more common in in
vivo models, the use of mice has significantly increased over recent years. This is at
least partially due to developments in tools for genetic manipulation in mice,
allowing for further manipulation of both in vivo and in vitro models. Primary cell
cultures from isolated DRGs of murines have proven particularly useful to study

neurite and axonal networks. Several labs have specialised in cell culture methods
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that allow for the exploration of changes localised to the periphery of sensory
neurons through the use of compartmentalised chambers (Gumy et al., 2011;
Taylor et al., 2005; Unsain et al., 2014; Willis & Twiss, 2011). These chambers are
designed with the purpose of facilitating axonal projections to develop and grow,
either through pores in a membrane or microgrooves in microfluidic chambers and

into a separated compartment (Figure 3.1).

A. B.

S.
a.

Figure 3.1: Compartmentalised chambers facilitate the growth of an axonal network in a separate
compartment. A. Porous membrane chambers are inserts for wells which contain a porous
membrane, shown to separate the growth of cell bodies in the upper compartment (somal, s.), while
axons pass through the pores to the lower compartment (axonal, a.). B. Microfluidic chambers
facilitate compartmentalisation with fluidic isolation as two compartments are connected through
microgrooves which only axons pass through

Microfluidic chambers allow for fluidic separation, thereby facilitating localised
stimulation/treatments to specific cellular compartments (axon or cell body, Figure
3.1B) (Taylor et al., 2005). In porous membrane chambers, also known as modified
Boyden chambers, the separation is facilitated by a membrane which only axons
pass through, however, in this case there is no fluidic separation (Figure 3.1A)
(Willis & Twiss, 2011). Porous membrane chambers are utilised despite this
disadvantage, as many more cells can be seeded within these chambers. This makes
porous membrane chambers ideal for compartmentalised extraction of cellular
material for further studies of molecular biology (Taylor et al., 2005; Willis & Twiss,
2011). Consequently, the porous membrane chambers facilitate compartmentalised
extraction of RNA from the axons and the soma, allowing the study of changes

localised to one compartment of neuronal cells.
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3.1.2 Maturity affects the transcriptome of sensory neuronal cells
DRG-cells can be isolated from both adult and embryonic mice, each with
advantages and disadvantages. Protocols using DRG-cells from mice have been in
use since the 1970’s, initially presented with cells from adult animals (Scott, 1977),
clearly demonstrating the benefits of a culture with neurite outgrowth. DRG-cells
from adult animals additionally allow for the preceding initiation of in vivo models
of disease, the effects of which can subsequently be studied in vitro. However, the
maturity of the cell upon harvest has been indicated to inversely correlate with the
rate of regeneration of axons in culture (Chierzi et al., 2005; Verma et al., 2005).
Axon regeneration is dependent on the development of a new growth cone, a
process which is driven by localised protein translation. An intrinsic decrease in
protein translation and synthesis machinery in mature sensory neuronal cells is
found to decrease, but not inhibit, successful axonal regeneration (Chierzi et al.,

2005; Verma et al., 2005).

Using compartmentalised chambers, the differences in the transcriptome of DRG-
cells from rats of different maturity has been explored (Gumy et al., 2011; Vogelaar
et al., 2009). gPCR results showed stable expression of B-actin mRNA in axons, a
known component of processes leading to axonal guidance and growth, despite the
maturity of the cells (Vogelaar et al., 2009). However, a look at broader
transcriptomic changes through microarray analysis showed differences in core cell
cycle RNAs and RNAs associated with axonal growth (Gumy et al., 2011).
Interestingly, RNAs associated with cellular assembly and, more specifically
trafficking, were found predominantly expressed in embryonic axons. These results
correlate with embryonic neuronal cells inherently showing enhanced regeneration
of axons compared to adult neuronal cells (Chierzi et al., 2005). Cells from adult rats
were conversely found to retain mRNA levels in the axon to an extent indicating
ongoing localised translation, suggesting that while decreased, localised translation
remains a retained mechanism (Vogelaar et al., 2009). Collectively, the studies
show that while axonal regeneration is maintained in sensory neuronal cells of the
PNS, the maturity of the cell does affects the axonal growth through changes to

trafficking and translation of local RNAs (Chierzi et al., 2005; Vogelaar et al., 2009).
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In contrast with RNAs associated with axonal growth, RNAs associated with
inflammation and immune response have in microarray experiments been shown
to be increased in the axons of mature cells (Gumy et al., 2011). These results were
argued to support a novel role of mature sensory neuronal cells in nociceptive
signalling and hyperalgesic priming mechanisms, compared to embryonic cells.
However, RNAseq of DRGs from embryonic and adult mice has shown that while
maturation of sensory cells introduces transcriptomic variation, a large proportion
of differentially expressed genes are already present at embryonic day 18.5 (E18.5)
(Smith-Anttila et al., 2020). Differences associated with the localisation of DRGs
along the spinal cord (sacral and adjacent lumbar) were explored, from both
embryonic and adult mice by sequencing DRG-cells. It was concluded that, despite
variations, a unique phenotype of sensory neurons innervating differential areas, in
this case the pelvic viscera, was already established by E18.5 (Smith-Anttila et al.,
2020). Similarly, the development of TRP-channels has been shown to gradually
progress from E12, with morphology as well as capsaicin responses equivalent to
that of DRG-cells from adult mice, established at E14.5 (Hjerling-Leffler et al., 2007).
Developmental changes from pre- to postnatal are additionally observed in the
sensitivity to growth factors including NGF and GDNF, as NGF particularly has been
shown to be crucial for the development of nociceptors and axon growth in pre-
and early post-natal stages (Bracci-Laudiero & De Stefano, 2016; Denk et al., 2017;
Koltzenburg, 1999). While all nociceptors express TrkA prenatally, requiring the
growth factor for development, postnatally the non-peptidergic subpopulation of
nociceptors lose the receptor, instead responding to GDNF through Ret expression
(Denk et al., 2017; Koltzenburg, 1999). Collectively, the growth factors promote

axonal growth and are essential for nociceptor development.

Consequently, while differences are clear, evidence shows that cells from
embryonic mice exhibit a sensory neuronal phenotype, and are capable of

facilitating regular axonal RNA transport, as well as respond to capsaicin activation.
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3.1.3 Considerations for designing an in vitro model with sensory neuronal

cells
To assess the changes induced by a specific model of disease, the environment
considered the control conditions must be tightly regulated. As previously
established, variations are naturally introduced, for example through maturity of
the cells and following external stimulus. Therefore, all external factors such as
media conditions, should be controlled and optimal for healthy normal growth.
Extensive research has shown the role of neurotrophins on healthy neuronal and
axonal growth of sensory neuronal cells of the PNS (E. J. Huang & Reichardt, 2001;
Markus et al., 2002). Therefore, the cell culture medium used in these experiments
was supplemented with nerve growth factor (NGF) and glial cell line-derived
neurotrophic factor (GDNF), to optimise axonal regeneration. Furthermore, DRG-
cultures are notoriously diverse cell-cultures, thus to explore changes specifically in
sensory neuronal cells, aphidicolin (APH), a known antimitotic compound, was
utilised to minimise proliferation of non-neuronal cells (LoPresti et al., 1992; Mundy

et al.,, 2010).

Finally, glucose is a key nutrient in cell culture medium and is essential for neuronal
growth. However, research has shown that even short periods of hyperglycaemia
can induce abnormal axonal function, inhibit axonal regeneration and axonal
degeneration, as well as cause neuronal death (Dewanjee et al., 2018; Feldman et
al., 2019; Gumy et al., 2008; Vincent et al., 2005). It was therefore of particular
importance to ensure that DRG-cells were not exposed to high glucose conditions in
culture, mimicking a neuropathic condition. Diabetic neuropathy is the most
common type of neuropathy, caused by hyperglycaemia which trigger a number of
damaging pathways ultimately resulting in DNA damage, nerve dysfunction or even
nerve death (Callaghan et al., 2012). Diabetic peripheral neuropathy (DPN) is
observed in patients with type 1 diabetes where insulin production is inhibited as
the beta-cells in the pancreas are broken down in an autoimmune reaction, thereby
preventing regular breakdown of glucose (van Belle et al., 2011). It is generally
accepted that imbalances of metabolic and physiological pathways in DPN cause

damage to microvasculature supplying nerves in the periphery, inducing a toxic
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environment. An increase in polyol and oxidative stress pathways is shown to play a
key role, along with an increase of inflammatory mediators and advanced glycation
end-products (AGEs). Additionally, activation of the JAK/STAT and mTOR pathways
have been shown to play a role (Arora & Singh, 2013; Bestall et al., 2018; Dewanjee
et al., 2018). These imbalances are caused by hyperglycaemia and associated with
increased plasma glucose levels. Time-periods as low as 2 hours (H) of
hyperglycaemia, are observed as sufficient to initiate destructive pathways of
oxidative stress (Bestall et al., 2018; O’Brien et al., 2014; Vincent et al., 2005). It was
of particular importance to avoid variations attributed to conditions mimicking
diabetic neuropathy in the control environment, therefore glucose concentrations

were of concern when establishing standard protocols.

3.2 Hypothesis and objectives

The hypothesis of this chapter was that growth of DRG-cells in compartmentalised
chambers facilitates the development of an in vitro model to study changes

localised to the cell body and axons of sensory neuronal cells.
The objectives were to:

- establish the optimal culturing-conditions for DRG-cells from embryonic
mice to extend healthy neurite outgrowths in vitro

- establish the culture of DRG-cells in compartmentalised chambers to allow
growth of axons into a membrane-separated compartment, facilitating RNA

extraction from sub-cellular domains (axons vs cell body)

3.3 Methods

DRGs were surgically isolated from embryonic day 16.5 (E16.5) mice and either
immediately placed in dishes for explant culturing or subjected to dissociation prior
to culturing. Growth factors (NGF, GDNF and APH) were added to the culture
medium to promote neuronal growth and inhibit growth of non-neuronal cells.
DRG-explants were grown in dishes in medium containing either 1000mg/ml (low
glucose, LG) or 4500mg/ml (high glucose, HG) of glucose (see detailed methods in
Chapter 2.2).
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The axonal length was assessed using brightfield microscopy on day 3, 5 and 7 of
growth after seeding of DRG-explants. The axonal network was assessed as axon
plate coverage on day 6 and day 8 of growth after seeding of dissociated DRG-cells.
Through brightfield microscopy and Image J software, the percentage coverage of

the dish was established (see detailed methods in Chapter 2.5).

The growth of DRG cultures in porous membrane chambers was assessed for
separation of cell compartments using immunocytochemistry for DAPIl and
acetylated tubulin (see detailed methods Chapter 2.6). The quality of RNA from
somal and axonal compartments was assessed to ensure satisfactory material was
obtained. RNA quality was assessed through electrophoresis (see detailed methods

Chapter in 2.7).

3.4 Results

3.4.1 DRG-cells grown in vitro developed axonal networks
E16.5 DRG-explants were grown for 7 days, and images of the axons were taken on
day 3, 5 and 7 to assess the length of the axons. Representative images are shown

(Figure 3.2).

A: Day 3

Axonal growth in LG media
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B: Day 5

Axonal growth in LG media

Axonal growth in HG media

C:Day 7

Axonal growth in LG media

Axonal growth in HG media

Figure 3.2: Brightfield microscopy images show no effect of glucose concentration on axonal growth
of DRG explants. Representative images are shown from A. day 3, B. day 5 and C. day 7. The growth
of the axons is followed from the edge of the explant to the edge of the axonal network, allowing for
a comparison of the growth between the glucose conditions over time. The photos displayed are
randomly chosen from 3 dishes with 2 explants grown for each condition.

Representative images show only minor effects of glucose concentration appeared
to manifest on axonal length (Figure 3.2). A few particularly long axons were
observed on day 3, which appeared to have disappeared by day 5 for both LG and
HG conditions. An additional assessment of axon growth was carried out by

measuring the density of the axonal network of dissociated DRG-cells.
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Figure 3.3: The effect of glucose concentration on axonal network density. DRGs were grown in
dishes in either low or high glucose media and the density of the axon network was measured as
coverage of the plate (%) on day 6 and day 8 using Image J software. 3 dishes were evaluated with
an average of 15 (n~15) images taken per dish. The average for each dish was plotted, as well as the
mean and SEM for each condition. No significant difference was found between the density of the
axonal networks grown in high or low glucose concentration using 2way ANOVA

No difference in the axon coverage of the dish was found when comparing LG and
HG media conditions (Figure 3.3). A consistent decline in coverage for both LG and
HG media conditions was observed between day 6 and day 8, indicating a
degeneration of the axonal network. This degeneration of the axonal network could
be due to the extended period of culturing; therefore, the culturing period was

limited to 7 days going forward.

Evaluations of axonal growth, measured as length of axons and density of axonal
network, confirmed the successful culturing of E16.5 DRG-cells with healthy axonal
networks. Glucose concentration in cell culture medium was found to not affect
axon development, measured as both axonal length and network density.

Consequently, LG media was used in all future experiments.

3.4.2 Porous membrane chambers allowed compartmentalised growth of
DRG-cells

Having established healthy neurite outgrowths from DRG-cells in vitro, the use of

porous membrane chambers for culturing was commenced. DRG-cells were stained
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using immunocytochemistry to show the growth of the cell cultures across the

membrane and to confirm the exclusive growth of axons below the membrane.
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Figure 3.4: Porous membrane chambers facilitate the development of a lower compartment with
exclusively axonal growth. A. Diagram of a porous membrane chamber in a well with cells growing in
the upper compartment and axons passing through the membrane to the lower compartment. Two
sections are indicated corresponding to microscopy planes of inmunocytochemistry stains B.
Representative images of dissociated DRG-cells grown in a porous membrane chamber stained for
DAPI (nuclei) and acetylated tubulin (axons), clearly showing the presence of an axonal compartment
free of nuclei.

The DAPI stain shows cell bodies in clear focus only in the focal plane above the
membrane. Although fluorescence can be detected from the lower compartment,
no nuclei are in focus within the lower plane. Acetylated tubulin stains separate
axonal networks above and below the membrane with distinct demarcated areas in
the upper compartment corresponding to the location of cell bodies. This data
confirms that an axonal network developed below the membrane with no cell

bodies moving through the pores.
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3.4.3 Porous membrane chambers allowed separate extraction of RNA
from axonal and somal compartment
To ensure the quality of the RNA extracted from the somal and axonal
compartment of the porous membrane chambers, RNA was obtained from
dissociated DRG cells. Several replicates were carried out with 25 DRGs dissociated
and seeded in porous membrane chambers with LG media. RNA extracted from the
somal and axonal compartments and the RNA quality was assessed through

automated electrophoresis.
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Figure 3.5: Automated electrophoresis confirms good quality RNA is extracted from the somal
compartment, while the quality of axonal RNA varies. TapeStation results show quality of RNA
extracted from somal (A1-F1) and axonal (A2-F2) samples showing bands for 28S (upper band) and
18S (lower band) ribosomal RNA. A1-F1 shows clear bands, with 28S appearing slightly stronger, as is
expected for good quality RNA, which is supported by high RIN scores. A2-F2 show weaker bands,
with two bands occurring in most but not all cases, corresponding to similarly varied RIN values

Distinct bands were observed for both 28S and 18S ribosomal RNA from somal
samples, with corresponding high RIN values. Less intense, but nonetheless mostly
consistent, bands were visible for axonal samples. Despite the lower quantity, most
axonal samples were assigned high RIN values as well, showing promising quality

despite low abundance. For all subsequent experiments with porous membrane
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chambers, 25 DRG explants from E16.5 mice were dissociated to obtain RNA of

sufficient quantity and quality.

3.5 Discussion

3.5.1 Compartmentalised chambers facilitated separate extraction of

axonal and somal RNA from DRG-cells
In this chapter, the culturing of DRG-cells from embryonic mice was assessed to
optimise favourable conditions for growth of an axonal network, ultimately
facilitating compartmentalised extraction of RNA. The effect of glucose
concentration in media on axonal growth and development was assessed, by
evaluating the length of axons as well as the density of the axonal network in a high
(4500mg/ml, HG) and low (1000mg/ml, LG) concentration of glucose. High glucose
concentration has been presented as in vitro models of diabetic neuropathy
accompanied by abnormal axonal growth (Bestall et al., 2018; Dewanjee et al.,
2018; Feldman et al., 2019; Gumy et al., 2008). As little as 2H of exposure to
hyperglycaemic conditions has been found sufficient to induce changes to neuronal
cells (Vincent et al., 2005). Despite this, no difference in axonal growth was
established when comparing cells grown in LG and HG conditions. This could be due
to the concentration in HG media being insufficient to induce a hyperglycaemic
reaction. However, while the concentration was insufficient to induce structural
changes to the axon, mechanistic or functional changes could not be refuted.
Activation of oxidative stress pathways have been associated with short term
exposure to hyperglycaemic conditions (Vincent et al., 2005). Consequently, all
future experiments were carried out with LG media, to avoid any possible effect of
HG media mimicking a model of DPN induced by hyperglycaemia in vitro. To further
promote the development of an axonal network, growth factors NGF, GDNF, and
APH were added to the media to promote neuronal growth and limit growth of
non-neuronal cells. Following the validation of optimal culturing conditions, the use
of porous membrane chambers was commenced. Porous membrane chambers
were used for the separate extraction of RNA from the neurite compartment,
facilitating the study of the axonal transcriptome (Unsain et al., 2014; Willis &

Twiss, 2011). RNA samples were obtained from the axonal compartment, the
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quality of which was assessed using automated electrophoresis. Two bands
corresponding to 28S and 18S ribosomal RNA appeared for axonal RNA, which,
despite being faint, was promising considering the smaller quantity of RNA
collected. It is, however, worth considering whether RNA extracted from the axonal
compartment would be expected to contain 28S and 18S ribosomal RNA in the
same relative ratio as that of whole cells or somal RNA. Overall, in-depth
exploration of the axonal transcriptome is needed to characterise what should be

considered normal expression patterns in the axon.

3.5.2 Conclusions
Successful compartmentalised culturing of DRG-cells from E16.5 mice was
established in porous membrane chambers exhibiting an axonal network in a
compartment free of cell bodies. The establishment of a successful
compartmentalised model of sensory neuronal cells allows for the study of local
changes in the axon. This model is of particular interest to characterise the axonal
transcriptome, as well as to explore the localised changes in the axon of an in vitro

model of sensitisation.
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Chapter 4: The development of

an 11 vitro model of sensitisation
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4.1 Introduction

Both in vivo and in vitro models have been developed to explore the defining
pathways and functional genomics of sensitisation. /n vivo models carry inherent
benefits as behavioural symptoms can be directly measured revealing functional
effects of physiological conditions (Burma et al., 2017; Kaliyaperumal et al., 2020;
Miller & Malfait, 2017). However, the measurements of functional effects are
vulnerable to human bias in scoring of behaviours, and often require additional
measurements at cellular and molecular levels to infer conclusions. Moreover, the
use of in vivo models is laborious and often time-consuming, with the development
of models of chronic pain requiring weeks to months (Miller & Malfait, 2017). In
vitro models of nociception and sensitisation are an attractive alternative, with
inherent benefits regarding the availability of tissue, the timeframe of the
experimental design, and the diversity of experimental protocols available to
manipulate and analyse cell mechanisms and changes associated with pathological

processes.

4.1.1 DRG-cultures utilised for in vitro models of hyperalgesia

Extraction and growth of DRG cells has been perfected in experimental protocols
for the use in in vitro models (Fornaro et al., 2018; Lin & Chen, 2018). Primary DRG
cultures are heterogenous cell cultures facilitating the study of biological processes
and molecular pathways in single or multiple cells. In vitro models specifically allow
the study of different compartments of cells as healthy neurite growth is
established in culture due to glial cell support. Consequently, DRG-cells are a
preferable alternative to single-cell-type cultures, due to translational advantages,
in addition to a highly advantageous resource for the study of localised
pathophysiological changes, including neurite physiology, functional genomics,
neurotransmission, and biomolecular signalling pathways (Fornaro et al., 2018; Lin

& Chen, 2018; Unsain et al., 2014).

In vivo models of chronic pain are commonly induced through either surgical
procedures such as partial nerve ligation, constriction injury, tearing the medial

meniscus or transecting the ACL, or chemical interventions; such as injections of
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inflammatory mediators including monosodium iodoacetate, carrageenan or
capsaicin (Burma et al., 2017; Kaliyaperumal et al., 2020). These variations are
crucial to model different types of chronic pain, with each model presenting with
unique timelines and symptoms. /n vitro models of sensitisation are similarly
induced in different ways to mimic varying aspects and modalities of chronic pain.
DRGs can be isolated from naive animals, as well as in vivo models of chronic pain,
to study pathological changes at different stages in vitro. Numerous specific in vitro
models of sensitisation with murine DRG-cells have been developed including
inflammatory nociception, diabetic neuropathy, arthritic neuropathy and axonal
injury (Chakrabarti et al., 2020; Gardiner & Freeman, 2016; J. Ma et al., 2021;
Peeraer et al., 2011; Persson et al., 2013; Vyklicky & Knotkova-Urbancova, 1996).
Exposing sensory neuronal cells to inflammatory mediators or toxins capable of
targeting relevant receptors known to activate nociceptive pathways, are common
ways to initiate functional hyperalgesia in cell cultures (Atmaramani et al., 2020; J.
Ma et al., 2021; Segond von Banchet et al., 2005). However, as previously
discussed, specific conditions associated with a particular causal mechanism can
additionally be modelled, such as increased glucose concentration for diabetic

neuropathy (Gardiner & Freeman, 2016; Peeraer et al., 2011) (see also Chapter 3).

A review from 2016 discussed the most common in vitro models of osteoarthritis,
one of the main causes of disability worldwide (Johnson et al., 2016). However, in
doing so the paper demonstrated what is simultaneously the biggest strength and
weakness of in vitro models: they are designed to assess a singular aspect of a given
disease. In the most common in vitro models of osteoarthritis, the disease
progression was modelled to explore tissue degradation of cartilage or the role of
inflammatory pathways in synovial fluid, important aspects of pathology, however,
failing to address the primary symptom of osteoarthritis: chronic pain or
sensitisation. This stresses the importance of inducing experimental models to
mimic specific pathways of the disease within specific cells of interest, in order to

draw conclusions which can be applied beyond in vitro simulations.

DRG-cells are presented as an attractive option for an experimental model of

sensitisation with inherent benefits for studying pathological progression of chronic
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pain through induction of sensitisation mimicking that of inflammatory or

neuropathic pain.

4.1.2 PGE;-exposure induces sensitisation in DRG-cells
Prostaglandin E; (PGE;) is a well-established mediator of pain pathways, associated
with both nociceptive, inflammatory, and neuropathic pain (L. Chen et al., 2013; J.
Huang et al., 2006; Kawabata, 2011; St-Jacques & Ma, 2014; Sugimoto & Narumiya,
2007) (see also Chapter 1). As previously discussed, PGE; is a known mediator of
peripheral sensitisation (L. Chen et al., 2013; L.-Y. M. Huang & Gu, 2017). The
effects within the peripheral nervous system (PNS) are mediated in part through
direct interactions with receptors EP1, EP3, and EP4 in particular, triggering changes
to the activity of ion channels including TRPV1-, and NaV-channels, as well as
purinergic P2X3 receptors, ultimately inducing hyperexcitability of nociceptors (L.
Chen et al., 2013; Kawabata, 2011; C. Wang et al., 2007). PGE; is a direct
downstream product of COX-2 enzyme activity, a pathway targeted by nonsteroidal
anti-inflammatory drugs (NSAIDs) used widely to treat inflammatory pain by

inhibiting COX thereby preventing prostaglandin production (L. Chen et al., 2013).

Increases in PGE; have been linked to the development of chronic pain in
osteoarthritis, through binding of the EP4 receptor in sensory neurons (Clark et al.,
2008; A. S. Lee et al., 2013; Southall & Vasko, 2001). Activation of the EP4 receptor
increases cAMP levels, which is known to activate three downstream pathways in
particular; PKA (protein kinase A), PKC (protein kinase C) and Epac (exchange
proteins activated by cAMP) (L.-Y. M. Huang & Gu, 2017; W. Ma & St-Jacques,
2018). PGE2/EP4/cAMP/PKA, PGE,/EP4/PKC, and PGE,/EP4/Epac pathways are
associated with increased IL-6, NGF, SP, and CGRP levels, as well as sensitisation of
TRPV1- and P2X3R-receptors in DRGs, driving hyperalgesic priming of nociceptors
(L.-Y. M. Huang & Gu, 2017; A. S. Lee et al., 2013; St-Jacques & Ma, 2011).

Consequently, PGE; is commonly used as an inducer of models of sensitisation,
often in combination with other mediators of nociceptive neuroplastic pathways

(Khomula et al., 2019; A. S. Lee et al., 2013; Segond von Banchet et al., 2005). The
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specific effects of PGE;, as well as the stabilised analogue 16,16-dimethyl PGE;, on

murine DRG-cells has been explored (Table 4.1).

Reference | Cells PGE; Experimental output
concentration
(Southall Dissociated | 20min 100nM Significant increase in cAMP
& Vasko, DRG from PGE; (acute) protein following acute PGE;
2001) rat exposure of DRG-cells
(Momin et | Dissociated | 4min 10uM Significantly increased
al., 2008) | DRG-cells PGE; (acute) excitability of small-diameter
from rat DRG-neurons measured as
frequency of action
potentials following
depolarising current, along
with an increased resting
membrane potential (RMP)
(W. Ma, DRG 3-72 hour (H) 6-48H of 100uM 16,16-PGE;
2010) explants 1,10 or significantly increased pre-
from rat 100uM 16,16- protachykinin mRNA levels.

dimethyl PGE;

(prolonged)

6-72H 100uM 16,16-PGE;
significantly increased CGRP
mMRNA levels

24H 10-100uM 16,16-PGE2
significantly increased SP
peptide levels. 72H 1-10uM
16,16-PGE2 significantly
increased CGRP peptide
levels and 6-72H 100uM
16,16-PGE; significantly
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increased CGRP peptide
levels. 3-48H 100uM 16,16-
PGE; significantly increased
SP peptide levels. 100uM
16,16-PGE; significantly
increased NGF peptide levels
24H 1, 10 and 100uM 16,16-
PGE; significantly increased
the expression of EP4. 24H 1,
10 and 100pM 16,16-PGE;
significantly increased the
protein levels of

phosphorylated pan-PKC

(W.Ma & | Dissociated | 1H 50umol/L Significantly increased EP4
St- DRG-cells PGE; (acute) externalisation was
Jacques, from rat observed following PGE; in a
2018) process reliant on both
intracellular and
extracellular Ca%* as well as
CaMKll signalling
Increased CGRP peptide
following EP4 externalisation
(Segond Dissociated | 10uM PGE; A significantly increased
von DRG-cells every 2H for percentage of cells
Banchet from rat 2days expressing NK1 receptor-like
etal.,, (prolonged) (a GPCR which binds SP) was
2005) observed following

prolonged PGE; exposure

85




sciatic nerve
ligation

(PSNL)

(Rush & Dissociated | 1H 1 or 10uM NaV1.9 currents were
Waxman, | DRG-cells PGE; (acute) significantly increased
2004) from mouse following PGE; exposure,
measured in small C-fibre
sensory neuronal cells
(St- DRG 3-72H 1, 10, In vivo induced PSNL induced
Jacques & | explants 100uM increased expression of EP4
Ma, 2011) | from naive | dimethyl in DRG-cells
rats or rats 16,16-PGE; Significant increase in PGE;
with partial | (prolonged) was observed in the

ipsilateral sciatic nerve
segment 48H after PSNL.
Inhibitors of PKA, PKC and
MAPK suppressed 100uM
16,16-PGE; induced IL-6
increase in DRG-cells

10, 100uM 16,16-PGE;
significantly increased /16
mRNA after 20H, through
signalling with PKA, PKC and
ERK/MAPK in DRG-cells
8H 100uM 16,16-PGE; of
DRG-cells significantly
increased phosphorylation
of PKA, ERK/MAPK, p65 of
NF-kB and CREB

Table 4.1: The effect of PGE,, or stabilised PGE, analogue 16,16-dimethyl PGE,, on murine DRG-cells
explored through different experimental protocols assessing excitability, functional genetics, and

inflammatory signalling pathways

Acute (up to 1H) PGE; exposure induces increased externalisation of EP4 along with

increased CGRP and cAMP expression in DRG-cells, while the activity of nociceptor
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cells, measured as NaV1.9 currents and APs, is increased, showing neuroplastic
mechanisms facilitating a sensitised state are triggered even following short
exposure (W. Ma & St-Jacques, 2018; Momin et al., 2008; Rush & Waxman, 2004;
Southall & Vasko, 2001). Prolonged PGE; exposure (>3H) is associated with
increased expression of receptors of NK1 receptor-like IR and EP4, increased
peptide levels of nociceptive mediators CGRP, SP, and NGF, and mRNAs pre-
protachykinin and CGRP, showing effects on both transcriptional and translational
level to collectively induce a sensitised state (W. Ma, 2010; Segond von Banchet et

al., 2005; St-Jacques & Ma, 2011).

Consequently, prolonged exposure to PGE; is found to induce a sensitised state in
nociceptors mediated through EP4 induced signalling pathways with PKA, PKC, and
ERK MAPK, as well as increased levels of transcription factors p65 NF-kB and CREB,
to increase externalisation of EP4 as well as drive increases to inflammatory
mediators including SP, CGRP, and NGF, collectively presenting as increased

excitability of sensory neuronal cells (St-Jacques & Ma, 2011).

4.1.3 Measuring hyperexcitability of nociceptors in vitro
Preclinical assessments of the effect of PGE; on in vitro cultured DRG-cells can be
approached in numerous ways. PGE; is found to induce hyperexcitability in DRG-
cells, measured as increased NaV1.9 currents (Rush & Waxman, 2004), as well as a
reduced hyperpolarisation period (Kasai & Mizumura, 2001). As previously
discussed, the excitability of sensory neuronal cells is a direct measurement of the
state of the cell, with sensitisation manifesting as increased excitability, exhibiting
lowered threshold to trigger an action potential, increased frequency of action
potentials and shortened refractory period (see also Chapter 1). Additionally, an
increase in intracellular CaZ*, as well as evoked Ca?* transients, have been shown to
directly correlate with increased excitability of sensory neuronal cells following
prolonged inflammation (Lu & Gold, 2008). To measure the excitability of neuronal
cells, they are exposed to depolarising agents, which cause an increase in the
membrane potential triggering an action potential. During an action potential the
membrane permeability to Ca?* rapidly increases (Bahar et al., 2016; Rienecker et

al., 2020). Increased Ca?* permeability, as well as release from intracellular stores,
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induces increased cytosolic Ca?* concentration, measured as Ca* transients. The

Ca?* transients consequently show the excitability of the neuronal cell.

As discussed previously, there is a large diversity of cell-types within DRGs,
including both neuronal and non-neuronal cells (see also Chapter 1). With a focus
on the development of sensitisation, there was a particular interest in measuring
the activity level of cells following nociceptive stimulation. Therefore, it was of
importance to find a method that allowed for the measure, specifically, of the
excitability of nociceptors. Capsaicin depolarises nociceptors by binding the TRPV1
receptor, opening the cationic pore to Na*, K* and Ca®*, thus inducing
depolarisation and an action potential (Caterina et al., 1997; Fattori et al., 2016;
Hayes & Tyers, 1980; Touska et al., 2011; Wood et al., 1988). In contrast, an
increase in the extracellular K* concentration, created through exposure to KCl,
depolarises all cell-subtypes sufficiently to induce an action potential (Rienecker et
al., 2020). Measurements of Ca?* transients following exposure to specific
depolarising agents can thereby provide an insight into the excitability of

nociceptors of DRG-cultures.

The hyperexcitability induced by PGE; is shown to be mediated through
transcriptional and translational changes following prolonged exposure.
Specifically, PGE; has been shown to interact with NGF in inflammatory and
neuropathic pain states to facilitate neuroplastic pathways of sensitisation (Kasai &
Mizumura, 2001; W. Ma, 2010). Increases in NGF expression, as well as Ngf mRNA,
has been found in several chronic disease states, both in pre-clinical and clinical
settings, including osteoarthritis (lannone et al., 2002; Schmelz et al., 2019). NGF
has been linked to phosphorylation of receptors, including TRPV1 and P2X3, as well
as increased expression of neurotransmitters, including SP and CGRP, ultimately
inducing a sensitised state in nociceptors in inflammatory and neuropathic pain
states (Denk et al., 2017; Wise et al., 2021). NGF is shown to be capable of directly
increasing PGE; in mast cells, in addition to NGF driving intracellular mechanisms
through cAMP and PKA and increases in CGRP in neuronal cells pathways closely

linked to PGE; (Marshall et al., 1999; Stein et al., 2009). Consequently, an increase

88



in Ngf mRNA shows an increase in inflammatory and neuropathic pain pathways in

DRG-cells, as are expected from prolonged exposure to PGE..

Within this chapter, the effect of prolonged exposure to PGE; on sensory neuronal
cells was assessed by measuring excitability of nociceptors through Ca?* transients
and activation of neuroplastic inflammatory pathways through Ngf mRNA

expression.

4.2 Hypothesis and objectives

The hypothesis of this chapter is that prolonged exposure to PGE; induces a

sensitised state in DRG-cells established through neuroplastic changes.
The objective was to:

- induce a state of hyperexcitability in DRG-cells through prolonged exposure
to PGE;, thereby creating an in vitro model of sensitisation
- validate sensitisation of DRG-cells through measurements of somal Ngf

MRNA and excitability of nociceptors

4.3 Methods

Dissociated DRG-cells from E16.5 mice were exposed to PGE; for 24 hours (H) every
2H to maintain a concentration of 10uM PGE;, established based on previous
studies for experimental framework, including concentration of PGE; and exposure-
time (W. Ma, 2010; Rush & Waxman, 2004; Segond von Banchet et al., 2005).
Control cells were treated with vehicle only (phosphate-buffered saline, PBS) every

2H to mimic the experimental design (see detailed methods in Chapter 2.3).

The functional validity of the model was assessed using two protocols: Ca?* imaging

and RT-qPCR.

4.3.1 Ca®* imaging of capsaicin-induced excitability of nociceptors
Capsaicin-induced excitability of sensory neuronal cells was detected through
measurements of Ca?* transients using fluorescent Ca?*-binding dyes (Bahar et al.,
2016; Berridge et al., 2003). DRG-cells were loaded with fluorescent dye Fluo-5 and

excitability was measured as Ca?* transients during addition of stimuli inducing APs.
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The excitability was presented as fluorescence intensity (AF) of responding cells

only, which is normalised to baseline (see detailed methods in Chapter 2.9).

4.3.2 RT-qPCR of Ngf mRNA
RNA was extracted separately from the axon and the soma of E16.5 DRG-cells
grown in porous membrane chambers. cDNA was obtained, and Ngf mRNA
measured in the soma using qPCR with reference gene Gapdh (see detailed

methods in Chapter 2.8). Hprt mRNA was measured as a housekeeper gene.

4.4 Results

4.4.1 Capsaicin induced activation of dissociated DRG-cells
The excitability of DRG-cells, and specifically nociceptors of the DRG, was assessed
through measurements of Ca?* transients using CaZ* imaging. DRG-cells were
preliminarily exposed to imaging buffer (IB) to assess whether the physical act of
addition induced a response. Subsequently, cells were exposed to 200nM capsaicin
to assess the excitability of nociceptors and successively 25mM KCl to activate the
collective cells of the DRG, particularly those that had not responded to capsaicin-

stimulation. Neuronal excitability was measured as changes to fluorescent signal

(AF) (Figure 4.1).
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Figure 4.1: The excitability of subtypes of sensory neuronal cells following stimulus. E16.5 DRG-cells
(1 biological replicate with cells from a litter of an average of 6 embryos) exposed to imaging buffer
(IB), 200nM capsaicin (n=6 dishes with an average of 13 cells imaged per dish) and 25mM KClI (n=5

90



dishes with an average of 13 cells imaged per dish) shows that small-diameter cells predominantly
react to capsaicin. A. Exposure to IB induces an increase of 5-10% AF in responding cells, however
this is dwarfed in comparison to exposure to depolarising agents; capsaicin (~40% AF) and KCI (~30%
AF). B. The average size of cell bodies of cells activated by capsaicin fall in the range of 100-300um?,
whereas cells activated by KCl are found to be 300-600um? (n=5 dishes with an average of 13 cells
imaged per dish)

DRG-cells were measured for 30 seconds prior to addition of imaging buffer to
establish baseline fluorescence. As observed in figure 4.1, the addition of imaging
buffer alone produced a negligible response (~ 5% over baseline) in both small- and
large-diameter DRG-cells. Subsequently, two populations of DRG-cells appear
functionally distinct, as shown by excitability following stimulation with capsaicin
(200nM). Small-diameter DRG-cells, with a soma of 100-300um?, exhibit an increase
of ~40% AF to 200nM capsaicin, while large-diameter DRG-cells exhibit ~30% AF to
25mM KCI. KCl is expected to activate all cells, however, DRG-cells previously
activated by capsaicin are likely depleted of intracellular Ca?*, thus preventing a
secondary activation in the time frame allocated. DRG-cells which were not
activated by capsaicin are observed as large-diameter cells that respond to KCl-
stimulation. Due to experimental limitations, cells could not be reloaded, therefore
only responding cells were included in analysis and cell responses were normalised

to baseline rather than to KCl response.

These results show small-diameter neurons are preferentially activated by
capsaicin, demonstrating a distinct population of cells likely to be small C-fibre
nociceptors (Caterina et al., 1997; Fattori et al., 2016; C.-L. Li et al., 2016). For all
future experiments, DRG-cells were activated with 200nM capsaicin, unless

otherwise stated, to measure the excitability of the nociceptors of the population.

4.4.2 24-hour treatment with PGE; induces increase in excitability of
nociceptors of DRG-cultures

After PGE-exposure, the neuronal excitability following exposure to capsaicin was
assessed using CaZ* imaging. DRG-cells were exposed to 24H 10uM PGE; or control,
and subsequently AF was measured during imaging buffer or capsaicin addition

(Figure 4.2).
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Figure 4.2: The excitability of DRG-cells exposed to PGE,- or control-protocol. Dissociated DRG-cells
(1 biological replicate with cells from a litter of an average of 6 embryos) were exposed to prolonged
PGE; and subsequently fluorescence intensity (AF) was measured during IB addition which showed an
increase of 5-10% AF (n=3 dishes with an average of 16 cells imaged per dish), similar to that of
control cells exposed to IB (n=3 with an average of 13 cells imaged per dish). Control DRG-cells
activated with 200nM capsaicin exhibited an increased AF of ~120% (n=2 dishes with an average of
13 cells imaged per dish)

DRG-cells were measured for 30 seconds prior to addition of imaging buffer or
capsaicin to establish baseline fluorescence. DRG-cells exposed to prolonged PGE;
showed comparable reaction to imaging to that of control DRG-cells of 5-10%
increase in AF. Activation of DRG-cells with capsaicin shows the clear distinction in
neuronal excitability, confirming that the physical act of addition is not sufficient to

induce an increase in AF in DRG-cells, even in cells exposed to PGE;.

Subsequently, PGE;-induced sensitisation of DRG-cells was investigated through
measurements of fluorescent activity following capsaicin-activation of nociceptors

(Figure 4.3).
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Figure 4.3: DRG-cells pre-treated with PGE, and subsequently activated with capsaicin show a
significant increase in excitability compared to control cells. A. The AF of cells, internally normalised
to baseline, exposed to 10uM PGE; or control for 24H and subsequently stimulated with 200nM
capsaicin (n=3 biological replicates). B. 24H 10uM PGE; significantly increased (24.4+3.6%) the peak
fluorescence intensity (PFl) following capsaicin stimulation compared to control cells (p-
value=0.0210, n=3 biological replicates, paired t-test)

The AF was normalised to the baseline intensity level and the percent increase
analysed as the activity level of the nociceptors (Figure 4.3A). DRG-cells treated
with 10uM PGE; for 24H showed a significant increase in peak fluorescent intensity
(PFI) after 200nM capsaicin stimulation when comparing to control (Figure 4.3B).
Overall, the increase in fluorescent intensity shows a hyperexcitable state of

nociceptors of the DRG following prolonged PGE; exposure.

4.4.3 24-hour exposure to PGE; induces increased Ngf mRNA in the soma
of dissociated DRG-cultures

To assess the effects of PGE; treatment on specific signalling mediators of
nociceptive pathways, Ngf mRNA expression was measured in cells pre-treated

with PGE; (Figure 4.4).
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Figure 4.4: RT-gPCR of A. target RNA Ngf and B. control RNA Hprt in the soma of DRG-cells exposed
to 24H of 10uM PGE, compared to control cells. Ngf mRNA shows increased expression (24.2+3.6, p-
value= 0.0232, n=5 biological replicates, paired two-tailed t-test) with reference gene Gapdh.
Housekeeping gene Hprt mRNA shows no change in expression following PGE ;-protocol

A significant increase in Ngf mRNA was measured in the soma of DRG-cells
following 24H exposure to PGE; compared to control cells (Figure 4.4). The increase
in Ngf mRNA shows an activation of neuroplastic pain pathways (Denk et al., 2017;

Melemedjian et al., 2010).

4 .4 Discussion

PGE; is a known key mediator of inflammatory and neuropathic pain pathways
driving neuroplastic changes which induces a sensitised state in nociceptors,
experienced as chronic pain (J. Huang et al., 2006; L.-Y. M. Huang & Gu, 2017;
Hucho & Levine, 2007; A. S. Lee et al., 2013). The aim of this chapter was to develop
an in vitro model of sensitisation with DRG-cells which was accomplished through
prolonged exposure to PGE;. E16.5 DRG-cells from mice were exposed to PGE;
every 2H for 24H to maintain a concentration of 10uM, based on previous
experimental protocols using PGE; on murine cells (W. Ma, 2010; Rush & Waxman,
2004; Segond von Banchet et al., 2005). The validity of the protocol as a functional
model of sensitisation was verified through measurements of AF following capsaicin
activation, as a measure of excitability of nociceptors, and expression of Ngf mRNA,

a key mediator of inflammatory pain pathways.
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4.4.1 Prolonged exposure of DRG-cells to PGE; induced sensitisation
Ca?* imaging was used to measure the excitability of dissociated DRG-cells through
fluorescence intensity of Ca?* transients. The physical act of adding a stimulus was
demonstrated to not affect excitability of DRG-cells through experiments with
imaging buffer. Comparative assessments of neuronal excitability following addition
of capsaicin and KCl revealed a distinct population of capsaicin-activated small-
diameter DRG-cells. Large-diameter neurons exclusively showed increased Ca?*
transients to KCl, while small-diameter neurons showed no response. This is
attributed to the small C-fibre nociceptors entering a state of insensitivity, due to
depletion of intracellular Ca%* stores (Hayes & Tyers, 1980; Touska et al., 2011). KCl
would normally induce action potentials in all cells of the murine DRG through
extracellular increases in K* manipulating the ion gradients of the cell-membrane,
triggering influx of Na* into the cell (Rienecker et al., 2020), however, depletion of
intracellular Ca?* prevents the cell from producing an action potential (Hayes &
Tyers, 1980; Wood et al., 1988). Consequently, capsaicin activation was, in our
system, found to activate a distinct population of DRG-cells, presumed to be small
C-fibre nociceptors, characterised through capsaicin and KCl stimulation (Caterina

etal., 1997; C.-L. Li et al., 2016).

Subsequently, E16.5 DRG-cells were exposed to PGE; for 24H and the excitability of
the sensory neuronal cells was measured as Ca?* transients during capsaicin-
activation. Increased excitability was confirmed in small C-fibre nociceptors of the
DRG following PGE; exposure, compared to control cells. Additionally, a significantly
higher expression of Ngf mRNA, a known mediator of inflammatory and
neuropathic pain as well as priming, was established in the cell body of DRG-cells

exposed to prolonged PGE; (Ferrari et al., 2010; Melemedjian et al., 2014).

Interestingly, localised injections of PGE; into the paw of rats has been found to
induce a sensitised state in vivo, measured as behavioural changes such as paw
withdrawal threshold, and driving neuroplastic changes to DRG-cells through a
localised peripheral function of PGE; (Momin et al., 2008; St-Jacques & Ma, 2014).
PGE; has been found to affect the action potential by modulating the /I, current in

small-diameter neurons (Momin & McNaughton, 2009). / is a nonspecific cation
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current, with the purpose of counteracting hyperpolarisation following action
potentials (see also Chapter 1). PGE; injection in the paw induces an increase the
hyperpolarisation-activated cyclic nucleotide-gated channel, HCN2, in DRG-cells in a
pathway mediated by cAMP/PKA (Jansen et al., 2020; Weng et al., 2012). Increases
of HCN1 and HCN2 are found to drive an increase in I, which facilitates a shorter
refractory period thereby increasing action potential firing (Jansen et al., 2020;
Momin et al., 2008). Serial peripheral injections of PGE; additionally induces
increased axonal expression of EP4 receptors through a pathway mediated by
cAMP, PKA, PKC, PKCe, PLC a and IL-6, inducing tactile allodynia in rats (St-Jacques
& Ma, 2014). Depletion of cytoplasmic polyadenylation element binding protein
(Cpeb) mRNA, a known mediator of protein translation, was found to prevent the
development of sensitisation by PGE; (Bogen et al., 2012). Collectively, PGE; is
shown to induce a sensitised state in nociceptors, manifesting through increased
inflammatory mediators, driving hyperexcitability of nociceptors through
neuroplastic changes, which are likely mediated through localised mechanisms in

the axon and free nerve ending.

4.4.2 Conclusions

These results show the successful establishment of an in vitro model of
sensitisation and functional hyperalgesic priming. The model was established in
porous membrane chambers, which were previously been validated as effective for
the separative extraction of axonal and somal RNA (see Chapter 3). In summary, a
compartmentalised in vitro model of sensitisation has been developed which
facilitates the study of localised changes to the axon of sensitised sensory neuronal

cells.
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Chapter 5: Changes to the local
transcriptome of the axon defines

sensitisation
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5.1 Introduction

5.1.1 Transcriptomic profile of sensory neuronal cells of the DRG
Cells from the DRG are a particularly heterogenous population. Studies have
elucidated and defined the transcriptome of individual cell subtypes (Zeisel et al.,
2018) (see also Chapter 1).The functional differentiation of cell subtypes has
additionally been explored through comparative studies of transcriptomic
characterisation and functional differences (C.-L. Li et al., 2016; Y. Zheng et al.,
2019). Functional differences have been associated with the expression of
individual mRNAs thereby classifying small sensory neuronal subtypes as thermo-
nociceptive (Trpv1, Trpv4, Trom3, Trom8, Trpal), mechano-nociceptive (Kcnk2,
Kcnk4, Asic3), and chemo-nociceptive (Ptgerl, Ptger2, Ptgfr, P2rx2, P2rx3) (C.-L. Li
et al., 2016; Y. Zheng et al., 2019). Classification systems are presented according to
transcriptomic profile (MRNA expression profile), cell and nerve-fibre size (small- or
large-diameter neurons or AB-, Ad- or C-fibre neurons), and functional role

(stimulus modality) (C.-L. Li et al., 2016; Y. Zheng et al., 2019).

Previous studies have additionally explored transcriptomic changes to sensory
neuronal cells in states of hyperalgesic priming (see also Chapter 1). Pathways
characterising the changes to the transcriptome in sensitisation included broadly
inflammatory signalling, as well as more specifically ERK- and neuropeptide-
signalling (J. Ma et al., 2015; Uttam et al., 2018; Yin et al., 2016). Interestingly,
mediators associated with axon guidance have been found significantly altered,
despite the experimental design inherently lacking the capability to directly address
changes to the axon (Yin et al., 2016). Due to the highly compartmentalised nature
of neuronal cells, sequencing of DRGs directly extracted from animals without
nerve fibre or axonal growth in vitro, cannot be assumed to reflect the
transcriptomic profile of the axonal compartment. Consequently, the axonal
transcriptome of sensory neuronal cells has been explored and characterised
through the use of compartmentalised chambers and axon microdissection,
followed by sequencing technologies (Farias et al., 2020; Minis et al., 2014; Nijssen

et al., 2018). NGS technologies have exposed a unique transcriptomes of neurites of
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sensory neuronal cells (Farias et al., 2020; Kar et al., 2018; Minis et al., 2014;
Nijssen et al., 2018; von Kiigelgen & Chekulaeva, 2020). 61 RNAs were found to
characterise a core neurite transcriptome, with a high proportion (41 out of 61)
encoding ribosome-binding proteins, however, RNAs encoding proteins with
mitochondrial function and translation mediators were additionally enriched (von

Kigelgen & Chekulaeva, 2020).

Local changes in the axon have separately been shown to play a key role in the
manifestation of hyperalgesic states. Through the use of treatments which interfere
with translation administered to the periphery, in vivo studies in rats have shown
how local translation is essential for hyperalgesic priming (Bogen et al., 2012;
Ferrari et al., 2013; Jiménez-Diaz et al., 2008). Peripheral depletion of mediator of
protein translation CPEB through antisense oligodeoxynucleotides (ODNs, inducing
degradation of Cpeb mRNA in IB4(+)-nociceptors) injected into the paw, prevented
the development of mechanical hyperalgesia measured as withdrawal threshold,
induced either through TNF-0/PGE; exposure or PKCe-agonist (Bogen et al., 2012).
Mechanical hyperalgesia was shown to correlate with increased protein expression
of CPEB in peripheral nerve, supporting the direct role of local protein translation in
the periphery (Bogen et al., 2012). Peripheral inhibition of mMTOR-mediated protein
translation through rapamycin was found to prevent and reverse the mechanical
hyperalgesia developed through both a surgical model of chronic pain (spared
nerve injury, SNI) and a chemically induced model of chronic pain (peripheral
carrageenan and PGE;-injections), in a pathway localised to A-fibre nociceptors
(Ferrari et al., 2013; Jiménez-Diaz et al., 2008). Peripheral inhibition of
polyadenylation-mediated initiation of protein translation through cordycepin
injections was found to prevent and reverse carrageenan/PGE;-induced
hyperalgesic priming within the paw (Ferrari et al., 2013). Additionally, peripheral
administration of anisomycin, a protein translation inhibitor disrupting the ERK/p38
MAPK pathway prevented the development of mechanical hyperalgesia induced
through peripheral carrageenan injections (Bogen et al., 2012; Radulovic & Tronson,
2008). Collectively, localised inhibition of protein translation pathways, including

ERK/p38 MAPK signalling, mTOR-phosphorylation of 4E-BP1/2, PKCe/CPEB
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signalling, and polyadenylation-induced translation initiation, is found to prevent
and even reverse mechanical hypersensitivity through mechanisms mediated in the
axon of nociceptors (Bogen et al., 2012; Ferrari et al., 2013; Jiménez-Diaz et al.,
2008). As previously discussed, local translation is directly related to the local
expression patterns of RNAs (see Chapter 1). Despite this, the changes induced by
sensitisation to the local axonal transcriptome have, as of yet, not been

comprehensively characterised.

5.1.2 Assessing the effect of the maturity of the cell upon the local
transcriptome

As previously discussed, significant differences between results from cells of adult
and embryonic mice have been shown (see Chapter 1). Transcriptomic variation in
sensory neuronal cells attributed to maturation of the animal have been shown to
include mediators of axonal growth and guidance, as well as mediators of
inflammation and nociceptive processing (Landy et al., 2021; N. Sharma et al., 2020;
Smith-Anttila et al., 2020). Prdm12 mRNA, which encodes a transcription factor,
plays a key role in nociceptive development, but subsequently becomes redundant
for nociceptive processing in adult mice (Landy et al., 2021). Additionally, different
expression of transcription factors, Runx1 and Runx3, characterises cell-subtypes in
adult mice, however on the contrary are broadly expressed in early embryonic cells
(E11.5) (N. Sharma et al., 2020). Through simultaneous assessments of
transcriptomic differences between lumbar and sacral DRG, and DRGs from
embryonic and adult mice, a higher number of differentially expressed RNAs
between spinal levels was shown in embryonic DRG-cells compared to adult DRG-
cells, however, representation of most of 11 distinct subtypes of sensory neurons
was established at E18.5 (Smith-Anttila et al., 2020). DRG-neurons from embryonic
mice are additionally found to express unique sensory neuronal phenotypes,
progressively developing functional subtypes defined by TRP-channel expression
patterns, supporting the use of embryonic DRG-cells for in vitro models (Hjerling-
Leffler et al., 2007; Smith-Anttila et al., 2020). Nevertheless, differences in the
maturity of the cells are likely to contribute to differences to the core

transcriptome of the axon. Similarly, pathways of neuroplasticity and sensitisation
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may differ in the axon depending on the maturity of the cell, which should be
addressed to confirm the clinical relevance of DRG-cells from embryonic mice.
Consequently, the aim of this thesis was to characterise the local pathways
facilitating the manifestation of sensitisation in the axon of sensory neuronal cells,
and to characterise the similarities and differences in the pathways for DRG-cells

from embryonic and adult mice.

5.2 Hypothesis and objectives

The hypothesis of this chapter is that PGE;-induced sensitisation is mediated
through changes to the axonal transcriptome of sensory neuronal cells from

embryonic and adult mice.
The objectives were to:

- characterise the local transcriptome of the axon of sensory neuronal cells in
comparison to the transcriptome of the cell body

- determine the differences in the local transcriptome of the axon driven by
PGE»-induced sensitisation

- compare the changes to the axonal transcriptome following sensitisation in

DRG-cells from embryonic and adult mice

5.3 Methods

The PGE; model of sensitisation, developed using E16.5 DRGs, was replicated with
dissociated DRG cultures from adult (8-week-old, 8WQO) mice. 8WO DRG-cells were
exposed to 12H PGE;, rather than 24H PGE; as was used for E16.5 DRGs, due to
laboratory time constraints (see detailed methods in Chapter 2.2 and 2.3). RNA was
extracted from embryonic and adult axons and cell bodies after PGE,-sensitisation
protocol or control protocol and prepared for RNAseq (see detailed methods in
Chapter 2.6). The comparisons explored in the present study are shown in Figure

5.1.
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Figure 5.1: A hierarchal tree listing the comparisons (embryonic vs adult, soma vs axon, control vs
PGE;) assessed through RNAseq in the present study

Variation in the availability of equipment and technology caused differences in the
RNA extraction protocol, library preparation and sequencing procedure for the

E16.5 and 8WO samples (Table 5.1) (see detailed methods in Chapter 2.11).

Embryonic samples Adult samples
Sequencing core GeneWiz University of Texas at Dallas
Library prep rRNA depletion polyA selection
Fragment length 150bp 75bp
Paired-/single-end | Paired-end Single-end

sequencing

Table 5.1: The differences to the experimental protocol defining the library preparation and
sequencing design of the RNAseq experiments are listed

Raw counts were obtained from RNAseq files using HTSeq. Filtering was carried out
to only include protein-coding, non-mitochondrial genes in any downstream
analysis, to avoid bias introduced through differing library preparations (Bush et al.,

2017). Two bioinformatic pipelines were utilised to characterise the local axonal
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transcriptome of embryonic and adult mice and to assess the changes to the local
transcriptome induced by PGE;:

- To characterise the localised transcriptome of the axon compared to the
soma: STAR = Samtools 2 HTSeq = ugTPM normalisation = multiple t-
tests

- To assess the effect of PGE>-sensitisation in the axon: STAR - Samtools >
HTSeq = DESeq2

To characterise the local transcriptome of the axon, the datasets were normalised
according to transcript length, sequencing depth, and library size through
calculations of transcripts per million and subsequent Upper Quartile normalisation
to obtain uqTPM values. uqTPM values were then subjected to DE analysis through
unpaired t-tests with corrections for multiple comparisons through Holm-Sidak
multiple comparisons testing. The changes induced by PGE; were assessed through
the use of the DESeq2 analysis tool-package, based on the assumption that a core
axonal transcriptome exists and PGE-induced sensitisation manifests through
differential expression of select mediators (von Kiigelgen & Chekulaeva, 2020). Data
from E16.5 and 8WO DRG-cells was analysed separately, subsequently allowing
outputs to be indirectly compared. Pathway analysis was carried out using Qiagen
Ingenuity Pathway Analysis (IPA). IPA is a software package which allows for the
exploration of the profiles created by differentially expressed genes, by assessing
similarities to known cellular and molecular pathways (QIAGEN Inc.,

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis,

(Kramer et al., 2014)). IPA is additionally capable of predicting upstream regulators

to the given expression profiles (see detailed methods in Chapter 2.11 and 2.12).

5.3 Results

5.3.1 The axon and the soma of DRG-cells have different transcriptomic
profiles

In this chapter the local axonal transcriptome of DRG-cells was characterised in
comparison to the somal transcriptome. For E16.5 samples >15,000,000 counts

were obtained for all axonal samples and >29,000,000 were obtained for somal
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samples. For 8WO samples >25,000,000 counts were obtained for both axonal and
somal samples. Filtering was carried out to exclude mitochondrial and non-protein-
coding RNAs, to facilitate a comparison between the rRNA depleted and polyA-
selected library preparations. After filtering E16.5 axonal samples had >10,000,000
counts distributed over an average of 16,411 genes and somal samples >23,000,000

counts distributed across an average of 17,536 genes (Table 5.2).

Unique mapping Reads (post-
Sample treatment group Label L
percentage filtering)
0,
Vehicle Soma (VS)- VS1 78.15% 35,810,572
VSB 82.44% 41,143,662
Control soma
VSD 81.76% 36,636,274
0,
. Vehicle Axon (VA) - VAl 32.07% 10,725,681
S VA2 37.08% 17,529,951
© Control axon
w VAD 34.69% 14,425,396
TS1 59.63% 23,989,351
PGE2-Treated Soma (TS) TSB 78.88% 42,242,792
TSD 81.20% 47,357,559
TAl 35.98% 16,486,693
PGE2-Treated Axon (TA) TA2 48.31% 19,896,401
TAD 57.10% 35,060,885

Table 5.2: Labelling and mapping statistics for RNA samples (n=3 per sample treatment group) from
E16.5 mice. Labelling is defined by three characters; the first indicating treatment, the second
indicating compartment of cell and the third is a unique identifier of the sample showing paired
samples. The mapping percentage is 30-57% for axonal samples and 59-82% for somal samples

The mapping percentage was comparatively lower for axonal samples, observed at
>30% with an average of ~40%, which is attributed to low RNA obtained in the
original samples. In contrast the mapping percentage was >59% for somal samples,

with an average of ~75%.

After filtering 8WO axonal samples had >24,000,000 counts distributed across an
average of 15,220 genes with counts, while somal samples had >25,000,000 counts
distributed across an average of 15,927 genes with counts (Table 5.3). Filtering of
samples from 8WO mice had less of an effect on the counts, due to the polyA-

selected library limiting non-protein-coding RNAs.
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Uni j Read t-
Sample treatment group Label fique mapping eq s (pos
percentage filtering)
0,
Vehicle Soma (VS)- VS1 87.65% 40,090,424
VS2 89.26% 39,505,184
Control soma
VS3 89.97% 31,123,382
0,
Vehicle Axon (VA) - VA1l 85.81% 31,348,467
) VA2 85.53% 29,020,651
= Control axon
0 VA3 85.68% 32,862,783
TS1 86.90% 25,004,967
PGE2-Treated Soma (TS) TS2 87.88% 38,280,702
TS3 86.03% 32,149,626
TA1l 88.46% 39,107,465
PGE2-Treated Axon (TA) TA2 84.21% 24,867,269
TA3 87.30% 32,006,126

Table 5.3: Labelling and mapping statistics for RNA samples (n=3 per sample treatment group) from
8WO mice. Labelling is defined by three characters; the first indicating treatment, the second
indicating compartment of cell and the third is a unique identifier of the sample showing paired
samples. The mapping percentage is found to be >80% for both axonal and somal samples

The mapping percentage was >80% for both axonal and somal samples from adult
mice, correlating with similar RNA quantities extracted from the axonal and somal

compartment.

Kernel density plots were created following filtering for E16.5 and 8WO samples
separately. Kernel density plots of logio(filtered counts) are designed by creating a
probability function for each sample conveying the probability that a given gene
will have a given expression value. The probability function is drawn without
making assumptions of the distribution and allows for a comparison of the
expression pattern of the samples to evaluate how comparable samples are (Figure

5.2).
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Kernel density plots confirmed that all samples had a satisfactory comparable
expression profile, observed as similar shapes for the probability functions of

samples from E16.5 and 8WO (Figure 5.2).

To allow further comparisons between the RNA expression patterns in the axon and
the soma, as well as embryonic and adult mice, further normalisation was required
of the raw counts. Transcripts per million (TPM) were calculated from the raw
counts, and subsequently subjected to Upper Quartile normalisation to obtain
ugTPM. This allowed for the subsequent comparable assessment of samples with
principal component analysis (PCA). PCA shows the clustering of samples along axes
indicating the weight of variation in a given direction, defined as Principal

Components (PCs) (Lever et al., 2017) (Figure 5.3).

A PCAplot for embryonic and
- x104 = i
adult control RNA seva ® aVA = adult Vehicle
2t (control) Axon
15 _ .
“stn aVs = adult Vehicle
1y fevA e (control) Soma
05 .
‘gg , avs ® eVA = embryonic
b 225 Vehicle (control) Axon
N -05 )
& ) eVS = embryonic
Vehicle (control) Soma
-1.5 r
.2 L
_25 avs
1 1 | % N
-2 -1 0 1 2 3
PC1 51.6% x104
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PCAplot for embryonic

B. =xi0¢ ® VA = vehicle
control RNA
2.5 (control) axon
2+ ovAD VS =vehicle
15| (control) soma
™
= 05
o
O
o 0 pvso
VsB
V51
05 +
ovaz SVAL
-1
1 '5 L 1 1 1 1 1 1
-2 -1 0 1 2 3
PC1 84.5% ® ‘I()‘J'l
c PCAplot for adult ® VA = vehicle
8000 control RNA (control) axon
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4000 - *vas  (control) soma
o 2000 f
— vsz aVAZ
~ 0
o
O
0 -2000 -
VAL
-4000 - vst
-6000 +
-8000 | , , ,
-10000 -5000 0 5000
PC1 86.8%

Figure 5.3: PCA plots show the clustering of control samples. A. Control samples for both E16.5 and
8WO are characterised on the same graph demonstrating clear clustering according to fraction of
the cell for both embryonic and adult mice. Any clustering attributed to age cannot be assumed due
to possible batch effects. Subsequent plots show detailed clustering according to fraction of the cell
for B. E16.5 and C. 8WO. For all figures shown PC1+PC2>90% of the variance for the dataset

Clustering of samples according to compartment of the porous membrane chamber
(cell body vs axon) was established (Figure 5.3B, 5.3C). PCA showed significant
differences, confirming the presence of a distinct transcriptome within the axonal
compartment of the porous membrane chambers, indicative of a

compartmentalised nature of the neuronal cell. The results are however not
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excluding the possible presence of non-neuronal cells within the axonal

compartment.

5.3.2 Analysis of cell-type distribution by transcriptome comparison
An assessment of the cell-types present in the DRG-cultures and contributing to the
transcriptome profile from the somal and axonal compartments dataset was of
interest, to add context to the results and weight to the conclusions. To assess the
cell-subtypes present in the datasets, a comparative transcriptomic profiling was
carried out using markers of different cell-types defined in previous studies. 5
markers for Schwann cells, 12 markers for satellite glial cells, 5 markers for immune
cells (such as macrophages), and 11 markers for neuronal cells of the DRG were
found based on previous studies characterising the cell sub-types of the DRG (Liang
et al., 2020; Ray et al., 2018; Wangzhou et al., 2020; Zeisel et al., 2018). The
expression of marker RNAs in control axonal and somal samples is listed as uqTPM,
with colour-coding showing levels of expression for each gene in groups separating

embryonic and adult samples (Table 5.4).
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Broadly heterogeneous expression patterns were observed for neuronal and non-
neuronal cell-types within both the axonal and somal RNA samples from embryonic
and adult mice. In particular one E16.5 axonal sample appeared to have significant
contamination of non-neuronal transcripts (sample VAD). When considering the
PCA plot (Figure 5.3B), sample VAD was positioned slightly differently to the other
two control axonal samples. The position of the VAD sample was however primarily
defined by a shift along the PC2 axis compared to the other axonal samples, which
only accounts for 13.5% of the variation in the dataset. Given that the clustering of
the axonal samples remained distinctly separate from the somal samples, the VAD

sample was still included in the differential expression analysis.

To provide comparative analysis, the dataset of Thakur et al. 2014 (GEO accession
number: GSE62424) was obtained and the expression of the target genes was listed
and similarly colour coded with expression listed in FPKM (Table 5.5). Two datasets
from the study were assessed: Cells from DRG of male C57B1/6 mice lysed
immediately after dissociation (“Dissociated”) and nociceptor-enriched magnetic
cell sorting (MACS)-sorted dissociated DRG from adult male C57B1/6 mice
(“MACS”).

DRG neuronal markers
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Gene ID Gene name MACS Dissociated
ENSMUSG00000025576.17 |Rbfox3 69.58 66.93 67.51 63.47
ENSMUSG00000030669.13 |Calca 992.05 917.06 1066.24  1055.60 932.99
ENSMUSG00000030666.11 |Calch 185.87 137.09
ENSMUSG00000009292.18 |Trpm2 4.16
ENSMUSG00000005952.15 |Trpvl 52.50
ENSMUSG00000041482.17 |Piezo2 : 79.19 56.41
ENSMUSG00000020396.8 |Nefh 618.98
ENSMUSG00000022055.7 |Nefl 952.89 956.69 1883.01
ENSMUSG00000022054.11 |Nefm 1185.32
ENSMUSG00000023484.14 |Prph 1320.75
ENSMUSG00000021675.4 |F2ri2 60.12 54.25

Schwann cell markers
Gene ID Gene name MACS Dissociated
ENSMUSG00000056569.11 |Mpz 903.89
ENSMUSG00000041607.17 |Mbp 497.53 396.21
ENSMUSG00000031740.8 |Mmp2 2.79
ENSMUSG00000004655.5 |Agpl
ENSMUSG00000090125.3 | Pou3fl



Satellite glial cells markers

Gene ID

Gene name MACS Dissociated

ENSMUSG00000006398.15
ENSMUSG00000022033.9
ENSMUSG00000001403.13
ENSMUSG00000017716.15
ENSMUSG00000050623.5
ENSMUSG00000064080.12
ENSMUSG00000005994.14
ENSMUSG00000033491.13
ENSMUSG00000019874.11
ENSMUSG00000036169.6
ENSMUSG00000044708.5
ENSMUSG00000005360.14

Cdc20
Pbk
Ube2c
Birc5
Catsperz
Fbln2
Tyrpl
Prss35
Fabp7
Sostdcl
Kenj10
Slcla3

Not expressed

4.83
20.58
202.83

P

cells (macroy ) markers

Gene ID

Gene name MACS Dissociated

ENSMUSG00000026395.16
ENSMUSG00000040747.9

ENSMUSG00000059498.13
ENSMUSG00000026656.15
ENSMUSG00000020044.13

Ptprc 0.94
Cds3
Fcgr3
Fcgr2b

Timp3

Table 5.5: Expression profiles of non-neuronal and neuronal marker genes for MACS and dissociated
DRG samples from (Thakur et al., 2014). Expression listed in FPKM for individual samples for markers
for DRG neuronal cells, Schwann cells, satellite glial cells, and immune cells (including macrophages).
Colour-coding according to low (blue) and high (red) expression for each gene comparatively
between samples. Markers from (Liang et al., 2020; Ray et al., 2018; Wangzhou et al., 2020; Zeisel et
al., 2018)

The nociceptor-enriched MACS-cells had a higher level of expression of neuronal
markers. However, it is additionally observed that certain markers of non-neuronal
cells (including Agp1, Ube2c and Ptprc) were expressed at comparatively higher
levels in MACS-cells, compared to dissociated cells. Whether this was due to mild
contamination or biologically relevant differences in expression of marker genes
within the nociceptor population is not clear. Further exploration of the cell-type
distribution within the transcriptomic datasets obtained was carried out by
comparing our samples to genes enriched in nociceptor cells (Thakur et al., 2014). A
select number of marker genes were assessed of a total of 920 found
transcriptionally over-represented in MACS-cells due to particularly high over-

presentation.
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Interestingly, the E16.5 soma samples exhibit considerable expression of nociceptor
enriched genes, while the 8WO samples had very low expression, with the axonal
compartment largely devoid of expression of the marker genes (Table 5.6). For
comparative assessment, the expression pattern of the nociceptor-enriched genes
within the MACS-nociceptor cultures of Thakur et al. were obtain and compared to

their dissociated cultures (Table 5.7).

Nociceptor enriched genes (Thakur et al., 2014)
Gene ID Gene name MACS Dissociated
ENSMUSG00000034115.10 |Scnlla 249.42 268.55
ENSMUSG00000078698.3 |Mrgpra3 45.05 52.58 42.24
ENSMUSG00000070551.3  |Mrgprb5 13.55 15.72
ENSMUSG00000070552.2 |Mrgprx1 39.15 31.88
ENSMUSG00000029503.16 |P2rx2 4.49 3.77

Table 5.7: Expression profile of nociceptor-marker genes for MACS and dissociated DRG samples
from (Thakur et al., 2014). Colour-coding according to low (blue) and high (red) expression for each
gene comparatively between samples

The expression of nociceptor-enriched genes was significantly higher within the
MACS-population of cells, confirming the marker genes present a profile of

nociceptors.

Characterising the RNA expression patterns of the axonal transcriptome by
comparing to the transcriptome of non-neuronal and neuronal cells, including
Schwann cells, STG cells, and nociceptors, showed heterogeneous expression
patterns of marker genes within the axonal compartment (Table 5.4). This data was
attributed to possible contamination of non-neuronal cells. However, as previously
discussed, the axonal compartment is distinct compared to the somal, with a
unique transcriptome profile (see also Chapter 1). Consequently, marker genes for
specific cell-types may not retain their unique role within the axon compared to the
soma, or even be expressed within the axonal compartment. In order to assess the
purity of the axonal compartment for a representative axonal transcriptome, a
comparative assessment was carried out of the expression pattern of select marker
genes enriched in the neurite (axon and dendrite) transcriptome (von Kiigelgen &

Chekulaeva, 2020) (Table 5.8).
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Increased expression of nearly all selected marker genes of the neurite
transcriptome was observed in the axonal samples from both embryonic and adult
mice, clearly showing the RNA extracted from axonal compartment exhibits a
transcriptome profile representative of the axonal transcriptome as previously
characterised (Table 5.8). It should, however, be noted that non-neuronal markers
appear within the neurite transcriptome, thus indicating the possible

contamination of non-neuronal cells in all established axonal preparations.

In summary, a characterisation of the cell-type distribution in the somal and axonal
compartment was attempted, through the comparative assessment of expression
of marker genes for non-neuronal and neuronal cells. Expression of markers of non-
neuronal cells in the axonal compartment of DRG-cells from both embryonic and
adult mice was established, which may indicate a contamination within the axonal
compartment. A comparative assessment of expression of RNAs previously
established as enriched in the neurite compartment, showed RNA expression
clearly representative of an axonal transcriptome in axonal samples from both
embryonic and adult mice, thus the non-neuronal contamination would be present
in all axonal preparations. The RNA extracted from the axonal compartment of
DRGs is shown to contain a distinct transcriptomic profile, distinct from that of
neuronal or nociceptor cells and is therefore considered an axonal transcriptome

for the remainder of this thesis.

5.3.3 PGE-induced sensitisation causes distinct changes to the axonal
transcriptome

The transcriptomic profile of the axon and the soma were broadly characterised as
unique, however, the defining features thereof remain elusive. Additionally, the
changes induced to the axonal transcriptome by PGE; are unknown. To evaluate the
changes to the local transcriptome of the axon in a sensitised state, DESeq2 was
utilised to compare PGE;-treated axonal samples to control axonal samples for

E16.5 (Figure 5.4A) and 8WO (Figure 5.4B).
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Figure 5.4: Significantly changed RNAs in the axon of embryonic and adult DRG-cells following
prolonged PGE,. Volcano plot of the effect of PGE,-treatment on RNAs localised to the axon of A.
E16.5 and B. 8WO mice evaluated using DESeq2 (n=3 for each condition). RNAs increased with PGE,
measured as -Logio(Fold Change) and Logs(regular p-value) are found on the right and RNAs
decreased with PGE, are observed on the left of the graph

Statistically significant differences induced by incubation with PGE; in the axon
were calculated by comparing PGE,-treated axonal RNA to control axonal RNA

individually for E16.5 DRG-cells (Figure 5.4A) and 8WO DRG-cells (Figure 5.4B) using
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DESeq2. 155 and 496 RNAs and were significantly increased (with a regular p-

value<0.05) with PGE,-treatment for E16.5 and 8WO respectively, while 238 and
228 RNAs respectively were significantly decreased. A comparison of the overlap
between results from E16.5 and 8WO mice was carried out and shown in a Venn

diagram (Figure 5.5).

A. Axonal RNAs increased in the PGE, sensitisation model

Embryonic
182
23

Adult
473

B. Axonal RNAs decreased in the PGE, sensitisation model

Embryonic
235

Adult
225

Figure 5.5: Venn diagrams show the overlap of RNAs significantly changed in the axon of E16.5 and
8WO DRG-cells following prolonged incubation with PGE,. A. 23 RNAs significantly increased (p-
value<0.05, DESeq2) in the axon of both E16.5 and 8WO DRG-cells following 24H 10uM PGE,
incubation. B. 3 RNAs significantly decreased (p-value<0.05, DESeq2) in the axon of both E16.5 and
8WO DRG-cells following 24H 10uM PGE; incubation. Venn diagrams were created through BioVenn
(Hulsen et al., 2008)

3 RNAs (Mpped2, Slc22a1, and Myl2) were significantly decreased following PGE;

exposure, while 23 RNAs were significantly increased by PGE; in the axon for both
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embryonic and adult mice (Figure 5.5). Interestingly, known markers of pain

pathways such as Ngf and prokineticin receptor 2 (Prokr2) were included in the list

of RNAs increased with PGE; (Table 5.9).

Gene ID GeneSymbol E16.5_FC |E16.5_pvalue| 8WO_FC |8WO_pvalue
ENSMUSG00000040584.8 [Abcbla 3.734 6.32E-04 1.457 1.46E-02
ENSMUSG00000040396.12 [Abhd13 1.317 3.10E-02 1.213 2.35E-02
ENSMUSG00000002289.16 [Angptl4 4.835 2.56E-07| 2.333 2.02E-06
ENSMUSGO00000090698.2 [Apoldl 6.679 2.14E-04 2.025 1.59E-02
ENSMUSG00000037447.16 |Arid5a 2.047 1.24E-02| 1.405 1.45E-03
ENSMUSG00000036136.9 [Fam110c 7.022 1.59E-02| 1.769 1.32E-02
ENSMUSG00000003665.7 |[Hasl 3.035 9.49E-03 2.143 3.08E-03
ENSMUSG00000020653.12 [KIf11l 1.343 4.35E-02 1.492 1.10E-02
ENSMUSG00000027859.10 [Ngf 2.314 1.69E-04 1.430 4.94E-02
ENSMUSG00000028341.9 |Nr4a3 6.414 8.67E-05 2.858 2.22E-04
ENSMUSG00000021684.17 |Pde8b 1.576 2.84E-02 1.511 1.17E-02
ENSMUSGO00000050558.13 |Prokr2 2.585| 3.68E-03 10.624| 3.03E-02
ENSMUSG00000040511.14 [Pvr 1.669 1.88E-02 1.482 1.38E-02
ENSMUSG00000026142.15 |Rhbdd1 1.460 2.19E-02| 1.274 3.63E-02
ENSMUSG00000022462.7 |Slc38a2 1.376 2.37E-02, 1.243 4.37E-02
ENSMUSG00000027737.10 [SIc7all 2.728 9.92E-04 1.295 1.89E-02
ENSMUSG00000032802.8 [Srxnl 1.836 1.12E-03 1.337 1.55E-04
ENSMUSG00000032265.14 [Tent5a 2.044 5.82E-03 1.474) 2.88E-05
ENSMUSG00000040152.8 ([Thbsl 5.439 1.37E-02, 1.528 3.51E-02
ENSMUSG00000024379.4 (Tslp 9.257 5.98E-03 1.708 4.72E-02
ENSMUSG00000038172.14 [Ttc39b 1.534 1.68E-02, 1.253 1.50E-02
ENSMUSG00000020250.10 [Txnrdl 1.668 4,00E-02 1.449 6.79E-03
ENSMUSG00000039646.5 |[Vasn 1.443 4.13E-02 1.277 4.82E-02

Table 5.9: Significantly increased RNAs in the axon following PGE ;-sensitisation protocol for
embryonic and adult mice showing the fold change, log,(FC), and regular p-value

5.3.4 The axonal transcriptome retains large proportion of expression

patterns despite maturity of cells

Differences between the compartments of the cell were assessed through t-tests of

uqTPMs separately for E16.5 and 8WO with Holm-Sidak correction for multiple

testing. 1577 and 2141 RNAs were significantly enriched (p-value<0.05) in the axon

compared to the soma for E16.5 and 8WO DRG-cells respectively. The similarities

between results from embryonic and adult mice were assessed by comparing the

lists of RNAs enriched in the axon (Figure 5.6).
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Enriched in the axonal transcriptome

Embryonic
811

766

Adult
1375

Figure 5.6: Venn diagram shows 766 RNAs were enriched in the axon compared to the soma in both
E16.5 and 8WO (p-value<0.05). Venn diagram was created through BioVenn (Hulsen et al., 2008)

766 RNAs were significantly enriched in both E16.5 and 8WO (Figure 5.6),
accounting for almost 50% of the genes enriched in the axonal E16.5 transcriptome.
The Ngf mRNA encoding NGF was the only axonal RNA significantly increased with
PGE; in the embryonic and adult mice, as well as being enriched in the axon for

both embryonic and adult mice.

5.3.5 Canonical pathways defining the axon of DRG-cells are altered by
PGE;-sensitisation

To further explore the functional significance of the differential localisation of RNAs
in the axon, as well as the changes evoked in our model of sensitisation, pathway
analysis was carried out through Qiagen IPA software, characterising cellular and

molecular pathways as well as upstream regulators.

The transcriptome of the control axon of embryonic and adult mice was explored
using IPA. RNAs were included in the analysis if they were significantly increased or

decreased (p-value<0.05) compared to the cell body with a log, fold-change of

121



more than 0.6 and less than -1. Tighter restrictions were imposed for RNAs
expressed comparatively lower in the axon to account for the high quantity of RNA
in the cell body. The top 20 canonical pathways characterising the axonal

compartment exhibit large overlap for embryonic and adult mice (Table 5.10).

Embryonic Z- Adult Z-
Canonical Pathways of RNAs enriched in the axon | score score

CREB Signalling in Neurons
EIF2 Signalling

Oxidative Phosphorylation

Phagosome Formation

Coronavirus Pathogenesis Pathway

Breast Cancer Regulation by Stathminl

G-Protein Coupled Receptor Signalling

Gustation Pathway -4.529 -2.84
Synaptogenesis Signalling Pathway -3.91 -3.053
cAMP-mediated signalling -4.116 -2.673
Calcium Signalling -3.772 -2.53
Netrin Signalling -4 -2.236
Dopamine-DARPP32 Feedback in cAMP Signalling -3.545 -2.646
Synaptic Long Term Depression -3.536 -2.5
IL-15 Production -3.638 -2.309
Assembly of RNA Polymerase Il Complex 3 2.828
GP6 Signalling Pathway -1.606 -4.025
Neuropathic Pain Signaling In Dorsal Horn Neurons -2.982 -2
Amyotrophic Lateral Sclerosis Signalling -2.84 -2.111
Dilated Cardiomyopathy Signalling Pathway -2.5 -2.333

Table 5.10: Top 20 canonical pathways of RNAs enriched in the axon for both E16.5 and 8WO mice.
Colour-coding indicates negative (blue) and positive (red) activation Z-score

Activation of elF2 and oxidative phosphorylation signalling pathways were observed
as characteristic of the axonal transcriptome of both E16.5 and 8WO. The elF2
signalling pathway was characterised by increased expression of translation
initiation factor Eif4a3 and RNAs encoding ribosomal proteins Rps12 and Rpl7a in
both E16.5 and 8WO. The oxidative phosphorylation signalling pathway was
characterised by increased expression of mediators of mitochondrial function

including Cox6b1 and Atp5md in both E16.5 and 8WO. CREB signalling in neurons
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had a negative activation score, indicating the repression of the pathway within the
axonal compartment for both E16.5 and 8WO, compared to the somal
compartment. Mediators of the CREB signalling pathway, which exhibited lowered
expression in the axon compared to the soma, included Ptgir and Cacnalh, which

encode the prostaglandin receptor 12, and the alpha-1H subunit of a voltage-gated

Ca?* channel.

IPA was subsequently used to evaluate statistically significant similarities of

expression profiles of PGE;-mediated sensitisation in the axon for embryonic and

adult mice. RNAs which were significantly increased or decreased (p-value<0.05)

with a log; fold-change of more than 0.5 or less than -0.5 were considered for the

analysis (Table 5.11)

Canonical Pathways of DE RNAs in the axon with PGE:

Synaptogenesis Signalling Pathway

Erythropoietin Signalling Pathway

Tumour Microenvironment Pathway

cAMP-mediated signalling

Adult Z-

score

IL-17 Signalling

Senescence Pathway

Dopamine-DARPP32 Feedback in cAMP Signalling

Amyotrophic Lateral Sclerosis Signalling

Protein Kinase A Signalling 0.816 1.155
Systemic Lupus Erythematosus In B Cell Signalling Pathway 1.633 0.277
Cardiac Hypertrophy Signalling (Enhanced) 0.333 1.528
Ferroptosis Signalling Pathway 0.447
IL-6 Signalling 1 0.816
CREB Signalling in Neurons -0.728 0.943
STAT3 Pathway N/A 1.633
Corticotropin Releasing Hormone Signalling 0.816 0.707
LPS/IL-1 Mediated Inhibition of RXR Function 1 -0.378
TREML1 Signalling N/A 1.342
Fc Epsilon RI Signalling N/A -1.342
White Adipose Tissue Browning Pathway 0.447 0.816

Table 5.11: Top 20 canonical pathways of RNAs increased with PGE; in the axon for both E16.5 and
8WO mice. Colour-coding indicates negative (blue) and positive (red) activation Z-score. Activation Z-
score is a numerical indicator of whether a given pathway is activated or inhibited based on
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expression of mediators of the pathway in the dataset. N/A defines a pathway with no clear
directionality

The top 20 canonical pathways varied greatly between embryonic and adult mice,
however, some pathways of interest were found to overlap including cAMP-
mediated signalling and signalling of pro-inflammatory cytokines IL-17 and IL-6

(Table 5.11).

In contrast to the canonical pathways, a large overlap was observed when

considering the top 20 predicted upstream regulators (Table 5.12).

Embryo Z- | Adult Z-
Upstream Regulators of DE RNAs in the axon with PGE:2 | score score
CREB1
forskolin
PDGF BB
LY294002
SB203580
H89
IL1B
F2
EGF
bucladesine
TGFB1
lipopolysaccharide
cyclic AMP

adenosine triphosphate
FGF2
GNAS

Salmonella enterica serotype abortus equi

lipopolysaccharide

prostaglandin E2
HGF
P38 MAPK

Table 5.12: Top 20 predicted upstream regulators of RNAs increased with PGE in the axon for both
E16.5 and 8WO mice. Colour-coding indicates negative (blue) and positive (red) activation Z-score
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Reassuringly, PGE; is a predicted upstream regulator for both embryonic and adult
datasets, demonstrating that these data indeed represent the effects of PGE;-
induced sensitisation in the axonal compartment. Interestingly, CREB1 is a
predicted upstream regulator in the axon following PGE;-sensitisation for both
E16.5 and 8WO, despite CREB signalling in neurons appearing repressed in axons
when comparing to soma for both embryonic and adult mice (Table 5.10). The
canonical pathway analysis shows CREB signalling in neurons to be activated for
adult mice and inhibited in embryonic mice in the axon following the PGE;-protocol
(Table 5.11). A closer look at the CREB1 pathway map shows differentiation in the
increased and decreased RNAs of the pathway between E16.5 and 8WO DRG-cells
following PGE;-sensitisation (Figure 5.7). The CREB1 pathway shows how upstream

regulators can induce pathways differently in different environments.
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Consequently, IPA was used to explore patterns characterising the axon of E16.5
and 8WO DRG-cells. The age of the mouse did not appear to affect the pathways
defining the RNAs of the axonal compartment. The canonical pathways defining the
axonal compartment were very similar, including elF2 and oxidative
phosphorylation signalling significantly activated, while CREB signalling in neurons
was repressed. In contrast, when considering the changes to the axon induced by
PGE;-sensitisation, significant differences were found between embryonic and adult
mice. Different canonical pathways characterised the transcriptome of the
sensitised axon, however, predicted upstream regulators, including PGE; and CREB1
were shown for both embryonic and adult mice. This suggests that although PGE»-
induced transcriptome changes in the axon are different between DRG-cells from

embryonic and adult mice, the underlying regulatory pathways are the same.

5.4 Discussion

In this chapter the local transcriptome of the axon of sensory neuronal cells was
explored. A distinct axonal transcriptome was shown, with high correlation
between data from embryonic and adult mice. Transcriptome changes to the axon
induced by the PGE,-sensitisation protocol were characterised by different RNA
expression profiles for embryonic and adult mice, however, with overlapping

regulatory pathways.

5.4.1 The axonal transcriptome was distinct compared to the soma
Clustering of RNA samples was shown according to compartment of the DRG-cell.
The axonal and somal samples from embryonic and adult mice exhibited clear
clustering according to the cell-compartment, predicting large distinct differences
to the transcriptome. In contrast, treatment with PGE; did not induce changes
capable of driving separate clustering in the axon, which was to be expected (data
not shown). A closer look at the RNA expression profile of the axon showed almost
50% overlap of RNAs enriched in the axon for embryonic mice with RNAs enriched
in the axon for adult mice, showing a striking overlap between mice of different
maturity. Previously an assessment of RNAs between two spinal levels showed

about 10% of the differentially expressed RNAs in embryonic cells were also
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differentially expressed in the adult dataset, where they accounted for about 25%
(Smith-Anttila et al., 2020). These data indicated progressive development of
distinct spinal levels between embryonic to adult cells, reflected in changes to the
transcriptome. In contrast, our data show a distinct axonal transcriptome likely

develops early and is retained through development from embryo to adulthood.

There is large diversity of cell-types found in dissociated DRG-cultures with some
data showing as little as 10% of the cells to be of a neuronal subtype (Thakur et al.,
2014). Indeed, when evaluating the expression of neuronal and non-neuronal
markers a clear pattern of a distinct neuronal population was not evident in the
somal or axonal compartment, rather broadly heterogenous expression was
observed. A comparative assessment of RNAs which had previously been
established as enriched in a broader neurite transcriptome, showed striking
increased expression in our axonal samples (von Kiigelgen & Chekulaeva, 2020).
The marker-genes for the core neurite transcriptome included several RNAs
encoding ribosomal-proteins (Rps18, Fau, Rps12, Rps2, Rplp1), as well as RNAs with
a variety of signalling and localised roles; Cox6al (mitochondrial function), Usf2
(Ca2+ responsive transcription), S100a13 (Ca2+ responsive protein secretion), Nes
(outgrowth formation), Anp32b (nuclear protein), Rhoc (plasma membrane), Ybx1

(RNA binding), Eif3f (translation machinery).

Previously, immunocytochemistry indicated the exclusive penetration of axonal
growths through the porous membrane of the compartmentalised chamber used
for cell culturing (see Chapter 3). The RNAseq data confirm a distinct biologically
homogenous fraction is obtained, exhibiting a unique transcriptome profile defining
the axonal compartment of the porous membrane chamber, with a large quantity
of retained information between embryonic and adult mice. However, variability
was observed in PCA plots indicating variation between axonal samples, in addition
to a comparative analysis of cell-subtype distribution through expression of marker
genes for non-neuronal cells. Non-neuronal contamination may be a source of
variation within all axonal preparations as indicated by the marker genes

characterising the neurite transcriptome. This should be addressed through cell
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sorting to obtain a purely neuronal culture from which axonal RNA could be

extracted.

5.4.2 The axonal transcriptome was characterised in part by elF2 signalling
Pathway analysis showed a high overlap of canonical pathways characterising the
axonal transcriptome for E16.5 and 8WO (Table 5.11). Of particular interest were
the pathways predicted to be activated through a positive Z-score, which included
elF2 signalling, oxidative phosphorylation and assembly of RNA polymerase |l
complex. Previous research has already shown a role for elF2 signalling in local
translation within the axon through an mTOR/PERK and calreticulin pathway
(Cagnetta et al., 2019; Pacheco et al., 2020). Rp/7a mRNA, which was found
significantly increased in the axon for both embryonic and adult mice, has been
shown to play a key role in elF2 signalling of local translation driving axon guidance
and branching, measured through immunofluorescent imaging following
stimulation of elF2-phosphorylation (Cagnetta et al., 2019). Oxidative
phosphorylation has additionally been previously shown as an activated pathway
within axons during elF2 signalling (Cagnetta et al., 2019). Oxidative
phosphorylation is commonly associated with mitochondrial activity and has
previously been shown as an activated pathway in mature myelinated axons
obtained from rats in vivo (Farias et al., 2020). These findings have not previously
been established in mice, thus this data provides novel additional support for these

signalling pathways being retained in mice.

The prediction of the activation of the pathway for assembly of RNA polymerase Il
complex is not immediately apprehensible, as RNAs are well-known to only be
transcribed within the nucleus of cells. However, the presence of mRNAs encoding
transcription factors, as well as nuclear transport machinery in the axon has been
shown previously (S.-J. Ji & Jaffrey, 2014; Minis et al., 2014). It is suggested that
retrograde transport of axonally translated and synthesised transcription factors,
such as CREB1, may follow axonal injury to drive expression profile changes (Korsak
et al., 2016; Melemedjian et al., 2014). Interestingly, a closer look at the axonal
datasets from E16.5 and 8WO show high expression of mRNAs encoding

transcription factors Atf4 and Creb1, which have been associated with local
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translation and in research of pain pathways (Cagnetta et al., 2019; Cox et al., 2008;
L. Dong et al., 2011). Additionally, Atf4 expression is known to be subject to
regulation by the elF2 pathway in pathological conditions in neurons of the CNS,
with elevated Atf4 associated with misregulation of protein synthesis (Krukowski et
al., 2020; Pitale et al., 2017). Furthermore, elevated expression of Atf4 RNA was
associated with increased expression of inflammatory and nociceptive mediators IL-
1B, IL-6 and TNF-aq, in retinal cells undergoing degeneration, in addition to several
chemokines, at both RNA and protein level in a pathway mediated by elF2-a (Rana

et al,, 2014).

Mediators of the CREB signalling pathway, which exhibited lowered expression in
the axon compared to the soma, included Ptgir and Cacnalh which encode a
prostaglandin receptor and a subunit of a Ca?* channel. This is puzzling, however,
correlates with previous data that has shown comparatively repressed expression
of RNAs encoding membrane-associated and transmembrane proteins in the axon,

despite elevated expression at the protein level (Minis et al., 2014).

In summary, a distinct axonal transcriptome is apparent, characterised by
expression of RNAs encoding ribosome-proteins and transcription factors, as well as

mediators of local translation.

5.4.3 PGE;-sensitisation induced changes to the axonal transcriptome
associated with PKA- and cAMP-signalling

To assess the differences in cells from embryonic and adult mice, the PGE;-
experimental design was repeated with DRG-cells from 8WO adult mice. However,
the treatment with PGE; was reduced to 12H due to practical constraints within the
laboratory. Nevertheless, Ngf was found significantly increased in the
transcriptomic analysis following PGE,-treatment in cells from adult mice,
confirming a validation measure from the embryonic model. Additionally, pathway
analysis using IPA shows PGE; as a predicted upstream regulator for both
embryonic and adult axonal RNA following PGE; pre-treatment, further confirming

comparability of the results, despite the differing treatment times.
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23 RNAs were significantly increased in the axon following PGE,-sensitisation for
both embryonic and adult mice. Interestingly, Ngf, was the only mRNA which
exhibited enrichment in the axon for both embryonic and adult mice, and
additionally exhibited significantly increased expression in the axon for both
embryonic and adult mice. The role of Ngf as a mediator of nociceptive plasticity
has previously been attributed to stimulation of neuronal cells by the NGF protein
produced by primarily immune cells in the periphery, however, these results
suggest a possible autocrine mechanism, where Ngf mRNA translocation to the

axon plays a role in sensitisation (Denk et al., 2017; Schmelz et al., 2019).

Due to the large variations in significantly increased RNAs following PGE-
sensitisation, pathway analysis showed variations in the canonical pathways
characterising the PGE,-sensitised axonal transcriptome, however, interesting
overlaps were nevertheless observed. IL-6, protein kinase A (PKA), and cyclic AMP
(cAMP)-mediated signalling exhibited positive activation Z-scores (Table 5.11).
These signalling pathways have all in previous research been linked to PGE;-
mediated sensitisation of DRG nociceptors (L.-Y. M. Huang & Gu, 2017; St-Jacques
& Ma, 2014). IL-6 is a known key mediator of inflammatory and neuropathic pain,
inducing hyperexcitability in nociceptors through ERK/MAPK and MNK1/2-elF4AE
signalling inducing increased activation of voltage-gated Ca?* channels, as well as
increased PGE;-induced signalling and expression of TRPV1-receptors (Kummer et
al., 2021; Moy et al., 2017). cAMP/PKA signalling has been shown to induce
significantly increased amplitude of ATP-currents, mediated by homomeric P2X3-
receptors in DRG-cells through PGE; binding to the EP3 receptor (C. Wang et al.,
2007). The role of PKA was shown through the PKA-inhibitor H89, which is
additionally found to exhibit a confident negative activation score in the axonal
transcriptome following PGE;-sensitisation, corresponding to an activated
PGE,/PKA-mediated pathway of sensitisation (Table 5.12). Consequently, the PGE;

protocol is shown to induce relevant pathways of sensitisation.

Predicted upstream regulators of the axonal transcriptome following PGE;-
treatments were, in contrast to canonical pathways, found to largely overlap for

samples from E16.5 and 8WO (Table 5.10). Discrepancies emerged, as CREB1 was
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predicted as an upstream regulator, while CREB signalling in neurons have opposite
activation scores in the canonical pathway analysis. The differences are explored
through a detailed look at the expression of downstream targets of CREB1 in our
datasets (Figure 5.7). While similarities are observed, different downstream targets
are shown for E16.5 and 8WO. The discrepancies are predicted to be attributed to
either the maturity of the cell or the variation in the length of PGE,-exposure. The
differences within the PGE-protocol could result in the in vitro model exhibiting
different stages of the development of hyperalgesia. Similarly, the differences in
RNA expression attributed to maturity may lead to diverse representation of CREB1

signalling.

5.4.4 Conclusions
In this chapter the local axonal transcriptome of DRG-cells was explored and
characterised through RNAseq and pathway analysis. A distinct axonal
transcriptome emerged, indicating a large overlap between embryonic and adult
mice. Pathway analysis showed significant overlap in the pathways defining the
local transcriptome including elF2 signalling, and mediators of pathways of local

translation.

The changes to the axonal transcriptome driving hyperalgesic priming following
PGE;-sensitisation protocol, showed differences to the RNA expression profiles
between embryonic and adult mice, however broad overlap in the predicted
regulatory mechanisms. This was suggested to be due to different stages of

hyperalgesic priming.

This is believed to be the first research to comprehensively assess the differences to
the axonal transcriptome in a model of sensitisation in mice, facilitating the search
for novel localised targets. Local targets, specifically RNAs playing key roles in the
manifestation of a sensitised state, are of particular interest as they can be further
explored as possible targets for novel therapeutics. Consequently, it was of interest
to further explore select RNAs emerging as significantly increased in the axon

following PGE,-sensitisation to assess potential targets of clinical relevance.
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Chapter 6: Novel mRNAs
localised to the axon facilitate the

development of sensitisation
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6.1 Introduction

Extensive research has gone into exploring the development of pain pathways,
however, despite this, few broadly effective treatments for chronic pain are
available. This may be due to limited understanding of the specific changes within
nociceptors driving the manifestation of chronic pain. Specifically, local protein
translation has been shown to drive development of hyperalgesia, therefore
changes to the transcriptome of the axon are predicted to be of key relevance

(Ferrari et al., 2013; Jiménez-Diaz et al., 2008; Zappulo et al., 2017).

6.1.1 Specific RNAs drive the development of sensitisation in the axon of
nociceptors

The search for novel targets for therapeutics is of particular interest in the field of
chronic pain. Next generation sequencing (NGS) has been utilised to identify
specific markers and targets in other fields of research such as SELENBP1 and
SLC4A1 RNA as biomarkers and possible therapeutic targets for hepatocellular
cancer (Han et al.,, 2021; Zhao et al., 2019). The surge in NGS studies presents a
novel opportunity to similarly apply the technique in the pursuit of novel targets for
therapeutics for chronic pain. As previously discussed, RNAseq has been used to
characterise sensory neuronal cells, as well as nociceptors specifically (see Chapter
1). Additionally, in the last decade a number of studies have been published
exploring the changes to the transcriptome of nociceptors in chronic pain states (J.
Ma et al., 2015; Uttam et al., 2018; Wu et al., 2016; Yin et al., 2016). Transcriptional
changes to pathways of inflammation were predicted and confirmed through
sequencing of DRG-cells following the induction of in vivo models of chronic pain (J.
Ma et al., 2015; Uttam et al., 2018). Neuroplastic changes inducing sensitisation in
nociceptors were additionally found to include increased expression of mediators
of axonal guidance in an in vivo model of burn pain (Yin et al., 2016). Furthermore,
axonal guidance and growth is mediated through localised translation, showing the
need for further research of the changes to the local transcriptome and regulation
thereof in the axon in states of chronic pain (Verma et al., 2005; Vogelaar et al.,

2009; J.-Q. Zheng et al., 2001).
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Through the use of translation inhibitors, including rapamycin, cordycepin, and
anisomycin, injected into the paw of rats, localised protein translation has been
shown to play a key role in the development of hyperalgesia in vivo (Bogen et al.,
2012; Ferrari et al., 2013; Jiménez-Diaz et al., 2008) (see also Chapter 5).
Additionally, the expression patterns of RNAs localised to the axon has been shown
to correlate with the probability of local translation (Shigeoka et al., 2016; Zappulo
et al., 2017). The existence of a distinct axonal transcriptome, subject to changes
during the development of sensitisation, introduces the possibility of interventions
delivered specifically to the periphery, targeting specific local mechanisms to
prevent or reverse the development of sensitisation. The characterisation of the
axonal transcriptome following PGE,-sensitisation facilitates the search for novel
RNA targets, mediating the localised neuroplastic changes driving hyperalgesic

priming of sensory neuronal cells.

In this chapter, 3 RNAs (Cebpb, Arid5a and Tnfrsf12a) shown to be significantly
increased in the axon following PGE;-sensitisation protocol, were depleted prior to
initiating the PGE,-protocol, to assess the effect of specific RNAs playing key roles in
the axon on the development of sensitisation. Cebpb encodes the transcription
factor C/EBPB and was identified as significantly increased in the axon with PGE; for
embryonic mice. Arid5a encodes the RNA-binding protein (RBP) Arid5a and was
found to be significantly increased with PGE; in the axon for both embryonic and
adult mice. Tnfrsf12a mRNA encodes the TWEAK receptor, Fn14, and was
significantly increased with PGE; in the axon for embryonic mice, as well as

enriched in the axon for both embryonic and adult mice.

6.2 Hypothesis and objectives

The hypothesis of this chapter is that inhibition of select RNAs, involved in the
development of sensitisation in the axon of DRG-cells, inhibits the development of

PGE,-induced sensitisation.
The objectives of this chapter were to:

- assess the effect of inhibition of Cebpb, Arid and Tnfrsf12a mRNA from DRG-

cells prior to initiating PGE»-sensitisation protocol, on nociceptor excitability
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6.3 Methods

The PGE;-model was optimised by using a stabilised version of PGE;, 16,16-
dimethyl PGE; (16,16-PGE;), which only had to be supplemented every 12H to

maintain a stable concentration (see detailed methods in Chapter 2.3)

A list of possible RNAs of interest was selected based on initial unbiased
bioinformatic analysis identifying RNAs which were enriched in the axon, and
significantly increased in the axon following PGE,-sensitisation protocol (see

detailed methods in Chapter 2.11). 3 RNAs were selected:

- Cebpb is significantly increased in the axon with PGE; for embryonic mice

- Arid5a is significantly increased with PGE; in the axon for both embryonic
and adult mice. Expression was confirmed in the control axon, however, in
control samples expression is significantly lower in the axon compared to
the soma by about 50%

- Tnfrsfl2ais significantly increased with PGE; in the axon for embryonic

mice, as well as enriched in the axon for both embryonic and adult mice

To validate the RNAseq results, Cebpb, Arid5a, and Tnfrsf12a mRNA was measured
using qPCR of somal and axonal RNA from E16.5 DRG-cells exposed to the PGE;- or

the control-protocol (see detailed methods in Chapter 2.8)

siRNAs specific for the RNAs of interest were introduced to the 16,16-PGE;-model
of hyperalgesia. E16.5 DRG-cells were exposed to 1uM siRNA targeting one of the 3
RNAs of interest, or a non-targeting control siRNA, for 48H. After 24H of siRNA
treatment, the 16,16-PGE;-sensitisation- or control- protocol was commenced.
Subsequently, the excitability of the nociceptors was measured in response to
capsaicin activation through Ca?* imaging according to previously described method

(see detailed methods in Chapter 2.4 and 2.9).
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6.4 Results

6.4.1 Stabilised 16,16-PGE; induces sensitisation of nociceptors
The efficacy of stabilised 16,16-PGE; as an inducer of sensitisation was assessed
through measurements of the excitability of nociceptors using Ca?* imaging

following activation with capsaicin (Figure 6.1).
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Figure 6.1: PFl of DRG-cells exposed to 24H 10uM 16,16-PGE; is significantly increased compared to
control-protocol following stimulation with capsaicin. A significant increase (20.5+4.7%) in
excitability is observed following 200nM capsaicin stimulation in DRG-cells exposed to 16,16-PGE;,
compared to control cells (* = p-value = 0.0221, paired t-test, n=4)

16,16-PGE> was found to induce a significant increase in Ca®* transients, measured
as peak fluorescent intensity (PFl), of the nociceptors following capsaicin activation,

mimicking the functional model of hyperalgesia induced by PGE..

6.4.2 Inhibition of target RNAs affect the establishment of sensitisation
3 RNAs were selected as possible key mediators of the manifestation of PGE;-

induced sensitisation, and qPCR was used to validate the RNAseq results.
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Figure 6.2: RT-qPCRs of target RNAs Arid5a and Tnfrsf12a, and housekeeping RNA Hprt in A. somal
samples and B. axonal samples. In the soma Tnfrsf12a and Arid5a are increased following 24H 10uM
PGE;, while Hprt expression remains stable. In the axon Tnfrsfl12a is increased while Hprt shows
slight variation in expression following 24H 10uM PGE,. gPCRs are carried out with Gapdh as the
reference gene and n=2 biological replicates

Measurements of expression of target RNAs in the somal fraction of RNA from
E16.5 DRG-cells confirmed the increase in expression of Arid5a and Tnfrsf12a
following PGE;-sensitisation protocol, while the reference gene Hprt remained
stable (Figure 6.2A). Measurements of expression of target RNAs in the axonal
fraction of RNA from E16.5 DRG-cells confirmed the increase in Tnfrsf12a
expression following PGE;-sensitisation protocol (Figure 6.2B). Variation in
housekeeping gene Hprt expression was observed in the axonal sample, however,
this was minor in comparison to the increase in Tnfrsf12a. Cebpb and Arid5a could

not be measured in the axonal samples (data not shown). Only 2 biological

138



replicates were assessed to show proof of principle, therefore, statistical

significance was not calculated due to low n-numbers.

Cebpb, Arid5a, and Tnfrsf12a RNA was separately depleted from E16.5 DRG-cells
prior to initiating the 16,16-PGE;-senstisation protocol. The activity level was
compared to untreated control cells, which were neither exposed to siRNAs nor
16,16-PGE;. The activity level of DRG-cells exposed to target siRNAs was
additionally compared to the PFl of DRG-cells exposed to a non-targeting siRNA

control as well as 16,16-PGE..
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Figure 6.3: % of PGE-sensitised PFl of E16.5 DRG-cells activated with 200nM capsaicin after
incubation with 48H 1uM target siRNA and 24H 10uM 16,16-dimethyl PGE,, compared to untreated
control cells, shows the effect of inhibition of select target RNAs on manifestation of sensitisation. A
significant increase was measured in cells pre-treated with siRNA control and 16,16-dimethyl PGE,
compared to control (n=6, * = p-value=0.0386, mixed effects ANOVA). A significant decrease (-
10.5+1.8%) was measured in cells pre-treated with Tnfrsf12a siRNA and 16,16-dimethyl PGE,
compared to the siRNA control with 16,16-dimethyl PGE, (n=5, * = p-value=0.0134, mixed effects
ANOVA). A non-significant decrease (n=3, -11.9+3.5%) was measured in cells pre-treated with Arid5a
SiRNA prior to pre-treatment with 16,16-PGE, compared to siRNA control and 16,16-dimethyl PGE.
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Pre-treatment with Cebpb siRNA prior to pre-treatment with 16,16-PGE; did not appear to affect the
sensitisation with 16,16-PGE,

A significant increase in the excitability of DRG-cells exposed to 16,16-PGE;+siRNA
control compared to the untreated control cells was observed, demonstrating a
model of sensitisation was indeed induced with 16,16-PGE; treatment, which was
unaffected by control siRNA (Figure 6.3). Inhibition of Arid5a RNA prior to 16,16-
PGE;-sensitisation was found to reduce the activity of cells, however this was not
significant. Inhibition of Cebpb RNA prior to 16,16-PGE; sensitisation did not appear
to affect the activity of cells. Tnfrsf12a RNA inhibition induced a statistically
signification decrease in excitability of nociceptors compared to DRG-cells treated
with control siRNA of ~—15%, with the excitability level equivalent to that of
untreated control cells. These results show that knockdown of axonally localised

Tnfrsf12a RNA plays a key role in 16,16-PGE;-induced sensitisation in DRG-cells.

6.5 Discussion

Previous studies have reported a key role for local translation in the axon in
mediating the development of hyperalgesia (Bogen et al., 2012; Ferrari et al., 2013;
Jiménez-Diaz et al., 2008; Melemedjian et al., 2014). Additionally, local RNA
expression has been shown to correlate with local translation, predicting the
significant effect of changes to the axonal transcriptome on the development of

sensitisation (von Kiigelgen & Chekulaeva, 2020; Zappulo et al., 2017).

In this chapter, novel RNA targets from the sensitised axonal transcriptome were

shown to affect hyperalgesic priming.

6.5.1 Inhibition of Cebpb RNA did not affect PGE,-induced sensitisation
Bioinformatic analysis showed Cebpb mRNA was significantly increased in the axon
of E16.5 DRG-cells following prolonged PGE»-incubation. In this chapter, increased
expression of Cebpb in the axon following incubation with PGE; could not be
confirmed through gPCR experiments. However, this could be attributed to very
low quantities of RNA in the axon, or even flawed primers as the RNA expression

could not be confirmed in control or somal samples either. Subsequent inhibition of
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Cebpb mRNA using siRNA did not appear to affect the activity-level of nociceptors,

measured as Ca?* transients following capsaicin activation.

Cebpb mRNA encodes the transcription factor C/EBPB, which is highly conserved in
mammals (Pulido-Salgado et al., 2015). C/EBPP has in rats been shown to play a
role in upregulated expression of P2X3R and TRPV1, both key receptors of
nociceptive signalling in DRGs, by forming a complex containing the transcription
factor Runx1 (Ugarte et al., 2012, 2013). In DRG-cells from mice an increase in
C/EBPB has additionally been associated with a decrease in abundance of Ky1.2 and
p-opioid receptor MOR, similarly leading to an increased excitability of sensory
neuronal cells (Z. Li et al., 2017). Data from rat and human cells show a functional
regulatory role of C/EBPB in induction of mPGES-1 mRNA, a specific PGE; terminal
synthase, further demonstrating the involvement in known pain pathways (Walters
et al., 2012). Extensive research on the role of C/EBPB in the CNS shows an increase
in expression of the transcription factor following cAMP or dopamine increase, or
depolarisation of the cell, however, also more broadly in inflammation states in glial
cells and memory formation in neuronal cells (Pulido-Salgado et al., 2015).
Remarkable similarities have previously been shown between memory formation
and the plasticity of sensory neuronal cells driving a state of sensitisation (Price &
Inyang, 2015). In several other non-neuronal cell-types, including osteoblasts and
chondrocytes, C/EBPP has been linked to the development of arthritis through NF-
kB-driven regulation of IL-6 expression and the expression of other inflammatory
mediators (Nishimura et al., 2020; Yan et al., 2010). Cebpb mRNA is a highly likely
mediator of pathways of sensitisation in the DRG, however, a localised effect of the

transcription factor has not yet been explored.

Due to previous assessments of the diversity of cell-types within DRG-cultures, the
expression pattern of Cebpb RNA in MACS-identified nociceptor cultures was
evaluated using the Neuro-Immune Interactions in the Periphery (NIPPY) database,
published by the Denk laboratory (Liang et al., 2020). Cebpb could not be confirmed
as expressed in MACS-sensory neurons in any condition above the margin of error-

threshold, demonstrating the mRNA is possibly primarily non-neuronal.
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Consequently, while Cebpb was indicated as a promising local target in
bioinformatic analysis of RNAseq data, as well as in previous research, our results
show that the inhibition of Cebpb RNA does not inhibit the development of a
sensitised state in DRG-cells. However, the indiscriminate inhibition of Cebpb RNA
expression could be hypothesised to induce a pathway to counteract the loss of the
transcription factor. An interesting future experiment would be to selectively
deplete the transcription factor in the axon of sensory neuronal cells as well as in
macrophages, where the transcription factor has been confirmed to play a role,
using microfluidic chambers with fluidic isolation and cell-specific RNAi such as
targeted AAV-vector based shRNA depletion, prior to the PGE;-sensitisation
protocol (S.-C. Kim et al., 2022). This would facilitate the study of the localised role

of Cebpb mRNA in the axon in during the development of sensation.

6.5.2 Inhibition of Arid5a RNA affected PGE;-induced sensitisation
Bioinformatic analysis of RNAseq data established Arid5a as significantly increased
in the axon following PGE;-sensitisation protocol in both E16.5 and 8WO DRG-cells.
In this chapter, increased expression of Arid5a in the cell body was established
using qPCR following prolonged incubation with PGE;, however, the expression
could not be validated in the axon. The mRNA had exhibited measurable expression
in the control axon through RNAseq, however, the RNA could not be measured in
either control or PGE; axonal samples using qPCR. The lack of measurable
expression using gPCR may therefore be due to low general expression in the axon.
Knockdown of Arid5a RNA through siRNA incubation was found to prevent the
development of a sensitised state, however, these results were not statistically
significant. This lack of statistical significance could be hypothesised to be due to
low n-numbers. Future experiments should be carried out to increase the n-
numbers, however, this could not be accomplished for this thesis due to time-

constraints.

Arid5a mRNA encodes the RNA-binding protein (RBP) Arid5a, which is known to
have both transcriptional and post-transcriptional roles (Nyati & Kishimoto, 2022).
Arid5a has been comprehensively associated with inflammation in both in vitro and

in vivo studies, associated with diseases including cancer, cardiac inflammation and
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autoimmune diseases (Nyati & Kishimoto, 2022; Tanaka et al., 2020). The RBP is
localised to the nucleus in stable cells but translocated to the cytoplasm in
inflammatory states where it is involved in specific mRNA stabilisation. Specifically,
Arid5a appears to be closely linked to regulation of the //6 mRNA (which encodes IL-
6) by binding to the 3’UTR of the mRNA and preventing degradation (Masuda et al.,
2013; Nyati & Kishimoto, 2022). Arid5a has been linked to two different pathways
of activation. Comprehensive research in murine macrophages shows the
involvement of a Toll-like receptor 4 (TLR4) and NF-kB/MAPK pathway to regulate
Arid5a which stabilises //6 mRNA inducing increased IL-6 expression which in turn
induces Arid5a expression in a circular pathway (Masuda et al., 2013; Nyati et al.,
2017). Toll-like receptor stimulation of DRG-neurons has been shown to induce pain
behaviours, with confirmation of TLR4 expression in sensory neuronal cells sensitive
to capsaicin-activation (Qi et al., 2011). Additional research indicates a
cAMP/PKA/CREB pathway of Arid5a induction causing an upregulation of //6
expression in cardiac fibroblasts (Tanaka et al., 2020). These posttranscriptional
mechanisms are of particular interest as IL-6 is a well-known and validated
mediator of chronic pain (Melemedjian et al., 2010; Segond von Banchet et al.,
2005). IL-6, NF-kB, MAPK, cAMP, CREB and PKA pathways have been associated
with PGE;-induced sensitisation of DRGs (St-Jacques & Ma, 2011). Arid5a mRNA
could therefore be predicted to play a role in nociceptive plasticity within these
pathways. Further supporting a local role, is research implicating axonal translation
of CREB following IL-6 stimulation to induce sensitisation (Melemedjian et al.,
2014). Consequently, Arid5a is suggested to play a role in the manifestation of
chronic pain by stabilising //6 mRNA in the axon, in a feedback loop where CREB

upregulation following IL-6 stimulation induces further Arid5a expression.

The expression of Arid5a was confirmed in MACS-identified nociceptor cells in both
sham operated mice, as well as sensory neurons of the ipsilateral and contralateral
side 8 days following PSNL (Liang et al., 2020). The expression of Arid5a mRNA
appeared to be increased in the ipsilateral joint, further supporting a role in

pathways of functional hyperalgesia.
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Consequently, Arid5a is predicted to play a role in the manifestation of a sensitised
state localised to the axon of sensory neuronal cells, possibly through CREB- and IL-

6-pathways.

6.5.3 Inhibition of Tnfrsf12a prevented PGE;-induced sensitisation
Tnfrsf12a was established as significantly increased in the axon following prolonged
incubation with PGE; in E16.5 DRG-cells, and additionally shown to be enriched in
the axon for both E16.5 and 8WO DRG-cells. Thfrsf12a was confirmed to be
increased following PGE;-sensitisation protocol in both the soma and the axon of
embryonic DRG-cells through gPCR. Inhibiting Tnfrsf12a RNA through siRNA
incubation was found to effectively prevent a sensitised state from developing, as

the excitability of nociceptors remained equivalent to that of control cells.

Tnfrsf12a mRNA encodes the TWEAK receptor, also known as Fn14. TWEAK/Fn14
activity has been implicated in a plethora of pathologies including cancer (Hu et al.,
2017), respiratory diseases (M. Wang et al., 2020), autoimmune diseases (W.-D. Xu
et al., 2016), heart failure (Ren & Sui, 2012), and bone loss (Du et al., 2015).
TWEAK/Fn14 effects are executed through interactions with the TRAF family of
adaptor molecules which bind to specific binding sites in the cytoplasmic domain of
Fn14 and subsequently induce downstream signalling pathways (Hu et al., 2017).
The TWEAK/Fn14 axis is found to initiate inflammatory pathways, including NF-
kB/STAT3, MAPK, and PI3K/AKT which induce increased expression of pro-
inflammatory cytokines and inflammatory mediators including TNF-a, IL-6, IL-1
and IL-8 (Du et al., 2015; Hu et al., 2017; Ren & Sui, 2012; M. Wang et al., 2020; W.-
D. Xu et al., 2016). TWEAK/Fn14 activity has been shown in both the healthy CNS
and in disease states such as multiple sclerosis and cerebral oedema (Yepes, 2007).
Once again, an inflammation pathway is suggested, as treatments with TWEAK
induces increases in IL-6 and IL-8. A limited body of work has been found to explore
Fn14 activity in sensory neuronal cells of the DRG (L.-N. Huang et al., 2019; Tanabe
et al., 2003). An increase in Fn14 was initially reported following peripheral nerve
injury, and subsequently related to axonal regeneration, however, interestingly,
independent of TWEAK expression (Tanabe et al., 2003). The effect of increased

Fn14 expression was attributed to ligand-independent TRAF-driven activation of the
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NF-kB pathway. Furthermore, increased expression of Tnfrsf12a mRNA, as well as
Fnl14 protein, in DRG-cells, independent of TWEAK expression changes, has been
shown to drive pain behaviours in SNL-induced model of neuropathic pain in mice
(L.-N. Huang et al., 2019). Increased Fn14 expression was suggested to be mediated
through the NF-kB pathway, through nuclear translocation of p65 protein, with
microinjection of Tnfrsf12a shRNA into the ipsilateral L4 DRG attenuating
neuropathic pain behaviours (L.-N. Huang et al., 2019). A localised role for Fn14 in
the axon of nociceptors would provide a novel supporting angle to an emerging

story of Tnfrsf12a RNA driving sensitisation.

Interestingly, when assessing the expression level in MACS-identified nociceptors,
Tnfrsf12a was found expressed only in the ipsilateral joint following PSNL. The lack
of expression in control conditions indicates a unique role in hyperalgesic priming,
unlike the CNS where TWEAK/Fn14 activity has been established outside disease
states (Yepes, 2007). Consequently, Tnfrsf12a RNA is suggested to play a key role,
localised to the axon of sensory neuronal cells, in the manifestation of a sensitised

state.

6.5.4 Conclusions
In summary, these experiments investigated the effect of inhibition of specific RNAs
on the development of a sensitised state in DRG-cells in vitro. Knockdown of
Tnfrsf12a mRNA induced a significant effect on PGE;-induced sensitisation,
preventing the development of hyperexcitability of nociceptors. Knockdown of
Arid5a, while underpowered, additionally indicates an effect on the development of
PGE;z-induced sensitisation. These data suggest Tnfrsf12a, and possibly Arid5a,

mediate neuroplastic pain pathways likely within the axon of nociceptors.
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Chapter 7: General Discussion

and Conclusions
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7.1 Summary of key findings

The work in this thesis characterises the axonal transcriptome of DRG-cells from
embryonic and adult mice, as well as the changes thereof in an in vitro model of
sensitisation. Through the use of porous membrane chambers and prolonged PGE;-
exposure, established as a key mediator of neuroplastic pathways of chronic pain,
an in vitro model of sensitisation was developed, and the changes to the axonal
transcriptome assessed (Chapter 3 and 4). Widespread conservation of the axonal
transcriptome was established between control embryonic and adult neuronal
DRG-cells. Pathways associated with local translation, including elF2-signalling,
were observed in the axonal transcriptome (Chapter 5). Pathways of inflammation
and neuroplasticity including IL-6-, IL-17-, and cAMP-signalling, were indicated to
characterise the changes to the transcriptome following PGE;-sensitisation (Chapter
5). 3 target RNAs (Arid5a, Cebpb, and Tnfrsf12a) were significantly increased in the
axon of DRGs and selected as possible key mediators of sensitisation in the local
transcriptome. Knockdown of Tnhfrsf12a significantly inhibited PGE,-induced
sensitisation in vitro (Chapter 6). Tnfrsf12a encodes the TWEAK receptor Fn14 and
both the mRNA and protein have been found increased in the DRG in a neuropathic
pain state, as well as associated with neurite outgrowth of neuronal cells, indicating
a role in pathways of synaptic plasticity (L.-N. Huang et al., 2019; Tanabe et al.,
2003). Additionally, while underpowered, knockdown of Arid5a mRNA reduced
hyperexcitability of nociceptors of embryonic DRGs (Chapter 6). Arid5a encodes the
RNA-binding protein Arid5a which has been associated with IL-6-, NF-kB-, CAMP-
and CREB-signalling pathways in inflammatory pathways, however, it has not
previously been studied in neuronal cells (Nyati et al., 2020; Tanaka et al., 2020).
These RNAs are consequently suggested as possible mediators of the development

of sensitisation in the axon of nociceptors.

7.1 The axonal transcriptome

The axonal transcriptome from DRG-cells of embryonic and adult mice was
characterised in Chapter 5. The axonal transcriptome was confirmed to reflect the
established neurite transcriptome, which identifies 61 RNAs including RNAs

encoding ribosomal proteins, but also translation mediators and Ca?* response
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proteins (von Kigelgen & Chekulaeva, 2020). While a conserved core transcriptome
is established for neurites, and now axons, differences to expression patterns of
other RNAs in the localised transcriptome have previously been attributed to
maturity or age of the animal (N. Sharma et al., 2020; Smith-Anttila et al., 2020),
gender of the animal (Mecklenburg et al., 2020; Smith-Anttila et al., 2020), or even
the spinal level of the DRG (Smith-Anttila et al., 2020). The axon of sensory
neuronal cells relies on regulatory mechanisms of local translation to facilitate
adaptation to external stimuli and changes in the physiological environment (Costa
et al., 2021; Melemedjian et al., 2010; Obara et al., 2012; Price & Géranton, 2009;
J.-Q. Zheng et al., 2001). Local translation drives synaptic plasticity and has been
shown to affect the protein expression of translational mediators, scaffolding
proteins, and neurotransmitter receptors in neuronal cells (Kindler & Kreienkamp,
2012; Shigeoka et al., 2016). The specific changes to the proteome induced through
local translation is shown to depend on the compartmentalised localisation of
mMRNAs and local regulatory mechanisms thereof (Zappulo et al., 2017). Therefore,
in this thesis, | used porous membrane chambers to assess the subcellular

transcriptomes (axons vs cell bodies) of DRG-cells from embryonic and adult mice.

Almost 50% of the RNAs enriched in the axon of embryonic DRG-cells were also
enriched in the axon of DRG-cells from adult mice (Chapter 5). Similarly to previous
studies, | found higher quantities of total RNAs in the axon of DRG-cells from adult
mice compared to embryonic mice (Gumy et al., 2011). Comparative pathway
analysis identified mediators of elF2- and oxidative phosphorylation signalling as

enriched in the axon in DRG-cells from both embryonic and adult mice.

EIF2 signalling has in previous research been identified as a key pathway involved in
proinflammatory cytokine expression, axon regeneration, and synaptic plasticity
through regulation of translation initiation (Pacheco et al., 2020; V. Sharma et al.,
2020; Shrestha et al., 2012). Oxidative phosphorylation is associated with
mitochondrial activity, the local presence of which in the axon has similarly been
indicated to play a key role in localised translation (Hollenbeck & Saxton, 2005; Kar
et al., 2014). Interestingly, not only was oxidative phosphorylation signalling found

to characterise the axonal transcriptome of both embryonic and adult rats, but
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mediators of elF2-signalling were also enriched in the axonal transcriptome of DRG-
cells from embryonic and adult rats (Gumy et al., 2011). Consequently, the axonal
transcriptome is shown to contain highly conserved RNA expression patterns,
constituting a core transcriptome which likely facilitates local translation. The
variable elements of the axonal transcriptome are predicted to mediate the rapid
adaptation of the axon to changing physiological environment and cellular

mechanisms.

7.2 Changes to the axonal transcriptome during sensitisation

Hyperalgesia is associated with increased excitability of nociceptors established
through lowered threshold for action potentials and shorter refractory period
facilitating increased frequency of action potentials (J. Huang et al., 2006; Khomula
et al., 2019; Weng et al., 2012). The manifestation of hyperalgesia is predicted to
rely on neuroplasticity mediated through regulatory mechanisms of local
translation (Ferrari et al., 2013; Kandasamy & Price, 2015; Khomula et al., 2019). In
vivo studies have demonstrated that local translation induces neuroplastic changes:
Injections of translation inhibitors, including cordycepin, anisomycin and
rapamycin, into the paw of rats was found sufficient to prevent or even reverse in
vivo models of hyperalgesia (Bogen et al., 2012; Ferrari et al., 2013; Jiménez-Diaz et
al., 2008). Therefore, | wished to assess the changes to the axonal transcriptome
during sensitisation, and subsequently specific localised transcripts, predicting the
effect thereof on local translation regulation and protein synthesis. The specific
changes to the axonal transcriptome were explored in our jn vitro model of PGE;-
induced sensitisation of DRG-cells in embryonic and adult mice (Chapter 3 and 4).
The PGE;-protocol was found to induce varying effects on the expression patterns

of RNAs in the axon between DRG-cells from embryonic and adult mice.

PGE,-triggered increased expression of mediators of synaptogenesis and CREB
signalling in the axon of DRG-cells from adult mice, pathways which were indicated
to be repressed in the axons of embryonic DRG-cells. Mediators of IL-7, IL-6, and
cAMP signalling pathways were increased in the PGE,-sensitised DRG-cells from

both embryonic and adult mice, however, the specific enrichment patterns varied.
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Of the IL-7 signalling pathway Clcf1, 1136g, Map2k6, Mmp13, Cebpb, Tnfsf11, 1111,
Ccl20, and Ptgs2 (COX2) mRNAs were increased in embryonic transcriptome, while
I11b, I11F10, Il6, Rasd2 and Tnf were increased in the adult transcriptome. The
variation in individual mRNA expression patterns of the same pathway is similarly
observed for CREB signalling. While CREB signalling was shown to be increased in
the axon of DRG-cells from adult mice and repressed in axons from embryonic
mice, CREB1 was strongly predicted as an upstream regulator of PGE,-sensitisation
in the axon for both embryonic and adult mice. Interestingly, previous studies have
shown a time-dependent increase in phosphorylation of CREB following increased
cAMP-signalling in the spinal cord, specifically in the early development of
hyperalgesia in vivo (Hoeger-Bement & Sluka, 2003; Liou et al., 2007). 24H, but not
1week, after induction of a surgical and a chemical model of in vivo chronic pain,
increased phosphorylation of CREB was associated with mechanical hyperalgesia,
the development of which was inhibited through early treatment with PKA
inhibitors (Hoeger-Bement & Sluka, 2003; Liou et al., 2007). Discrepancies regarding
the effect of cAMP-signalling in hyperalgesic priming remain evident, as both
targeted inhibition and activation of the pathway is associated with decreased
neuropathic pain behaviours (Skyba et al., 2004; F. Zhang et al., 2022). These
inherent differences may contribute to the variation in cAMP and CREB signalling
pathways shown in the axon of embryonic and adult DRG-cells following PGE;-

induced sensitisation.

Consequently, the results from 8 WO DRG-cells contained similarities compared to
E16.5 DRGs, as well as distinct differences in the changes to the axonal

transcriptome following PGE;-sensitisation.

7.3 Addressing limitations of the experimental design

While the differences in the axonal transcriptome following sensitisation could be
attributed to the difference in the age of the mice or the change to the PGE;-
protocol, additional variations in the experimental design should be addressed.
Variation in the PGE;-protocol were imposed due to laboratory restrictions, such

that adult DRG-cells were exposed to 12H PGE; rather than the 24H-protocol
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imposed for embryonic DRG-cells. 12H PGE;-exposure of adult DRG-cells was
sufficient to induce increased Ngf mRNA expression, as well as to predict PGE; as an
upstream regulator, thus it was accepted as an equivalent model of sensitisation
(Chapter 5). However, it cannot be refuted that the variation in PGE,-exposure may

cause the in vitro models to represent 2 different stages of sensitisation.

Differences to the library preparation (rRNA depletion for embryonic samples and
poly(A)-selection for adult samples) during RNAseq preparations were directly
addressed by imposing restrictions such that only protein-coding RNAs were
included in the comparative analysis. Additionally, while reads of non-neuronal
RNAs could have prevented reads for lowly expressed RNAs in the embryonic
samples due to rRNA depletion, increased sequencing depth of embryonic samples

is expected to compensate for this variation.

Finally, variation in the experimental design included gender-differences. While the
DRG-cells from adult mice were extracted from exclusively female mice, the
embryos were not gender-identified prior to DRG-extraction. Male embryos are
consequently expected, which is confirmed through the presence of Y-chromosome
associated genes in the transcriptome from embryonic DRGs. Several research
groups have presented significant sex-associated differences in pain pathways and
the development of hyperalgesia (Smith-Anttila et al., 2020; Tavares-Ferreira, Ray,
et al., 2022). Additionally, female mice have been shown to exhibit increased pain
behaviours to intraplantar PGE;-injections (Tavares-Ferreira, Ray, et al., 2022). The
differences in our results of the transcriptome following PGE;-sensitisation may
therefore similarly be partially due to the adult DRGs exclusively containing sensory
neuronal cells of female mice, while the embryonic DRGs assessed sensory

neuronal cells of both male and female mice.

Consequently, the variations in the compartmentalised transcriptome of the
embryonic and adult DRGs observed in our in vitro models, may be at least partially
influenced by the above-described experimental differences. However, despite the
variations, prolonged exposure to PGE; was shown to induce pathways associated

with sensitisation in DRG-cells from both embryonic and adult mice, through
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increased expression of inflammatory mediators, including Ngf, 1116, 116, Ill11, Tnf
and predicted activation of neuroplastic pathways including cAMP- and PKA-
signalling, confirming the use of the PGE,-protocol for inducing sensitisation in

DRG-cells (Chapter 5).

7.4 The role of polyadenylation in nociceptor priming

Through the development of our in vitro model of sensitisation, | aimed to assess
whether specific RNAs or pathways could be targeted to inhibit or reverse the
hyperexcitability of nociceptors. The polyadenylation inhibitor cordycepin (3’-
deoxyadenosine) is an adenosine analogue with specific effects on inflammatory
pathways of chronic pain. Cordycepin prevents the addition of a poly-A tail of select
RNAs in inflammatory states, hypothesised to be mediated through targeted arrest
of polyadenylation factors Wdr33 and CPSF4 on the mRNA (Ashraf et al., 2019).
Cordycepin treatment is associated with activation of AMPK and repression of
PI3K/mTOR/Akt and NF-kB pathways, pathways which are linked to regulating
protein synthesis (Engelmann & Haenold, 2016; Klann et al., 2004; Radhi et al.,
2021). The polyadenylation inhibitor has been shown to prevent and reverse
hyperalgesic behaviours in several in vivo models of chronic pain, including
carrageenan and PGE;-exposure (Ferrari et al., 2013), bee-venom exposure (Yang et
al., 2017), opioid-induced hyperalgesia (Khomula et al., 2019), and surgical models
in rodents (Ashraf et al., 2019). It was therefore of interest to assess the effects of
cordycepin on our in vitro model of PGE;-induced sensitisation. Initial experiments
revealed that concentrations higher than 20nM caused the DRG-cell-cultures to
detach from their plates prior to imaging. 20nM is considered strikingly low
compared to previous experiments with cordycepin, and it is hypothesised that the
toxic effects of the compound may be due to metabolite contamination (Radhi et
al., 2021). Cordycepin from 2 sources (cs-cordycepin and sa-cordycepin) was used in
the PGE;-protocol. Cordycepin (20nM) was given 12H after the PGE,-protocol was
initiated, for 12H of treatment (see Appendix A.3). Cs-cordycepin appeared to alter
the hyperexcitability induced by PGE;, however, limited n-numbers prevented
reliable statistical analysis. Sa-cordycepin did not appear to affect the

hyperexcitability induced by PGE; at the concentration used. In a previous in vivo
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model of osteoarthritis, cordycepin was found to target macrophages and prevent
tissue degradation which was associated with reduced pain behaviours (Ashraf et
al., 2019). The effect of cordycepin could consequently be mediated by non-
neuronal cells, the growth of which is minimised in in vitro cultures through
additions of growth factors (see Chapter 2 and 3). Furthermore, the different
results from 2 sources of cordycepin indicated variation in the composition of the
compound, consequently introducing the possibility that the effects of cs-
cordycepin could be due to metabolite contamination. Therefore, the effects of
cordycepin could not be confirmed in our experimental model, however, it is
suggested that the experiment should be replicated with validated preparations of

cordycepin at higher concentrations to obtain confident results.

7.5 Translatability of findings

The success-rate of translating preclinical findings to successful therapeutic
outcomes is a key concern. Translatability of results is particularly challenging from
animal models to successful clinical trials in humans, with notable examples of
failures such as compounds targeting NaV1.7 channels and NMDA receptors (Burma
et al., 2017; Fisher et al., 2021). Discrepancies are attributed to multiple factors
including variation in drug pharmacology in different species, heterogeneity of
human chronic pain conditions, and measured behavioural end-points, which
should be considered for the development of future in vivo assessments (Burma et
al., 2017). Similarly, considerations can be made which improves the initial
selection of targets taken forward at the preclinical stage from in vitro studies to in
vivo studies, by assessing the conservation of targets between species. It is
therefore imperative to explore how comparable the transcriptome profile of
human sensory neuronal cells is to the transcriptome of sensory neuronal cells to
mice. Research to explore the differences and similarities between human DRGs
(hDRGs) and mouse DRGs (mDRGs) have been initiated by several research groups
(Chapter 1 Table 1.2) (Nguyen et al., 2021; Ray et al., 2018; Sapio et al., 2016;
Tavares-Ferreira, Shiers, et al., 2022; Wangzhou et al., 2020). Expression patterns of
stimuli-specific receptors such as TRPM8 (cold-sensing) and PIEZO2 (gentle touch),

as well as broader expression of TRPV1 in most hDRG cell subtypes was observed,
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indicating different neuronal subtypes within hDRGs compared to mDRGs (Nguyen
et al., 2021; Shiers et al., 2020). Despite the inherent heterogeneity, similarities
between the transcriptome profiles of mMDRGs and hDRGs were established (Ray et
al., 2018; Wangzhou et al., 2020). High conservation of pharmacological targets
including transcription factors, receptors and ion channels was established between
mDRGs and hDRGs (Ray et al., 2018). However, interestingly, the process of
culturing DRG-cells from both humans and mice were found to induce differences
in gene expression profiles compared to cells that were sequenced immediately
following extraction (Wangzhou et al., 2020). While many neuronal targets, as well
as RNAs encoding ion channels and GPCR, showed lowered expression following
culturing, they were confirmed to remain expressed, which supported the use of
cultured cells. However, an increase in inflammatory markers was observed in
cultured cells, which was associated with transcriptome changes of axonal injury or
neuropathic pain. The differences attributed to culturing of cells indicated possible
inherent sensitisation in in vitro models. These findings demonstrate the
importance of verifying the in vitro model of hyperexcitability prior to sequencing,

to confirm the difference of the control-condition to the sensitisation-model.

Consequently, differences between mDRGs and hDRGs are clearly evident,
however, similarities are established which indicate translatability of results from
mDRGs in in vitro models once appropriate consideration and assessments are
made. Tnfrsf12a and Arid5a mRNAs were confirmed as expressed in hDRG-cells
through comparisons with published datasets (North et al., 2019), showing
conservation of the RNAs and implying promising translatability of the in vitro
results. Following results which demonstrate the knockdown of Tnfrsfi2a
successfully prevents the development of PGE;-induced sensitisation in embryonic
DRG-cells, Tnfrsf12a is presented as a promising novel target for future analgesic
therapeutics. Additional replicates are required to confidently assess the role of
Arid5a in the development of PGE;-induced sensitisation, however, underpowered

results imply Arid5a also mediate the development of sensitisation.
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7.5 Concluding remarks and future directions

Future studies should attempt to further explore the regulatory mechanisms of
local translation of key RNAs in the axon in sensitisation development. Experiments
have demonstrated the role of alternative splicing in targeting RNAs for axonal
localisation and translation, specifically showing preferential expression of short
sequence motifs in the axon (Minis et al., 2014; Shigeoka et al., 2016). Additionally,
alternative splicing of key RNAs has been associated with the development of
neuropathic pain (Donaldson & Beazley-Long, 2016). It is predicted that
bioinformatic analysis of accessible RNAseq results from the axonal compartment
of sensory neuronal cells, could be used to identify specific local RNAs driving
sensitisation (Ha et al., 2018; X. Wang & Cairns, 2013). Furthermore, findings
regarding changes to the transcriptome should be supported by assessments of the
translatome of axons from sensory neuronal cells. This could be carried out using
established methods for sequencing of mMRNA-ribosome complexes isolated from
the axon, such as axon-TRAP-RiboTag (Shigeoka et al., 2016). Finally, it is suggested
that future work should be carried out using hDRG-cells to assess the role of key
RNAs, such as Tnfrsf12a and Arid5a, in human neuronal cells thereby aiming to
increase the translatability and clinical relevance of results. A key experiment of
interest with hDRG-cells is proposed, where the effect of exclusively axonal
knockdown of key RNAs on the development of sensitisation is assessed through
the use of compartmentalised microfluidic chambers and functional measurements

such as cell excitability in an in vitro model of sensitisation.

This is believed to be the first study to use sequencing to attempt profiling of the
axonal transcriptome in a sensitised state in mice. An age-independent axonal
transcriptome in DRG-neurons is demonstrated, which is suggested to play a large
role in axon growth, functional maintenance, and nociceptive signalling.
Importantly, the axonal transcriptome is shown to be modulated by PGE;, inducing
sensitisation. Knockdown demonstrated that at least one axonal mRNA (Tnfrsf12a)
mediates the development of sensitisation of nociceptors in our system. These data
are likely to ultimately contribute to the development of novel analgesic

therapeutics.
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A.1 FastQC files show quality of base-calls for RNAseq files

To evaluate the quality of the RNAseq files, FastQC files were obtained in a local
instance of Galaxy. FastQC files shows the estimated quality of the predicted base-
call for each position in a given read. A high score indicates high quality (Q)
corresponding to the background colour with green (Q=28-40) indicating a high
quality, yellow (Q=20-28) indicating acceptable quality and red (Q=0-20) indicating
poor quality. Q is defined by the equation:

Q = -logio(e)
Thus Q=20 equals an error rate of 1 in 100.

A.1.1 FastQC files for RNA samples from embryonic mice (E16.5)
TA1R1

Quality scores acrass all bases (Sanger / llumina 1.9 encoding)
40
38
36
34
32
30/
28
26/
24
22
20/
18
16
14
12

123456788 1518 30-34 4548 6064 7579 90-94 105-109 120-124 135139 150
Position in read {bp)

TA1R2

Quality scores across all bases (Sanger / llumina 1.8 encoding)

40

1]

I

18 —

38

]
34

zf—

30

28

26

24

22
20

——

16
14
12 -

T

1234567829 1518 30-34 45-49 60-64 7579 90-94 105-109 120-124 135139 150
Fosition in read {bp}
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TA2 R1

Quality scores across all bases (Sanger / llumina 1.8 encoding)

1234567 89 1518 3034 4549 6064 7579 80-94 105-109 120-124 135139 150
Positien in read {bp)

TA2 R2

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 8 1518 3034 4549 6064 7579 90-94 105106 120-124 135138 150
Position in read {bp)

TAD R1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 9 1519 3034 4549 6064 7579 90-94 105-109 120-124 135139 150
Fosition in read {bp)
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TAD R2

Quality scores across all bases (Sanger / llumina 1.8 encoding)

1234567 89 1518 3034 4549 6064 7579 80-94 105-109 120-124 135139 150
Positien in read (bp)

VA1R1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 8 1518 3034 4549 6064 7579 90-94 105106 120-124 135138 150
Position in read {bp)

VA1 R2

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 9 1519 23034 4549 6064 7579 90-94 105109 120-124 135139 150
Position in read {bp)
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VA2 R1

Quality scores across all bases (Sanger / llumina 1.8 encoding)

1234567 89 1518 3034 4549 6064 7579 80-94 105-109 120-124 135139 150
Positien in read (bp)

VA2 R2

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 8 1518 3034 4549 6064 7579 90-94 105106 120-124 135138 150
Position in read {bp)

VAD R1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 9 1519 23034 4549 6064 7579 90-94 105109 120-124 135139 150
Position in read {bp)
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VAD R2

Quality scores across all bases (Sanger / llumina 1.8 encoding)

1234567 89 1518 3034 4549 6064 7579 80-94 105-109 120-124 135139 150
Positien in read (bp)

TS1R1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 8 1518 3034 4549 6064 7579 90-94 105106 120-124 135138 150
Position in read {bp)

TS1R2

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 9 1519 23034 4549 6064 7579 90-94 105109 120-124 135139 150
Position in read {bp)
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TSB R1

Quality scores across all bases (Sanger / llumina 1.8 encoding)

1234567 89 1518 3034 4549 6064 7579 80-94 105-109 120-124 135139 150
Positien in read (bp)

TSB R2

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 8 1518 3034 4549 6064 7579 90-94 105106 120-124 135138 150
Position in read {bp)

TSD R1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 9 1519 23034 4549 6064 7579 90-94 105109 120-124 135139 150
Position in read {bp)
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TSD R2

Quality scores across all bases (Sanger / llumina 1.8 encoding)

1234567 89 1518 3034 4549 6064 7579 80-94 105-109 120-124 135139 150
Positien in read (bp)

VS1R1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 8 1518 3034 4549 6064 7579 90-94 105106 120-124 135138 150
Position in read {bp)

VS1R2

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 9 1519 23034 4549 6064 7579 90-94 105109 120-124 135139 150
Position in read {bp)
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VSB R1

Quality scores across all bases (Sanger / llumina 1.8 encoding)

1234567 89 1518 3034 4549 6064 7579 80-94 105-109 120-124 135139 150
Positien in read (bp)

VSB R2

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 8 1518 3034 4549 6064 7579 90-94 105106 120-124 135138 150
Position in read {bp)

VSD R1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 9 1519 23034 4549 6064 7579 90-94 105109 120-124 135139 150
Position in read {bp)

164



VSD R2

Quality scores across all bases (Sanger / llumina 1.8 encoding)

1234567 89 1518 3034 4549 6064 7579 80-94 105-109 120-124 135139 150
Positien in read (bp)

A.1.2 FastQC files for RNA samples from adult mice (8WO)
TAl

Qualtty scores across sll bases (Sanger / llumina 1.9 encoding)

123456789 1213 1819 2425 3031 3637 4243 4849 5455 6061 6667 7273 76
Position in read (bp)
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TA2

Quality scores across all bases {(Sanger / llumina 1.9 encoding)

12324586789 1212 1819 2425 3031 36-37 4243 4849 5455 6061 6667 7273 76
Position in read (bp)

TA3

Quality scores across all bases (Sanger / llumina 1.9 encoding)

1232456789 1212 1819 2425 30-31 3637 4243 4849 5455 6061 6667 7273 76
Position in read (bp)

VA1l

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 % 1213 1819 2425 3031 38-37 4243 4849 5455 6061 6667 7273 76
Pasition in read {bp)
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VA2

Quality scores across all bases {(Sanger / llumina 1.9 encoding)

12324586789 1212 1819 2425 3031 36-37 4243 4849 5455 6061 6667 7273 76
Position in read (bp)

VA3

Quality scores across all bases (Sanger / llumina 1.9 encoding)

1232456789 1212 1819 2425 30-31 3637 4243 4849 5455 6061 6667 7273 76
Position in read (bp)

TS1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 % 1213 1819 2425 3031 38-37 4243 4849 5455 6061 6667 7273 76
Pasition in read {bp)

167



152

Quality scores across all bases {(Sanger / llumina 1.9 encoding)

12324586789 1212 1819 2425 3031 36-37 4243 4849 5455 6061 6667 7273 76
Position in read (bp)

TS3

Quality scores across all bases (Sanger / llumina 1.9 encoding)

1232456789 1212 1819 2425 30-31 3637 4243 4849 5455 6061 6667 7273 76
Position in read (bp)

VS1

Quality scores across all bases (Sanger / llumina 1.9 encoding)

12345678 % 1213 1819 2425 3031 38-37 4243 4849 5455 6061 6667 7273 76
Pasition in read {bp)
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VS2

Quality scores across all bases {(Sanger / llumina 1.9 encoding)

12324586789 1212 1819 2425 3031 36-37 4243 4849 5455 6061 6667 7273 76
Position in read (bp)

VS3

Quality scores across all bases (Sanger / llumina 1.9 encoding)
EL

34
32/
30
28
26
24
22/
20/

1232456789 1212 1819 2425 30-31 3637 4243 4849 5455 6061 6667 7273 76
Position in read (bp)

A.2 Coding scripts

A.2.1 Coding masterscript for data-files from E16.5 mice

#STAR generates genome files:

STAR --runMode genomeGenerate --genomeFastaFiles
~/RNAseqg/Resources/GRCm38.primary_assembly.genome.fa --genomeDir
~/RNAseq/Resources/STAR_idx/ --runThreadN 6 --sjdbGTFfile

~/RNAseq/Resources/gencode.vM25.annotation.gtf --sjdbOverhang 50
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for x in 'Is ~/RNAseqg/DRG_totalembryo/*.fastq.gz | sed | sed

sed | sed | uniq

do

rm -f ~/RNAseq/temp/BAMsort/0/*
rm -f ~/RNAseq/temp/BAMsort/1/*
rm -f ~/RNAseq/temp/BAMsort/2/*
rm -f ~/RNAseq/temp/BAMsort/3/*
rm -f ~/RNAseq/temp/BAMsort/4/*
rm -f ~/RNAseq/temp/BAMsort/5/*
rmdir ~/RNAseq/temp/BAMsort/*
rmdir ~/RNAseq/temp/BAMsort
rm -f ~/RNAseq/temp/*

rmdir ~/RNAseq/temp

#Mapping with STAR

echo run STAR
STAR --genomeDir ~/RNAseq/Resources/STAR_idx/ \
--runThreadN 6 \
--readFilesCommand zcat \
--readFilesIn ~/RNAseq/DRG_totalembryo/${x}_R1_001.fastq.gz
~/RNAseq/DRG_totalembryo/${x}_R2_001.fastq.gz \
--outFileNamePrefix ~/RNAseq/DRG_totalembryo/STAR_output/${x} \
--outTmpDir ~/RNAseqg/temp \
--outSAMtype BAM SortedByCoordinate \
--quantMode GeneCounts \

--clip5pNbases 5\
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--clip3pNbases 94

done

#echo finished STAR

#Sorting with samtools

for x in "Is ~/RNAseq/DRG_totalembryo/STAR_output/*.sortedByCoord.out.bam | sed

"s/.*VIIg" | sed "s/[.]JsortedByCoord[.Jout[.]Jbam//g" | sed "s/Aligned//g" | uniq

do

echo ===== file $X =======;

samtools index

~/RNAseq/DRG_totalembryo/STAR _output/${x}Aligned.sortedByCoord.out.oam

samtools sort -n -0 ~/RNAseq/DRG_totalembryo/samtools_output/${x}.sort_readid.bam

~/RNAseq/DRG_totalembryo/STAR _output/${x}Aligned.sortedByCoord.out.oam

done

echo finished samtools

#Counting with htseq

for x in "Is ~/RNAseq/DRG_totalembryo/samtools_output/*sort_readid.bam | sed "s/.*\///g" |

sed "s/[.]sort_readid[.]Jbam//g" | uniq

do
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htseqg-count --format=bam --order=name --stranded=no --idattr=gene_id
~/RNAseq/DRG_totalembryo/samtools_output/${x}.sort_readid.bam
~/RNAseqg/Resources/gencode.vM25.annotation.gtf >
~/RNAseq/DRG_totalembryo/htseq_counts/${x}_counts.txt;

done

echo finito

A.2.2 Coding masterscript for data-files from 8 WO mice

for x in 'Is ~/RNAseq/DRG_adult/*.fastq.gz | sed | sed | sed
| uniq "
do
echo === f||e $X o= -

rm -f ~/RNAseq/temp/BAMsort/0/*
rm -f ~/RNAseq/temp/BAMsort/1/*
rm -f ~/RNAseq/temp/BAMsort/2/*
rm -f ~/RNAseq/temp/BAMsort/3/*
rm -f ~/RNAseq/temp/BAMsort/4/*
rm -f ~/RNAseq/temp/BAMsort/5/*
rmdir ~/RNAseqg/temp/BAMsort/*
rmdir ~/RNAseq/temp/BAMsort
rm -f ~/RNAseq/temp/*

rmdir ~/RNAseq/temp
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#STAR is run with previous genome files, without cutting and only with one file per sample

(not paired sequencing)

echo run STAR

STAR --genomeDir ~/RNAseq/Resources/STAR_idx/ \
--runThreadN 6\
--readFilesCommand zcat \
--readFilesIn ~/RNAseq/DRG_adult/152-${x}.fastq.gz \
--outFileNamePrefix ~RNAseq/DRG_adult/STAR_output/${x} \
--outTmpDir ~/RNAseqg/temp \
--outSAMtype BAM SortedByCoordinate \

--quantMode GeneCounts \

done

echo finished STAR

for x in 'Is ~RNAseq/DRG_adult/STAR _output/*.sortedByCoord.out.bam | sed "s/.*\///g" |

sed "s/[.]JsortedByCoord[.]Jout[.]bam//g" | sed "s/STAR_bam_//g" | sed "s/Aligned//g" | uniq "

do

samtools index ~/RNAseq/DRG_adult/STAR_output/${x}Aligned.sortedByCoord.out.bam
samtools sort -n -0 ~/RNAseq/DRG_adult/samtools_output/${x}.sort_readid.bam

~/RNAseq/DRG_adult/STAR_output/${x}Aligned.sortedByCoord.out.bam

done

echo finished samtools
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for x in 'Is ~/RNAseq/DRG_adult/samtools_output/*sort_readid.bam | sed

| uniq

do

htseg-count --format=bam --order=name --stranded=no —idatir=gene_id
~/RNAseq/DRG_adult/samtools_output/${x}.sort_readid.bam
~/RNAseqg/Resources/gencode.vM25.annotation.gtf >

~/RNAseq/DRG_adult/htseq_counts/${x}_counts.txt;

done

echo finite

A.2.3 DESeqg2 inR

directory <- "/users/paxaat/RNAseq/DRG_adult/htseq_counts/"
sampleFiles <- grep("counts" list.files(directory),value=TRUE)

sampleFiles

Samp|eCOﬂdItl0n<- C("T","T",“T","T","T",“T","V","V",“V", llVll,llVll,llVll)

Samp|eGrOUp<- C(IITAH’IITAII’IITAII’IITSII’IITSll’IITSII,IIVAII’IIVAII’IIVAII,IIVSII’"VSII,IIVSII)

sampleTable<-data.frame(sampleName=sampleFiles, fileName=sampleFiles,

condition=sampleCondition, group=sampleGroup)

sampleTable
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library("DESeq2")
dds<- DESeqDataSetFromHTSeqCount(sampleTable = sampleTable, directory=directory,
design=~group)

colData(dds)

dds$condition

dds$group

dds<- DESeq(dds)

res_TVA<- results(dds, contrast=c("group","TA","VA"))
res_TVS<- results(dds, contrast=c("group","TS","VS"))
res_VAS<- results(dds, contrast=c("group”,"VA","VS"))

res_TAS<- results(dds, contrast=c("group”,"TA","TS"))

plotCounts(dds, gene=which.min(res_TVA$padj]), intgroup="group")

resOrdered_TVA <- res_TVA[order(res_TVAS$pvalue),]

resOrdered_TVS <- res_TVS[order(res_TVS$pvalue),]
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resOrdered_VAS <- res_VAS|order(res_VAS$pvalue),]

resOrdered_TAS <- res_TAS[order(res_TAS$pvalue),]

message("TVA")
head(resOrdered_TVA,20)
message("TVS")
head(resOrdered_TVS,20)
message("VAS")
head(resOrdered_VAS,20)
message("TAS")

head(resOrdered_TAS,20)

out1<- capture.output(summary(res_TVA))

cat("Summary Treated vs Vehicle axonal fraction", out1, file="summary_T_vs_V_axon.txt",
sep="\n")

out2<- capture.output(summary(res_TVS))

cat("Summary Treated vs Vehicle somal fraction", out2, file="summary_T_vs_V_soma.txt",
sep="\n")

out3<- capture.output(summary(res_VAS))

cat("Summary Vehicle axon vs soma", out3, file="summary_V_axon_vs_soma.txt", sep="\n")

out4<- capture.output(summary(res_TAS))

cat("Summary Treated axon vs soma", out4, file="summary_T_axon_vs_soma.txt", sep="\n")

write.csv(as.data.frame(res_TVA), file="T_vs_V_axon")
write.csv(as.data.frame(res_TVS), file="T_vs_V_soma")
write.csv(as.data.frame(res_VAS), file="V_axon_vs_soma")

write.csv(as.data.frame(res_TAS), file="T_axon_vs_soma")
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A.3 The effect of cordycepin on PGE,-induced sensitisation

The polyadenylation inhibitor cordycepin was introduced to the 16,16-PGE;-
protocol of sensitisation to assess whether select polyadenylation inhibition would
prevent the development of a model of sensitisation. Cordycepin from two sources,
sa-cordycepin (sigma-aldrich, reference, PHL82505) and cs-cordycepin (carbosynth,
ND02930), were introduced to the 16,16-PGE,-model. Cordycepin from two sources
were tested and separately analysed due to, as of yet, unpublished results from the
present laboratory indicating a striking difference in the verifiable concentration of
cordycepin from different sources. The discrepancies were shown in LC-MS
experiments and hypothesised to be due to metabolite contamination in the

obtained compounds.

Dissociated E16.5 DRG-cells were exposed to 20nM sa-cordycepin or cs-cordycepin
after 12-hours of 16,16-PGE; for 12-hours of treatment. The effect of cordycepin on
the development of 16,16-PGE;-induced hyperexcitability was evaluated through
measurements of Ca?* transients using Ca?* imaging according to previously
described methodology (See Chapter 2.9). The PFI following capsaicin activation
was normalised to the PFl of 16,16-PGE,-sensitised cells and subsequently

cordycepin-treated cells were compared to untreated control cells (Figure A.1).
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Figure A.1: Activity of E16.5 DRG-cells measured as % of PFl of DRG-cells sensitised by prolonged
treatment with 16,16-PGE,. DRG-cells were sensitised through 24H treatment with 10uM, however,
following 12H of treatment cells 20nM sa-cordycepin (n=3) or cs-cordycepin (n=2) was introduced
for the remaining 12H. sa-cordycepin did not appear to affect the significant increase in activity
induced by 16,16-PGE, (* = p-value = 0.0444, n=3, 2way ANOVA), however no significant increase
was observed when comparing control to cs-cordycepin treated cells (n=2).

Introducing sa-cordycepin did not decrease the PFI, indicating that sa-cordycepin
did not prevent the development of 16,16-induced hyperalgesic priming. However,
a decrease in the activity of DRG-cells was observed following cs-cordycepin
treatment, bringing the PFI closer to the level of control cells. While this initially
appears to indicate that cs-cordycepin has inhibited the development of
sensitisation, it is important to note that only n=2 biological replicates were

obtained and presented, which hinders reliable statistical analysis
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