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Abstract

Nociceptors are a subpopulation of DRG neurons that detects noxious stimuli and
signal pain. Voltage gated sodium channels (VGSC) are key factors in action potential

initiation and propagati onVGSWGSatn df-aftamiti ry G n c

subtypes. VGSC play an essential role in nociceptors hyperexcitability induced by
nerve injury and inflammation, therefore, they have been extensively studied as
potential targets for novel analgesics. Veratridine (VTD) is commonly used to screen
for novel analgesics (VGSC blockers). Despite the wide use of VTD in functional
assays, there is no information on its effect on DRG neurons. Therefore, the first part
of this study aimed to investigate the effect of VTD on a primary culture of DRG
neurons in calcium imaging to be able to use it to assess neuronal excitability. The
data showed that VTD produces distinct calcium responses in mouse DRG neurons
that vary in frequency of occurrence and cell size distribution. | classified VTD
responses according to their calcium decay rate and number of peaks into Slow Decay
(SD, 24%), Intermediate Decay (ID, 13%), Rapid Decay (RD, 13%) and Oscillatory
(OS, 48%) response profiles. VTD-response profiles correlated with both cell size and
various nociceptive markers. OS, ID and RD response profiles were produced mainly
by nociceptors (small diameter neurons) in contrast to the SD response profile that
showed a strong correlation with non-nociceptor (large diameter) neurons. The
variation in VTD response profiles reflects the qualitative and quantitative differences
inthe proteinconstellat i on f or each neuron subtype
fingerprinto response. I n support of t
blockers (PF-04856264 as Nav1.7 blocker, and A-803467 as Nav1.8 blocker) on VTD
elicited profiles. | found that Nav1.7 plays an essential role in eliciting all VTD response
profiles while Nav1.8 is particularly required for only the OS-producing nociceptors.
The result of this study showed a correlation between VTD response profiles,
nociceptive markers and specific VGSC subtypes and therefore VTD is suitable to
assess excitability in functional studies and drug screens.

The second part of this study focuses on the regulation of Navl.7 surface expression.
Navl.7 is a peripherally expressed VGSC subtype that is crucial for pain signalling. In
human, Navl.7 gain of function mutations are linked to painful conditions (e.qg.
inherited erythromelalgia and paroxysmal extreme pain disorder), while loss of

function mutation is linked to channelopathy-associated insensitivity to pain.
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Therefore, Nav1.7 is proposed to be a potential target for pain relief in human. Navl1.7
protein partners play an important role in regulating the channel cellular and functional
kinetics under (patho)-physiological conditions. In this study, | reported a novel
interaction between Nav1.7 and the light chain (LC2) of microtubule-associated protein
1A (MAP1A) in DRG sensory neurons. | showed that Nav1.7 colocalizes with MAP1A
heavy chain in the axons and neurites of the DRG neurons. | also showed that LC2
seems to negatively regulates Nav1.7 surface expression, most likely by acting as an
adopter protein that links Nav1.7 to the actin cytoskeleton and other proteins. This
study provides insight into the distribution of MAP1A in DRG sensory neurons and its
role in regulating Nav1.7 surface expression level. This work opens new perspectives
for investigating the role of the cytoskeleton networks in regulating VGSC in normal
and pathological conditions.
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Chapter 1: Introduction

1.1. Dorsal root ganglia (DRG) sensory neurons

The function of the nervous system greatly relies on a highly elaborated network of
neurons that mediates the communication between the brain and the different parts of
the body. The nervous system consists of two main parts: The Central Nervous
System (CNS) and the Peripheral Nervous System (PNS) that conveys information
from the peripheral tissues to the CNS through afferent (sensory) neurons, and the
outgoing signal is transmitted back to the periphery via efferent (motor) neurons. The
psuedounipolar somata of the sensory neurons aggregate outside the spinal cords
forming the Dorsal Root Ganglia (DRG). Sensory neurons send both peripheral axons

to innervate the peripheral tissues and central axons to the spinal cord.

1.1.1. Heterogeneity of sensory neurons:

Sensory neurons are highly specialised cell population that detects noxious and
innocuous peripheral stimuli. Sensory neurons are heterogeneous population that
includes neurons that respond to changes in temperature (thermosensors), changes
in pressure (mechanoreceptors), itch (pruriceptors), body movement and balance
(proprioceptors), and noxious and painful stimuli (nociceptors). Yet within each type,
a considerable level of heterogeneity is present which can be further sub-divided
according to differences in the molecular expression pattern of signalling molecules,
ion channels and receptors. Sensory neurons ar e wi del y Kknown

which multiple modalities can be integrated by one neuron, e.g. thermal and
mechanical stimuli. Such high level of molecular and functional heterogeneity is
essential for sensory neurons to be able to detect and integrate wide range of sensory

information (innocuous and noxious) 1617,

Several efforts have been made to classify DRG neurons according to various
properties. The earliest attempts to classify peripheral neurons were made by Erlanger
and Gasser in the 1927. The classification of peripheral fibres was made based on the
conduction velocity and was correlated to the diameter size in later studies. They
divided the sensory fibres into three groups: Ab, Al and C-fibres. They found that the
larger the diameter, the higher the velocity of conduction and magnitude of electrical
response but the lower the threshold of excitation. These properties are characteristic
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of myelinated group A fibres. The opposite applies for groups C fibres which are

unmyelinated, small diameter with low conduction velocity and higher threshold 819,

In addition, DRG neurons are also classically classified according to their soma size
into large, medium and small diameter neurons. DRG morphology is correlated to
neuronal function, where small and medium size neurons are mostly nociceptors that
send their unmyelinated C-fibres and thinly myelinated Au- fibres to the outer layer of
the spinal cord (lamina I-l1l). While, large diameter neurons are mostly
mechanoreceptors and propriocept or-8brestb
deeper regions in the spinal cord (lamina 1lI-V) 2021, Fig.1.1.

DRG neurons are also classified according to the expression of certain molecular
markers. Some are essential for the development and maturation of specific neuronal
subtypes like Tyrosine receptor kinase (TrkA, TrkB, TrkC and cRet) which are
receptors for nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin (NT3) and glial-derived neurotrophic factor (GDNF), respectively 132224,
DRG neuron subpopulation can be identified by a combination of those markers along
with others. Large diameter neurons are generally identified by neurofilament
expression (NF-200), but can be further sub-classified. Proprioceptive large diameter
neurons are known to be TrkC expressing cells (TrkC*). While the large diameter, low
threshold, mechanoreceptive neurons (LTMR) are TrkC* and / or TrkB*. On the other
hand, small diameter neurons are sub-classified according to their isolectin B4 (IB4)-
binding and to their neuropeptide content (substance P and calcitonin gene-related
peptide CGRP) into IB4* (non-peptidergic neurons, TrkA", cRet") and IB4- (peptidergic
neurons, TrkA*). Small diameter, LTMR C-fibres is a distinct (IB4", non-peptidergic)
subset within the small diameter neurons predominantly characterised by tyrosine

hydroxylase expression (TH) 232528,

at

sen
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Figure 1.1: Schematic representation of the various types of DRG sensory neurons and their
projection sites within the spinal cord. Sensory neuron somata reside outside the spinal cord.
The neurons are pseudounipolar, where they have a short stalk that divides into two projections (a
central and peripheral). The central projections terminate at distinct regions within the spinal cord.
The unmyelinated, peptidergic C-fibers (red) and the myelinated Au- fibres terminate at superficial
layer of the spinal cord making synapse with large projection neurons (red) in lamina | and
interneurons in the outer layer of lamina Il. The unmyelinated, non-peptidergic C-fibres neurons
synapse with interneurons (blue) in the inner layer of lamina Il. Large, myelinated Ab-fibers (orange)
synapse with PKCo expressing interneurons in that reside deep in the ventral half of the inner lamina
Il. A distinct set of projection neurons in lamina V (purple) receive signals from Al- and Ab- fibres.
Source (Basbaum et al., 2009) 13.

Severalif uncti onal & of ODRGrewrons are avdildble today. Some are
based on their calcium responses elicited by an array of pharmacological agents 2932,
or by a pan-neuronal agonist 2. In addition, several other classifications have been
proposed based on a single-cell PCR 3*, RNA-sequencing and microarray techniques
3538 Recently, data from single-cell RNA-sequencing of DRG neurons became
available 2°. Usoskin et al, have classified DRG neurons into 11 molecularly distinct
subtypes. Another study by Li et al, 2016 that used a single-cell (high coverage) RNA-
sequencing technique combined with in vivo electrophysiology suggested that DRG
subpopulations are far more complex than what all the previous studies have
described. The authors of this study proposed a new classification of the DRG neurons
based on unbiased transcriptomic, functional and morphological data. Their
classification consists of 10 main groups, and 14 sub-groups providing a new, more

comprehensive catalogue of DRG neurons “°. New DRG subtypes and new molecular
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markers have been suggested by this study. C1 1 C6 represents the small diameter

neuron groups, while C7 i C9 groups are the large diameter neurons. Further
subcalssification of these groups was proposed based on detailed gene network

analysis. C4-2 subgroup expresses high levels of both Mrgpra3 and Mrgpra4 genes

while C4-1 expresses only Mrgpra3. Gene cluster analysis of C2 reveals some

interesting neuronal subgroups where C2-2 subgroup expresses characteristic

functional genes of C2 (Ntrk1, Gfra3 and Nppb) along with other functional genes from

other groups (Pvalb and S100b i genes that are predominantly expressed in large

diameter neuron), thereforea A hy br i d st athi®GR-2 subcluster dineerits ed t o
gene expression pattern is a hybrid of small and large diameter neurons. Similarly, C6
cluster represents a fAhybrid stateo where ©b
characteristic genes for small diameter and large diameter neurons, respectively. C7

and C8-1 are new groups that have not been described previously. Cells within these

clusters express genes like Nxphl and Ntrk3, which makes them highly sensitive to

noxious and innocuous mechanical stimuli (i.e. large-diameter mechanoheat
nociceptors). C10 group also showed a high level of overlap with the other clusters.

Cells in C10 group express Gal and Adcyapl (representative genes for C1), Rspol (a
representative gene for C4) in addition to other genes from C3 (e.g. TH) and large

dimeter neuron (e.g. Cpne6). Overall Li et al., study has revealed the degree of overlap

in the traditional classification and shed light on the importance of integrating

morphological, functional as well as transcriptional data while studying DRG neurons.

1.1.2. EXCITABILITY OF DORSAL ROOT GANGLIA (DRG) AND PAIN
SIGNALING:

Neurons, as other cells in the body, display a negative membrane potential at resting
state (resting membrane potential) due to the differences in the electrochemical
gradient of ions, particularly sodium and potassium ions. Na*/ K* ATPase pump and
K*-leak channels are primarily involved in maintaining high K* / low Na* intracellular
concentrations #!. Sensory neurons are mostly quiescent, but they fire action
potentials on the presence of peripheral stimuli - mechanical, thermal or chemical. The
specific expression and the subcellular localization of specific ion channels, ion

exchangers and receptors are what determine neuronal excitability °.
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Figure 1.2: Demonstration of the generation and conduction of action potential signals in
afferent pain pathway. (Site 1) Terminals of DRG neurons sense noxious stimuli, activate
nonselective cation channels and VGSC. (Site 2) Propagation of the action potential through the
axon is mediated by VGSC and voltage-gated K channels. (Site 3) activation of DRG somata
mediate the signal transmission to the synaptic nerve terminals, where VGSC and voltage-gated
calcium channels cooperate to facilitate the release of neurotransmitters such as glutamate and
substance P that mediate the transmission of signals to the CNS. Source (Waxman et al., 2014) .

Detection of noxious peripheral stimuli occur at the level of the peripheral nerve
terminals of primary afferent nociceptive fibres, where the activation of ion channels
and receptors in the nerve terminals elicit action potentials that propagate along the
nociceptive fibres to the dorsal horn of the spinal cord. At the spinal cord,
neurotransmitter release (e.g. glutamate and substance P) from the presynaptic
terminals of the primary afferent fibres result in activation of the second-order neurons
that project and send the signal to the higher brain levels producing the painful
sensation, Fig.1.2. Such organized signal transduction requires proper expression and
distribution of specific ion channels, receptors, ion exchangers along the nerve
terminals, axons and presynaptic terminals, accompanied by specific neurotransmitter
synthesis and release mechanism. Dysregulation of any of these components, as in
chronic pain conditions, results in an increased sensitivity to peripheral stimuli
(reduced threshold), inappropriate action potential firing and neuronal hyper-

excitability 1042,

Animal and genetic studies and human mutations have highlighted several ion
channels and receptors as important players in regulating neuronal excitability, some
of which are voltage-gated ion channels (sodium, potassium and calcium), Transient-

receptor potential (TRP) channels, leak channels and ligand-gated channels.
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Voltage-gated sodium channels (VGSC) are essential for the generation and initiation
of action potential. They are involved in setting the resting membrane potential and
contribute to the upstroke, initiation and propagation of the action potential, as well as
synaptic transmission 194344 Interestingly, specific VGSCs subtypes are preferentially
expressed in the peripheral nervous system and are strongly implicated in chronic pain
conditions (discussed in details later). The preferential expression of some VGSC
subtypes in the peripheral nervous system as well as their pivotal role in regulating
sensory neuron excitability under (patho)- physiological conditions make them

potential candidates for pain relief strategies with minimum central side effects.

In the next few sections, | will mainly focus on the VGSC as key regulator of DRG
excitability with a particular interest in VGSC subtypes that are involved in the

nociceptive pathway.
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1.2. Voltage-gated sodium channels (VGSC) in DRG neurons
1.2.1. VGSC structure:

VGSC family includes nine alpha-VGSC (Navl.1l to Navl1.9) encoded by SCN1A,

SCN2A, SCN3A, SCN4A, SCN5A, SCNB8A, SCN9A, SCN10A and SCN11A,

respectively, and four beta subunits (b1-b4) encoded by (SCN1B i SCN4B). The - U

VGSC subunit forms the functional Na-conducting channel 4%, while the b-subunits are
predominantly i nvol ved i n regul ating t he channel

properties?.

As demonstrated in figure 1.3, th e -VBSC is composed of four homologous domains
(DI-DIV), that are connected by three intracellular loops (L1-L3). Each domain consists
of six transmembrane segments (S1-S6). The four domains come together to form two
distinctive regions: the ion-conducting pore domain (PD) and the voltage-sensor
domain (VSD). S1-S4 form the voltage-sensor domain that senses any changes in the
membrane potential by virtue of the positively charged S4 segment. The other two
segments (S5-S6) and their connecting loops form the PD. The PD is formed of four
main regions: the outer vestibule (hole) that allow ion influx, the Na*-ion selectivity filter
which is formed by the interaction of specific amino acids in the PD-loops to govern
Na-selectivity, a central cavity filled with water and finally the intracellular activation
gate which is formed as a result of S6 segment passing through the intracellular
surface of the membrane. Openi ng and c¢cl osing of the chann

changes in VSD conformation 4748, Fig. 1.3.

Four different genes encode four diff er e nt  t-sulpueits. b-subunite (30 T 40
KDa) share a common structure of an extracellular N-terminus that is connected to the
intracellular C-terminus via a single transmembrane segment. The extracellular N-
terminus consists of an immunoglobulin-like domain that is believed to play a role in
localization and stabilization of VGSC in specific locations within the cell membrane
% Fig.1.3. b1 and wWitBVASE byean-aavalent bonds, where the interaction
occur via multiple charged residues 4%, In contrast, b 2  a nidterdstavith VGSC by
forming disulphide bonds through their extracellular domain 4°51:52_ |t is believed that
t he as s oc i-sabunitowith W5EC ibfluences the S4 voltage-sensor and

subsequently modifies the biophysical properties of the VGSC. SCNB knock-out
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animals demonstrated an attenuation of sodium current while upregulation of SCNB
is associated with neuronal hyperexcitability in various pain models like neuropathic

pain 5357, These studies hi-gubunit ophegulating eeuranal | e o f

excitability under normal and pain conditions.
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S4-S5 linker
N

Voltage

Sensing extracellular
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Figure 1.3: Structure of voltage-gated sodium channel (VGSC). A. schematic representation of
U-subunit of VGSC and the associated b-subunits (b1, b2; on the edges). -VGSC consists of four
domains (DI-DIV) connected by three intracellular loops (L1 i L3). Each domain consists of six
transmembrane domains (S1-S6). S1-S4 form the voltage-sensor domain (VSD). S4 (voltage
sensing particle) consists of several positive amino acids (yellow). S5 and S6 and their connecting
loops form the pore-domain (PD, green). Both C- and N- termini are intracellular. Several
phosphorylation sites in L1 & L3 are indicated (P; red circles and diamonds for PKA and PKC,
respectively). y 1 sites for N-linked glycosylation. d>subunits consist of one transmembrane domain
with an intracellular C-terminus and an extracellular immunoglobulin-like N-terminus. B. top view of
the extracellular side of bacterial -VGSC (Arcobacter butzlen, NavAb) that serve as a model for
eukaryotic 'WVGSC. The blue coloured central part are rigid segments and form the PD, while the
edges (warmer colours) are more mobile segments and represent the VSD of each domain. C.
side-view of NavAb, highlighting S1-S6 segments of DI. D. Side view of the structure of NavAb pore.
PD consist of four regions: extracellular funnel, selectivity filter, central cavity and activation gate.
Figure is adopted (and modified) from William A. Catterall, Alan L. Goldin, Stephen G. Waxman.
Voltage-gated sodium channels, introduction. IUPHAR/BPS Guide to PHARMACOLOGY,
http://www.guidetopharmacology.org/GRAC/FamilyIntroductionForward?familyld=82.
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1.2.2. The voltage-dependence gating of VGSC.:

VGSC gating is governed by the conformational changes that occur in VSD upon
changes in membrane potential. S4 consists of multiple positively charged amino
acids. At resting membrane potential, the negatively charged field created by the
interior transmembrane segments, particularly S2 and S3, attracts and pulls S4 toward
the interior of the channel. Upon depolarization, S4 is released from its original position
and moves outward causing conformational changes in VSD that opens the channel
pore; The sliding helix model %8 or the helical screw model °°. Within a few milliseconds
of pore opening and as a consequence of S4 outward movement, the inactivation gate
(which is the short intracellular loop between D3 and D4), Fig. 1.3, is pulled toward the
channel pore and closes it from the inside while the extracellular side of the pore is
still open, such movements result in open state inactivation [OSl], Fig.1.4. Upon strong
depolarization, the four S4 segments in each domain move outward which initiates
inactivation coupled activation [OSI]. Hyperpolarized potentials or modest
depolarization is sufficient to cause an outward movement of only DIlI- and DIV- S4.
This movement is sufficient to cause inactivation by pulling the inactivation gate toward
its binding site but without producing sufficient force to open the extracellular side of

the channel pore (Closed state inactivation [CSI]), Figure 1.4.

Partially
Resting Activated Open

=t (V) A
o /\ - A ’ ~

|

Closed- Open-
Inactivated Inactivated

Figure 1.4: Schematic representation of inactivation coupled activation of VGSC. At resting
membrane potential, the S4 segment is pulled toward the inside of the cell. Upon depolarization,
the S4 moves outward, causing conformational changes in the VSDs which results in pore
opening and ion conduction (open conformation). S4 movement initiates inactivation within few
milliseconds where the inactivation gate pulled toward the intracelluar side of the pore and closes
it (Open-state inactivation). However, at moderate depolarization or at hyperpolarized potential,
S4 of DIl and DIV can move outward causing sufficient force to pull the inactivation gate to its
binding site but without opening the extracellular side of the pore (Closed-state inactivation).
Source (Bahrina et al.. 2011) 8
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1.2.3. VGSC tissue expression and biophysical properties:

VGSC have diverse biophysical properties, binding affinity to tetrodotoxin (TTX) toxin
and expression pattern. Four VGSC (Nav1.1, Navl1.2, Nav1l.3 and Navl.6) are highly
expressed in the CNS. Navl.4 and Navl.5 are primarily expressed in skeletal and
cardiac muscles, respectively. While the remaining three VGSC (Nav1.7, Nav1.8 and
Navl.9) are preferentially expressed in the PNS. Nav1.8 and Navl1.9 are selectively
expressed in nociceptive neurons, particularly in non-peptidergic nociceptors in case
of Nav1.9 426066 (Nav1.7 expression pattern is discussed in details later). Nav1.3 is
mainly detected during embryogenesis in the PNS, however, the channel is
upregulated in the DRG after nerve injury 8. Reports have also shown that Nav1.3
can be detected in adult sympathetic neurons and to a lesser extent in adult brain 2,
Nav1.6 and Navl.1 are also expressed in the DRG %70 Nonetheless, the preferential
expression of Nav1.7, Navl.8, and Navl.9 - (as well as Nav1.3) in nociceptors make

them good targets for novel analgesics with minimum central side effects.

VGSCs differ in their binding sensitivity to nanomolar concentration of the pore-
blocking toxin tetrodotoxin (TTX). Accordingly, VGSC have been classified into TTX-
sensitive and TTX-resistant channels. VGSC in the CNS are TTX-S channels with
varying degree in channel activation and inactivation threshold and kinetic ", while
VGSC in the PNS are both TTX-S and TTX-R channels 2. The biophysical properties
of the sodium currents produced by these two VGSC classes have been extensively
studied. In general, fast activating and fast inactivating sodium currents are
characteristic of TTX-S channels. While, slowly activating and slowly inactivating
currents are characteristic of TTX-R channels. Similar sodium current features are

conserved in human VGSC 7375,

Electrophysiological studies have also indicated differences in Na-current properties
within each class. For instance, Navl.7, is characterised by rapid activation and rapid
inactivation a common characteristic of TTX-S current. However, in contrast to other
TTX-S channels, Navl.7 has a distinctly slow recovery rate from fast inactivation,
which indicates that the channel does not contribute to the high firing frequency of
action potential 777, In addition, Navl.7 exhibit a significantly slower rate of

inactivation at negative potentials, which means that the channel remains open at
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longer times at membrane potentials that are close to the resting membrane potential
which contribute to sodium influx (ramp current). These two main features of Navl.7,
together with its high localization at the nerve terminals, place the channel as an action
potential ,figeaer @t br &K/, Fig.d5.channel o

A similar variation is found within the TTX-R class. Both Nav1.8 and Nav1.9 belong to
the TTX-R VGSC class, yet each produces a characteristic sodium current that serves
a distinct physiological function. Nav1.9 is characterized by generating a persistent
current which is activated at negative potentials (- 60 to - 70 mV). Therefore, it has
been proposed; due to its low voltage activation and persistent current generation, that
Navl1l.9 play an essential role in setting resting membrane potential of small DRG
neurons "°. While, Nav1.8 exhibit a more depolarized activation and fast-inactivation
threshold, typically 30 i 40 mV than Nav1.9 and TTX-S ion channels 6189, This means
that Nav1.8 channel opens only subsequent to TTX-S channel activation, hence
Nav1.8 is unlikely to be involved in setting threshold for VGSC activation 8. On the
other hand, the depolarized slow inactivation allows the channel to contribute to the
bulk of the sodium current during depolarization as well as the ability to continuously
fire action potentials at sustained depolarization &2, Fig. 1.5.

As mentioned earlier, peripheral VGSCs have got the attention of many researchers.
In this study, | investigated the functional significance of one of the Nav1.7 interacting
proteins. Therefore, in the next few sections, | will only focus on Navl.7 unique

properties, functional significance, and its protein interactors.
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Figure 1.5: The sodium current biophysical properties and activation potential of peripheral
VGSC (Navl.7, Nav1l.8 and Nav1.9). Navl.9 activates at ~ -70mV, close to resting membrane
potential and produces persistent current which plays a role in setting the membrane potential.
Nav1l.7 inactivates slowely at potentials close to resting membrane potentials, therefore, Navl.7
contributes to sodium currents at these potentials (ramp currents) which is essential for recruiting
ot her VGSC to elicit action potential (part:.i
or Afgener at Navl.8cattizates & la dgnore depolarized potential (usually recruited by
Navl.7) and contributes to the bulk of sodium current during action potential. The inactivation of
Nav1.8 is also more depolarized, hence the channel contributes to the continuous firing during
persistent depolarization. B. the voltage-dependence for activation of Nav1.9 (triangle), Navl.7
(closed diamonds) and Nav1.8 (open circules). Source: Momin et al., 2008 5.

1.3. Nav1.7 VGSC subtype:

1.3.1. Nav1.7 expression pattern:

U-Nav1.7 is encoded by SCN9a gene. Nav1.7 is highly expressed in the PNS including
DRG sensory neurons, sympathetic neurons and trigeminal ganglia 8. Navl.7 is
expressed in all cell sizes of DRG neurons, with a higher expression level in
nociceptors 7484 Navl.7 is also found along the peripheral and central terminals,
which suggests a role for the channel in the initiation and the transmission of action
potential 4383, In the CNS, Nav1.7 is reported to be expressed in some areas in the
rodent brain, but not in the human 858, Furthermore, Navl.7 mRNA and protein has
been reported in tissues outside the nervous system, for example, human sperm &,
vascular endothelium in human 8 and mouse pancreatic beta-cells 8, however, the

functional role of Navl.7 in these tissues is still not very clear.
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1.3.2. Evidence for Navl.7 implications in pain

1.3.2.1. Human mutations:

Over the past several years, three human pain disorders have been genetically
mapped to mutations in SCN9A (discussed below). Therefore, Navl1.7 has received a

particular interest as a potential target for pain relief in human.

1 Channelopathy-associated insensitivity to pain (CIP):

Channelopathy-associated insensitivity to pain (CIP) is a rare congenital recessive
mutation in SCN9a gene that was first reported in three families from northern
Pakistan. Patients whom carry this mutations seem normal except for their inability to
sense all types of painful stimuli in all parts of their bodies (complete congenital
analgesia) %°. Several other non-sense mutations have been mapped to SCN9a from
individuals of different backgrounds. Most of the reported SCN9A mutations result in
the formation of a truncated version of the Nav1.7 channel %-°2, Two, however, are
non-truncated mutations that subsequently alter one amino acid at the pore of the
channel (S5-S6 extracellular loop of either DIl or DII). These two mutations result in
a significant reduction of Navl.7 membrane expression with a consequent loss of
Navl.7 current and a complete loss of function of the protein °3. More recently, two
additional SCN9a mutations have been described that affect the C-terminus part of
Navl.7 channel. Interestingly, although the patients carrying these mutations have
similar phenotype to CIP patients, but unlike the other mutations, the channel is
functional in this case. Electrophysiological characterization revealed a depolarizing
shift in the activation threshold of the mutated channels which result in a significant,
yet incomplete, reduction in the Navl1.7 current %. These mutations are extremely
useful in reinforcing the idea that inhibition of Navl.7 is effective for pain relief in

humans.

To better understand the role of Nav1.7 in CIP phenotype, a recent study by Minett et
al., 2015 has proposed a link between loss-of-function mutation in SCN9A and opioid
upregulation, where both SCN9A KO mice and a SCN9A-CIP patient regain pain
sensitivity after administration of naloxone (a non-specific opioid antagonist). Nav1.7
KO mice, but not Nav1l.8 or Navl.9 KO, showed a significant upregulation of the

enkephalin precursor Penk mRNA and the protein met-enkephalin in the DRG.
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However, the opioid level in the human subject was not tested. While the mechanism
involved in gene alteration is still unclear, it was hypothesised that the intracellular
sodium level could act as a second messenger and regulates opioid peptide
expression %. Although it is unclear why changes in intracellular sodium levels
mediated by Nav1.7, but not by the other VGSCs, could regulate gene expression. It
is plausible to speculate that the role of sodium as a second messenger could be
tightly regulated by the physiological pattern of sodium influx (i.e. quantitative and
qualitative sodium influx properties) via each VGSC subtype and by the transient
concentration of sodium at specific microenvironment. Future studies may give better
mechanistic insights to CIP phenotype and to the role of sodium in gene regulation in

Sensory neurons.

1 Inherited erythromelalgia:

Inherited erythromelalgia (IEM), al so known as Aprismaarey er yt
autosomal dominant disease. Unlike CIP, patients with IEM usually suffer from severe
burning pain episodes in the extremities associated with skin erythema %. the extent,
period and frequency of the episodes differ among patients. Some patients reported
pain even between the episodes. Some responded to sodium channel blockers like
carbamazepine, while others use cooling (ice, cold water, cold air fans) to reduce the
pain 1 although exposure to cold temperature sometimes lead to skin lesions. The
trigger of the attacks is not clear; attacks can start without any defined trigger, or by
exercise, temperature change, humidity and clothing °’. Several IEM mutations have
been mapped to SCN9A gene. Most of the mutations are gain of function mutations
that lead to enhanced channel activity by producing a hyperpolarizing shift in the
activation potential while some cause a depolarizing shift in the inactivation potential.
These changes will generally result in an increased ramp or persistent current. Given
t hat Navl. 7 1is a #ft hr es h oaredikelg toacontrileute g such
augmented neuro n a | responses to s muahich resuli in PR&E uous o0

neuron hyperexcitability and pain °7-%9, Fig. 1.6.

1 Paroxysmal extreme pain disorder (PEPD)

Paroxysmal extreme pain disorder (PEPD), previously known as familial rectal pain
syndrome, is another type of gain-of-function mutations in the SCN9A gene. The

clinical presentation of PEPD differ from that of IEM, in which patients with PEPD suffer
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from severe rectal, ocular and submandibular burning pain and skin erythema. Pain
can be triggered mostly by mechanical stimuli like walking, eating, yawning, and
defecation 1%.PEPD mutations are mainly located at DIll and DIV and usually result in
a depolarizing shift in the voltage-dependence fast inactivation as well as an
incomplete inactivation. This ultimately result in an increased persistent current (also
called tail current) which results in increased DRG hyperexcitability and pain 100101,
Fig. 1.6.
1 Small fibre neuropathy (SFN)

Small fibre neuropathy (SFN) is disorder that involves degeneration of both the thinly
myelinated AU- fibres and the unmyelinated C-fibres 12, Patients with SFN suffer from
sensory symptoms that are usually starts from the lower leg and foot and extend
proximally (symmetrical length-dependent pattern). The most common sensory
symptoms are burning sensation, pain and itching that are accompanied sometimes
with cramps and tingling sensations 1°2. SFN is associated with several diseases;
Diabetes mellitus is one of the major reasons for SFN, however, other metabolic
conditions (e.g. hyperlipidaemia 1%, hypothyroidism %), immune-mediated conditions
(e.g. Sarcoidosis 1%, inflammatory bowel diseases 1°7) and infectious diseases (e.g.
HIV 198 and hepatitis C 1°°) are also associated with SFN. Gain of function mutation in
SCNB9a gene, that encodes Navl.7 ion channel, is also found to be associated with
almost 30 % of patients with idiopathic SFN 19, Introducing the SCN9a mutations (Fig.
1.6) in DRG culture resulted in an excitatory effect, most likely by impairing Nav1.7
inactivation and enhancing resurgent current. Although the mechanism of the nerve
degeneration is not well understood, it was hypothesized that the spontaneous firing
activity and the hyperpolarizing shift in action potential threshold is what might
ultimately lead to fibre degeneration in patients. Current treatment strategy of SFN
patients include symptomatic treatment of the neuropathic pain (e.g. Tricyclic
antidepressant and serotonin-norepinephrine reuptake inhibitors) 1. Nevertheless,
these treatment strategies provide only a suboptimal pain relief. A better
understanding of the pathophysiology of SFN and the advances in specific targeting

of Nav1.7 might provide better treatment strategies in the future.
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Figure 1.6: lllustration of the gain-of-function mutations of Nav1.7 channel. Several gain-of-
function mutations that result in pain in humans are indicated on the secondary structure of U-
Navl.7 structure. VSD and PD are presented in blue and pink colours, respectively. Inherited
erythromelalgia (IEM, red), small-fibre neuropathy (SFN, green), paroxysmal extreme pain disorder
(PEPD, yellow), Distal limb pain (turquoise), A mutation that is implicated in IEM and SFN (dark
blue), and a mutation implicated in IEM and PEPD (purple). Source: Vetter et al., 2017 ?
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1.3.2.2. Animal knock-out (KO) studies:

Navl.7 KO mice provide useful tools to study in details Navl.7 mechanisms in pain.
The first attempt to obtain a global SCN9A deletion mutant failed because Nav1.7
pups died shortly after birth due to the inability to feed 2. To overcome this problem,
an alternative method was undertaken to generate tissue-specific SCN9A deletion
mutants, taking advantage of the Cre-recombinase-loxP system. Several tissue-
specific promoters have been utilized to drive cre- in specific neuronal population.
Example of the promoters used are as follows: Nav1.8 (Navl.7 Na1-8 KO; ablation of
Navl.7 in small-diameter nociceptors '2), Advillin (an actin-binding protein,
specifically expressed in trigeminal and DRG neurons, Nav1.7 A%l KO; ablation of
Nav1.7 in all sensory neurons *3), Wntl (neural crest cells, Nav1.7"" KO; ablation
of Nav1l.7 in sensory and autonomic neurons %), Each of these animal models
provided evidence for Navl.7 role in pain. Navl.7 Na8 KO showed loss of
mechanosensitivity and a significant reduction in inflammatory pain. Similarly, Nav1.7
Al KO showed abolished mechanosensitivity, inflammatory pain and reflex
withdrawal responses to heat. But thermosensitivity and neuropathic pain remained
unaffected in those Nav1.7 KO animal models 12113, |In contrast, Nav1.7 Wnt KO mice
recapitulated CIP-phenotype and showed a significant attenuation in neuropathic pain
113 All of these studies are crucial in highlighting the role of different neuronal subsets

in the development of different types of pain.

Since the original Nav1.7 “ global KO report, studies have shown that Navl.7 is
expressed in the olfactory neurons in rodents 14, giving an explanation why Nav1.7
pups died, most likely because they born blind and depend on smell sensation to feed
2. Based on that, a global Nav1.7 KO has been successfully produced, recently 1*°. To
overcome the lethality problem, extra animal husbandry measures and care where
taken to increase the survival of the mutants. Pups were fed by hand with an in-house
modified artificial mouse milk formula plus subcutaneous dextrose injections multiple
times a day until P14, where the mice become able to feed. Interestingly, the
phenotype was stronger than any of the other VGSC global KO (Nav1.8 16, Nav1.3
117 and Nav1.9 %) as Nav1l.7” animals exhibited CIP-like phenotype with significant

loss of thermo- and mechano- sensation 115,
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Altogether, these studies highlight the critical role of Navl.7 in pain. They also
demonstrate that multiple neuronal types (sympathetic and sensory neurons) are
involved in pain signalling, as deletion of Nav1.7 in all of these cell types is essential
to obtain a complete pain-free phenotype. In addition, they validate the use of animal
models in studying pain mechanisms. Future studies using the global Nav1.7 7~ mice
may shed light on the role of the Nav1.7 in other types of pain, like neuropathic and
cancer pain particularly because no data is currently available from human CIP
patients.

1.3.3. Navl.7 interacting protein partners:

Several interacting proteins have been shown to regulate VGSC subcellular targeting,
surface density and activity. Therefore, VGSC-protein partners may play an important
role in modulating the channels cellular and functional kinetics under pathological
conditions. Relatively few number of Navl.7 interacting proteins have been reported
so far. The next few paragraphs briefly describe the current knowledge of Navl.7

protein interactions in sensory neurons.

1 ERK1/2 Mitogen-Activated Protein Kinase:

ERK1/2 mitogen-activated protein kinase (ERK1/2 MAPK) is expressed in medium
and small size rat DRG neurons, but not in large diameter neurons.

ERK1/2MAPKisact i vat ed A p bymsumtiophicfattast(NG# and GDNF)
and proinflammatory cytokines, and has been implicated in pain hypersensitivity 119
121 ERK1/2 MAPK has been shown to interact and directly phosphorylate Nav1.7 in
DRG neurons. Navl.7 intracellular loop (L1) contains four ERK1/2 MAPK
phosphorylation sites. Mutations in three sites are critical for inhibition of ERK1/2
MAPK action. Modulation of Nav1.7 by ERK1/2 MAPK results in hyperpolarized shift
in activation and fast inactivation threshold, without affecting the current density,
suggesting that the enhanced Navl.7 gating is via direct post-translational
modification of the channel and not via enhanced trafficking to the cell membrane. This
interaction provides a plausible explanation for the link between increased pERK1/2
MAPK and increased excitability of DRG neurons and suggest that modulation of

Nav1.7 gating could contribute the ERK1/2 pathway-induced hyperalgesia 1%2.
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1 Fibroblast growth factor-13 (FGF-13):

FGF-13 belongs to the intracellular, non-secretory class of FGF family. FGF-13 is
expressed in DRG neurons 23, particularly in small diameter neurons 24, FGF-13 is
highly co-localised with Navl.7 expressing DRG neurons and its subcellular
distribution resembles that of Nav1.7 channel, (soma, peripheral and central terminals
of DRG neurons). Pull-down experiments as well as co-IP in mouse DRG neurons
showed a direct interaction between FGF-13 and the C-terminus of Navl.7. To
elucidate the functional role of this interaction, FGF-13 KO mice were produced. FGF-
13 KO exhibited normal developmental, behavioural and physiological phenotypes
except for an enhanced tolerance to noxious heat (> 43 °C). Patch-clamp
electrophysiology experiments performed before and after noxious heat stimulation
from both WT and FGF-13 KO animals demonstrated a reduction in the TTX-S current
density but not in the current properties. In accordance with patch-clamp results,
surface biotinylation experiments showed a reduction in Nav1.7 surface expression in
FGF-13 KO only after noxious heat stimulation. The phenotype was fully reversed by
exogenous FGF-13. Interestingly, the stabilization of Nav1.7 at the cellular membrane
by FGF-13 is not mediated by microtubules or actin cytoskeleton even though FGF-
13 has been shown to act as a microtubule-stabilizing protein in cortical neurons.
therefore, the molecular mechanism of Navl.7-FGF-13 interaction remains to be
elucidated. Altogether, this study demonstrates Navl.7-FGF-13 complex as an
important factor in regulating noxious heat sensation by increasing Nav1.7 density at
the cell membrane, and propose a role for Nav1.7 in mediating inflammatory induced
thermal hyperalgesia 124

1 Ubiquitin protein ligases Nedd4 and Nedd4-2:

Neuronal precursor cell expressed developmentally downregulated type 4 and type 4-
2 (Nedd4 and Nedd4-2) are members of the E3-ubiquitin Ligase family that bind via
an interaction of the Nedd(x) i multiple WW domain with a PY motif on the target
protein. Both Nedd4 and Nedd4-2 interact with the PY motif in the C-terminus of
Navl.7. However, only Nedd4-2 can directly ubiquitinate Navl.7, despite the fact that
both Nedd4 and Nedd4-2 reduced Na-current in exogenous expression system. This

suggest a direct role for Nedd4-2 and an indirect role for Nedd4 in regulating Nav1.7



Chapter 1: Introduction

membrane expression, probably via ubiquitination of other proteins that can
subsequently reduce Navl.7 surface density 12°.

In agreement, an in vivo study in neuropathic mouse model (spared nerve injury model
ASNI 0) i n indNedd4-2rK® laninzals was carried out to investigate the role of
Nedd4-2 in regulating VGSC in pathological conditions. SNI is known to increase Na-
current and DRG excitability. SNI in control animals caused a two-fold increase in
Navl.7 current density accompanied by a downregulation in Nedd4-2 expression
level. Moreover, Nedd4-2 KO animals demonstrated an increased basal levels of
Navl.7 current density. Interestingly, acute mechanical nociception was unchanged,
while Nedd4-2 KO were more sensitive to noxious heat stimuli (hot plate and plantar
test, > 50 °C) under both basal and SNI conditions - an observation that fits the
previously discussed role of Nav1.7 in regulating neuron response to noxious heat 124,
Future studies will reveal whether FGF-13 level is elevated in Nedd4-2 KO mice. In
general, these studies demonstrate direct association and ubiquitination of Navl1.7
channel by Nedd4-2 that results in subsequent endocytosis and reduction of Nav1.7
surface density. Therefore, Nedd4-2 provides an alternative target for novel
analgesics, where Navl.7 surface density can be regulated by indirect targeting of

specifically interacting proteins instead of targeting the channel itself 126.

T bXtand -Bubunits:

As discussed earlier, b-subunits interacts and regulate VGSC activity in a cell-specific
and VGSC-specific manner. Mature U-VGSC channels are found at the membrane,
while, most of the U-VGSC pool is distributed intracellularly between the endoplasmic
reticulum, Golgi and the secret oraebdgiewddh ways.
t o serve asrealytdbeexpatedioahe plasma membrane when needed
127 The various post-translational modifications (PTM) of U-VGSC can determine the
fate of the intracellular -VGSC. For example, U-VGSC intracellular pool undergoes
an extensive glycosylation process in the endoplasmic reticulum and Golgi which can
regulate VGSC membrane density, gating and Na-current biophysical properties 128
131 Co-expression of U-hNav1.7 with individual b-subunits in HEK293 cell line revealed
thatb 1or b 3subunitsincreases the current density with modest effect on the current
biophysical properties. Furthermore, Navl.7 membrane density was also increased in

surface biotinylation experiments when co-expressed with b1l or b3 T subunits, in
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agreement with the patch-clamp experiments. The study also suggests that each b-
subunit can differentially modify the glycosylated form of the channel. Even though this
study highlighted the critical role of b1 and b3 in regulating Navl.7 membrane
expression level 128, Several questions remain to be investigated. For example, where
does the b-mediated modulation of the channel take place? And how and to which
extent does the differential glycosylation affects Navl1.7 current density? To what
degree the results from HEK293 cells match that of DRG neurons? and finally, how
woudb2, and b4 modul ate Navl. 77?

A previous Y2H data obtained from Nassar lab showed an interaction of Navl.7 baits
with several proteins. A systematic co-IP experiments have been carried out by myself
and other colleagues in the lab to validate these interactions in mammalian cells. One
of the positive interactors was the light-chain of microtubule associated protein 1A
(MAP1A). Details for this interaction are in chapter 5 of this thesis. A brief background
to the microtubules and microtubule-associated proteins and their functional
importance in neurons are described in the next few sections. With a particular focus
on MAP1A family.

1.4. Neuronal Microtubule Cytoskeleton and Microtubule-

Associated Proteins.

The cytoskeleton is composed of an intricate filamentous network consist of three
major groups: microtubules, microfilaments and intermediate filaments (IF). Each
consists of distinct proteins, tubulin, actin and various IF proteins, respectively. The
structure, function and interactions of one of the cytoskeleton major components, the

microtubules, are mentioned below.

1.4.1. Microtubules : composition, structure and organisation.

Microtubules (MT) are formed of several hollow cylinders (~ 24 nm outer diameter)
that are usually organized in bundles of varying thickness 32:133, Individual microtubule
is formed by lateral alignment of the linear U- and b- tubulin heterodimers. Organisation
of U- and b- tubulin usually occur in head-to-tail fashion, where b-tubulin of the
heterodimer is aligned toward the plus end (fast-growing, exterior), and the U-tubulin

toward the minus end (slow growing, interior), Fig. 1.7, A.
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Microtubules are characterised by their abilities to rapidly alternate between
polymerisation (growth) and depolymerisation (shrinkage) states 34135, This is known
as fAdynami cand inpsovided thel MTtthe dlexibility to expand and retreat
within the 3-dimentional cytoskeleton inside the cell according to the cellular needs
and to the cues available within the internal and external micro-environment 3. The
dynamic instability of the MT depends on the presence of GTP. MT growth and
elongation can occur at both ends, however it is significantly faster at the plus-end.
MT growth occur between the b-subunit in the plus-end and the U-subunit from newly
unbound heterodimer ( U rtubdin heterodimer). b-tublulin at the tip of the MT plus-
end is usually bound to GTP via the nucleotide exchangeable site ( fubulin E-site).
Upon polymerization, the GTP gets hydrolysed by the catalytic site of the U-subunit of
the unbound heterodimer, this consequently result in addition of the heterodimer to the
plus end of the MT (MT polymerisation) 12137 In this case, the addition of the
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Figure 1.7: Schematic representation of the microtubules structure and MT dynamic
instability. A. Individual microtubule (MT) protofilament is formed of a hollow cylinder (24 nm in
diameter). It consists of lateral alignment of U-tubulin (blue) and b-tubulin (purple). o-tubulin (green)
a n d-tubwlin ring complex (yellow-capping proteins) form MT-nucleation sties. MT has two ends,
the minus-end (- end); toward the nucleation site, slow-growing and the plus-end (+ end); toward
the periphery, fast-growing. B. illustration of MT polymerization. free tubulin heterodimer consists of
U and b tubulin. Thtabulinhindsatb the GTE- b-subutineat tiee ftip of thegplusd
end (dark purple) [docking], followed by immediate hydrolysis of GTP to GDP (interior GDP-b-
tubulin, light purple and exterior GTP-b-tubulin, dark purple). C. the dynamic instability of MT. upon
stochastic hydrolysis of the outer GTP-b-tubulin, MT depolymerisation (shrinkage) takes place.
Panels A, C are adopted from Conde et al., 2009 12, panel B is based on Howard et al., 2003 1°
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a n d-subunit facing the plus-end). Therefore, only the outer layer of the plus-end has
b-tubulin-GTP and able to bind new heterodimers and grow. The rest of the MT
filament is composed of GDP-tubulin and is stable, Fig. 1.7-B. Upon stochastic loss of
this GTP-outer layer, MT become highly unstable, and depolymerisation events
happen, Fig.1.7, C. Another tubulin isoform is the 2- tubulin which is usually found at
the MT nucleation sites along with other proteins that associate together to form the
o-t ubul i ATuRC) canpleX which serve as the base for MT elongation and distal

extension 138139

Several other factors and proteins are involved in the regulation of microtubules
dynamics, assembly, organisation, composition, stability and function. For examples,
thepresen c e of s@ redtallilin isotypes, MT post-translational modifications,
motor proteins (kinesin and dynein), as well as the microtubules-associated proteins
(MAPs) 12137,

Differences in the MT arrangement can be noticed at different neuronal regions. In the
soma, MT are uniformly organised in a radial orientation where the stable minus-end
aligned toward the interior while the fast growing plus-ends are aligned toward the
exterior. In the axons, microtubules bundles run in parallel with their plus-ends mostly
aligned distal to the soma 4. Whereas in the dendrites, microtubules have been
shown to have a mixed orientation with different polarity and directionality 14, Fig. 1.8.
Moreover, the relative abundance of the microtubule-associated proteins at different
neuronal regions also contribute to regional differences in the MT lattice. For example,
Tau proteins are mainly found in the axonal region 142, while MAP1B protein is mainly
localised at the somatodendritic region 143, More examples regarding MAPs

distribution will be discussed in details in later sections.

The presence of various tubulin isotypes (5 U) and (6 b) also account for the
heterogeneity of MT and account for its biological functions in different types of cells
144145 For example, b-lll tubulin isotype is exclusively expressed in the nervous
system 146:147 ‘while b-I1V tubulin is the main isotype found in the ciliary axoneme 148149,

The differential expression and the relative abundance of the various tubulin isotypes
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Figure 1.8: Schematic representation of the microtubule orientations at different neuronal
sites. MT and actin plus-ends are indicated by filled squares. In the soma and the axonal initial
segments, MT plus-ends are arranged distal from the cell centre. Similarly, in the axon, majority of
MT plus-ends are arranged distally. In contrast, MT have mixed orientation in the dendrites. The
figure demonstrates the correlation between the fraction of the distal minus-ends and the dendrite
length. (the further the distance from the soma, the more the opposite orientation to occur i minus
end outward). In the dendritic spine, microfilament is the prevalent cytoskeleton structure. Source:
Kapitein et al., 2010 11

at different developmental stages, different cell types and different regions within the
cell suggest an important biological significance for such heterogeneity. With the
advances in technology, several mutations in single tubulin isotypes have been
mapped to various disorders 159154, This enforces the idea of the significance of tubulin
isotypes that has been long considered as redundant proteins, and also shed light on
how subtle changes in the MT composition and diversity can directly affect the basic

cellular functions.

1.4.2. Biological functions of the microtubules.

MT cytoskeleton proteins play a pivotal role in neuronal development, plasticity,
maturation and maintenance. MT along with actin microfilament and intermediate
filaments allow neurons to go through all these dynamic and functional changes as
they develop. MT provides the mechanical and structural support for the neurons.
They are essential for developing new axons, neurites and dendrites and establishing

new synapses via coordination with the actin cytoskeleton. They form a highly intricate
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and well connected structural tracks whereby motor proteins like dynein and kinesin
can translocate with their cargoes to virtually any site within the neurons. They provide
an enormous surface area that covers the three-dimensional architecture of the
neuron which in turns make them ideal places for docking cytoplasmic proteins and
organelles. They also play a significant role in regulating intracellular signalling
pathways. All of these functions are achieved by having a highly complexed and

interconnected organisation of cytoskeleton proteins 1%°,

There are several lines of evidence that cytoskeleton proteins play a role in regulating
cell signalling pathways and intracellular calcium levels %6157 as well as modulating
ion channel functions either indirectly by affecting ion channel transport, targeting,
clustering, membrane retention, anchoring and internalisation 18160 or by directly
affecting the activation / inactivation of the ion channels. For instance, it has been
shown that disruption of actin filaments by cytochalasin results in activation of sodium
channels and inactivation of potassium channels 1. On the other hand, disruption of
microtubules by pharmacological agents like colchicine or nocodazole has been

shown to activate L-type calcium channels 161,

1.4.3. Microtubule-Associated Proteins (MAPS)

Microtubule-associated proteins include all the proteins that binds and modulate
microtubule structure and function 137162, Based on their main function, MAPs are
generally classified into five main groups: First: proteins that specifically associate with
either tip of the microtubules to control MT dynamics and MT interactions with other
proteins and signalling factors (specialized MAPs) 134, Examples of proteins in this
groups are: plus-end tracking proteins (+TIPS) and mius-end targeting proteins (-
TIPS). Second: proteins that directly control MT density and number; which include
proteins that are involved in the initiation of MT nucleation (MT density regulators)*38
as well as MT severing proteins (MT number regulators)®3. MT severing proteins
(katanin, spastin and fidgetin) are able to cut pre-existing microtubules and start a new
nucleation site. They have been shown to be essential for axonal regeneration,
dendrite formation, neuromuscular junction development and microtubule nucleation
137,164,165 Third: kinesin and dynein superfamily of motor proteins that are involved in
directional cargo transport across the neuronal axon, dendrites and synapses. Motor

proteins are involved in anterograde and retrograde transport of synaptic vesicles,
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organelles, mRNA and neurotransmitters between different regions of neurons. Motor
proteins have been shown to play an essential role in maintaining normal neuronal
cellular functions, plasticity and survival 16, Fourth: proteins that are involved in tubulin
modification. A group of MT bundles can be distinctly marked and modified by post-
translational modifications (PTM). Tubulin undergo a wide range of PTM such as
acetylation, phosphorylation, detyrosination / tyrosination, polyglutamylation, and
polyglycylation. Such modifications are believed to regulate other MAPs binding and
consequently affect MT stability, properties and functions 67168 _Fifth: protein that are
primarily involved in stabilizing and cross-linking MT as well as in determining MT
shape (structural MAPs) 8169, This group is of special interest and will be discussed in

details in the next sections.

The diversity of MAPs and their spatiotemporal expression are additional factors that
contribute to MT complexity and heterogeneity. Advances in microscopy and genetic
techniques have revealed new molecular structures and functions of critical
components in the MT cytoskeleton. However, a comprehensive understanding of the
molecular mechanisms involved in MT diverse functions, dynamics and modulations

are yet to be understood.

1.4.4. Structural Microtubule-Associated Proteins (Structural MAPS)

The two major cytoskeleton networks, the actin microfilaments and the microtubules
each were believed to bring a unique feature to the cell. Actin was thought to be mainly
involved in the more dynamic cellular events including force generation and cell
contraction due its plastic and flexible properties. While the microtubules were
believed to bring the rigidity, stiffness and stability to the cell and to provide stable
tracks for microtubule-based cargo transport, in addition to their central role in cell
division. However, a compelling body of evidence suggests that there is actually an
overlap in the function of these two major networks. Actin microfilaments were shown
to be involved in cell division and trafficking, while microtubules were found to be
involved in neurites formation and plasticity as well as in force generation. This largely
suggest that these two networks work cooperatively to achieve specific cellular needs.
Structural MAPs are believed to play a central role in networks cross-talk due to their

ability to bind and cross-link both microtubules and microfilaments to each other and
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to other cellular components. In addition, structural MAPs are known to associate with
the whole length of the microtubules and regulate MT stability, bundling, correct

spacing and binding to signalling molecules 62,

MAPSs

Intermediate

High
molecular
weight

molecular
weight

MAPL MAP2 Tau

(350KD) (270KD) (55- 70KD)

Axon & dendrites Dendrites Axon

Figure 1.9: Classification of different types of structural MAPs. Diagram showing the
classification of structural MAPs based on their molecular weight. MAP1 and MAP2 belong to the
high-molecular weight category, while Tau protein belongs to the intermediate molecular weight.
Each MAP type show a distinct subcellular localization, MAP1 is localized to the axons and
dendrites, MAP2 is mainly found in the dendrites and Tau is mainly localized to the axon. This
diagram was based on Matus et al., 1988 7

MAPs are heterogeneous family of proteins that differ in their structure, molecular
weight, differential expression, cellular distribution and function. Based on their
molecular weight, they are roughly classified into two main categories: high molecular
weight MAP (e.g. MAP1 and MAP2) and intermediate molecular weight MAP (e.g. tau
protein), Fig. 1.9.

The expression of MAPs is under tight spatiotemporal regulation. Different types of
MAPs are expressed at various levels in different cell types. For example, MAP1A is

the main MAP1 type in adult rat brain. MAP1A can be found in the soma, axon and



Chapter 1: Introduction

dendrites of the neuronal cells, although some reported MAP1A expression in glial
cells as well as in neurons 179171 |n contrast, MAP2 is exclusively expressed in
neuronal cells and mainly found in the dendrites 172, While MAP3 and MAP4 are mainly

expressed in glial cells 173174,

Electron microscopy examination of polymerised MT with purified MAPS in vitro
showed that the decoration of MT by various MAPs corresponds to distinct MT
morphology. MAP1 and MAP2 are long, filamentous proteins forming side-projections
that decorate the full length of the MT 175, tau on the other hand produced smooth-

surfaced MT with no side-projections 4, Fig. 1.10.

Figure 1.10: Morphological differences of various types of MAPs. Electron microscopy of in
vitro polymerized MT in the presence of: A. MAP1A, B. MAP1B, C. MAP2 & D. tau protein. In A.
MT are connected by long, thin, filamentous side projections of MAP1A, (arrows). B. MT are
connected by long, filamentous projections of MAP1B. Small spherical structures are found on the
surface of the MT which could be part of MAP1B molecule. C. MT-decorated with MAP2 has long
filamentous side projections (top panel is longitudinal section and bottom panel is transverse
section). D. MT-decorated with MAP2 is smooth without any side projections (top panel is
longitudinal section and bottom panel is transverse section). Source: A. Shiomura et al., 1987 3, B.
Sato-Yoshitake et al., 1989 4, C & D. Herzog et al., 1978 14
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Post-translational modification of Maps also plays an important role in determining
MAP properties and function. For example, unphosphorylated tau protein is known to
predominantly associate with the axonal MT 42, while the phosphorylated form seem
to localize in the soma and dendrites 76. Importantly, while phosphorylated tau is
critical for axonal and synaptic plasticity during development, (hyper)phosphorylated
tau is implicated in Tauopathies in adults (e.g. Alzheimer disease and frontotemporal
dementia). Several efforts have been made to identify various phosphorylation sites
of Tau protein and to investigate their pathophysiological consequences in humans
177, MAPs post-translational modifications have been also shown to determine MAPs
binding affinity and function. The binding affinity of MAPL1 proteins is affected by the
phosphorylation state. MAP1A and MAP1B association with the microtubules is
enhanced upon phosphorylation 78, while dephosphoryled MAP1B has a higher
binding affinity to the microfilaments 17°. Also, even though that both phosphorylated
and unphosphorylated MAP2 bind to MT and actin microfilaments, the phosphorylated
form appears to a have higher binding affinity for actin microfilament over MT in in vitro
experiments. Interestingly, only the unphosphorylated MAP2 can promote actin
microfilament bundling, while the phosphorylated form binds actin without causing any

structural modifications 189,

Several questions remain to be answered? for example, How would the various
kinases influence MAPs dynamic distribution and function? How does the
phosphorylated state of an individual MAP affect its interaction with the other cellular
components? What are the consequences of glycosylation, oxidation and other PTM
on the various MAPs? How do all these modifications contribute to cellular activity
regulation under normal and pathological conditions? All of the previous examples
highlight the fact that the diversity in MAPs expression levels, subcellular distribution
patterns and PTM at the level of cell type, cell compartment and splice variant must
contribute to a wide and diverse functional significance that has not been fully

explored.
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1.4.5. MAP1 family of proteins

1.4.5.1. Structural features of MAP1 proteins:

MAP1 family of proteins include three major types (MAP1A, MAP1B and MAP1S) that
are found in most vertebrates and are encoded by distinct genes. No MAP1 ortholog
has been found in Caenorhabditis elegans or primitive organism. MAP1 in teleosts fish
shares only 25 % of the size of mammalian MAP1. Drosophila melanogaster
expresses MAP1-related protein called Futsch, which shares 60 % similarity to rat
MAP1A and 1B but differs in having an extra domain that shares sequence homology

to mammalian neurofilaments 6.

MAP1A and MAP1B are closely related proteins. They are prominently expressed in
the nervous system and share almost similar structural and functional features.
Electron examination of hippocampal dendrites as well as of in vitro polymerised MT
preparation have shown that both MAP1A and 1B are long, filamentous molecules that
heavily cross-linked MT to each other, to other cellular organelles and to the plasma
membrane, Fig. 1.10. Slight structural differences have been observed between the
two molecules. MAP1B is characterized by having a small rounded structure at one
end 4, while MAP1A is a highly flexible molecule that lacks the spherical domain 3, Fig.
1.10.

MAP expression levels vary at different developmental stage. MAP1A expression level
is undetectable in rat embryo, it only starts to appear 48 h after birth and gradually
increases until the end of the third week after which its level is kept constant 8%, In
contrast, MAP1B is highly expressed at early developmental stages where its level
decreases gradually in adult brain 82 - probably replaced by MAP1A. In contrast to
the central nervous system, MAP1B in DRG neurons preserves the same expression
level during the lifespan of peripheral neurons which highlight further regional, and
probably functional, differences in MAP expression pattern 183-185,

Both MAP1A and MAP1B form a polyprotein precursor, that undergo proteolytic
cleavage at a conserved site near the C-terminus. This in turn result in the formation
of two subunits: MAP1A, MAP1B heavy (HC) and light chain, LC2 and LC1,

respectively 18188 The light chains are interchangeable; LC1 exhibit non covalent
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association with the heavy chain of both MAP1 members, the same applies for LC2
but with a higher affinity toward MAP1A-HC 143189 Additionally, another light chain
(LC3) which is encoded by a distinct gene is also capable of binding to MAP1 heavy
chains, as illustrated in Fig. 1.11. 1%

MAP1A and MAP1B contain a highly conserved region in the N-terminus. This region
is not involved in microtubules binding %, rather it is mainly for light chains binding
186,192 Another important structural domain is the MT-binding domain. MT- binding
domain of MAP1B consists of 19 basic repeats of KKE motif °1. Similarly, a shorter
region consisting of only 3 repeats of KKE motif in the N-terminus of MAP1A (aa 300
T 500, SS1 domain) in MAP1A is also shown to function as the MT-binding domain
186,192,193 Fig. 1.11 & 1.12.

(a) Q ¥ Microtubule binding
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Figure 1.11: MAP1A and MAPI1B structural features. A. MAP1A and MAP1B are highly
homologous proteins. MAP1S is another member of the MAP1 family that is not very well
characterized. MAP1A, 1B and 1S undergo proteolytic cleavage into two parts (heavy chain (HC)
and light chain (LC)). LC2 and LC1 are the light chains of MAP1A and MAP1B, respectively. B.
Once cleaved, light chains can bind to either HC. LC3 is another light chain that is encoded by a
different gene. LC3 can also bind to the HC. Microtubule-binding domain is indicated as (M, blue
square), Actin-binding domain (A, green square), cleavage site (scissor). Source: Halpain et al.,
2006 ©
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Figure 1.12: Schematic representation of MAP1A structure. Self-similarity domains SS1 and
SS2 are believed to act as microtubule-binding domains (green). A highly conserved region in the
N-terminus of MAP1A protein is believed to be the light-chain binding domain (dark blue). LC2 region
in the C-terminus of MAP1A protein (pink). Structural anlaysis of LC2 reveal two major regions; N-
terminus is the microtubule-binding domain (light blue) and C-terminus is the actin binding domain
(purple). This figure is adopted and modified from Cravchick et al., 1994 °

Additional domain on the C-terminus of MAP1A heavy chain was also suggested to
function as a MT-binding domain (aa 1300 7 1600, SS2 domain). This domain differs
from all the previously characterised MT-binding domains in having acidic composition
with no known sequence repeats °, Fig.1.11 &1.12. However, when overexpressed, it
co-localized and stabilized the microtubules in HeLa cells ° but failed to do so in COS7
and N2a cells 192, The reason behind this contradicting results is unclear but could be
related to differences in the MT properties of the cell models used in these studies as
well as to differences in the endogenous level of MAP1A protein that might compete

with the overexpressed domain for MT binding.

A MT-binding domain was also mapped to the N-terminus of the light chains, Fig. 1.11
&1.12. The amino acid sequence of this domain varied between the different light
chains. Despite the structural differences, overexpression of the N-terminus of either
LC1 and LC2 in PtK2 cells showed a significant MT co-localization, in vitro MT
polymerization and MT protection against depolymerizing agents (e.g. colchicine and
nocodazole). Hence, it was proposed that the light chains (LC1 and LC2) can bind,

protect and modulate the MT network in a HC-independent manner 8°,

Finally, a highly-homologous actin-binding domain is found in the C-terminus of both
LC1 and LC2 of MAP1B and MAP1A, respectively, Fig.1.11 &1.12. This domain was

shown to directly bind the microfilament network and suggested to mediate the cross-
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talk between MT and microfilaments 18, although there is no direct evidence for a

concurrent binding of a single light chain to the two networks available so far.

1.4.5.2. Functional roles of MAP1 heavy and light chains.

Despite all the advances in research techniques, it is technically challenging to identify
the functional significance of individual MAP due to the presence of several isoforms
and splice variants that share similar functions and/or could compensate for the
genetic deletion of a particular MAP. For instance, animals lacking either MAP2 or tau
were viable. Isolated cells from these animals were able to produce normal axons and
neurites in vitro. However, when crossed to MAP1B KO animals, sever
neurodevelopmental defects were observed in MAP2/MAP1B and tau/MAP1B double
knock-out (DKO) animals, which indicates a functional redundancy between MAP1B
and MAP2 / tau proteins. Intriguingly, cells isolated from the DKO animals were still
able to produce axons and neurites in vitro, suggesting the involvement of additional

proteins and pathways in the MT formation, neurites initiation and formation 94-19,

In addition, it was argued that the use of different gene deletion strategies could
influence the severity of the phenotype, which in turn influence the true assessment of
the physiological role of the protein of interest. For example, MAP1B KO mice
generated by three different studies produced a very different phenotypic severity
levels. One targeting strategy resulted in very sever developmental defects in the
heterozygous while the homozygous animals did not survive beyond postnatal day 8.
The gene targeting strategy in that study resulted in the formation of a truncated
product of MAP1B (571-amino acids), therefore the phenotype was proposed to arose
from dominant negative effect of this truncated version of the protein rather than from
actual MAP1B gene deletion '°7. In the contrary, another MAP1B”- mutant produced
by Takei et al. concluded that MAP1B is not critical for survival, but it is important in
an accurate time-course of the development of the nervous system. This conclusion
was based on the fact that heterozygous mice had no aberrant phenotype while
homozygous animals suffered from mild decrease in brain weight with delayed
development of the nervous system. Reduced axonal diameter and myelin sheath
thickness were observed in the peripheral nervous system in these animals %, A third

study produced further contradicting results to the two aforementioned studies. The
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study showed that only homozygous animals suffer from corpus callosum
malformation and a defected axon guidance in a specific subset of neurons. In
addition, the peripheral nervous system of the homozygous animals exhibited a
smaller axon diameter size with reduced myelination levels of peripheral axons,

consistent with the reported PNS findings from the previous study 8.

In contrast to MAP1B, MAP1A is less extensively studied, the first MAP1A KO animal
was reported while conducting this study. A spontaneous mouse mutation, nm2719
disrupts MAP1A gene and results in the deletion of 297 amino acids from the C-
terminus (including the complete deletion of LC2). Aged homozygous animals suffered
from degeneration of Purkinje fibres (18 months old) which can be rescued by
transgenic expression of full MAP1A but not LC2, suggesting the importance of
MAP1A-HC in the survival of Purkinje cells. In addition, earlier phenotypes included
axonal dystrophy, disturbance in MT organisation at different cellular compartment
particularly in the somatodendritic region and at the axonal initial segment (AIS) of
Purkinje cells. There was also a drastic reduction in the levels of MAP1B and post-
synaptic density-93 (PSD-93) proteins in the soma and dendrites. All of these changes
led to ataxia and tremors in older animals (1 year) and consequently resulted in
Purkinje fibres degeneration and cell death 1%, No double knockout studies with
MAP1A gene have been published so far.

Overall, in vivo and in vitro studies have highlighted MAP1B as a key factor in the
proper development of the central nervous system as well as in controlling both the
extent and the direction of neurite and axonal outgrowth, while MAP1A is more
involved in maintaining adult neuron shape and function by stabilizing MT and
maintaining its proper organisation. Nonetheless, it has been shown that MT
stabilization by MAP1A protein might not be as prominent as for MAP2 and tau
proteins 192200, This in fact led many researchers to investigate other MT-independent
functions of this ubiquitously expressed family of proteins (MAP1). In agreement, light
chain pool of both MAP1A and MAP1B was shown to be much higher than that of HC,
also a large proportion of the LC2 and LC1 are distributed in a HC/MT-independent
manner. Which further enforces the idea that the function of these proteins and their
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potential functions in regulating various ion channels and receptors in the nervous
system. Summary of all of the interactions can be found in Table 1.1.

1 LC1 interaction with 5-HT3a receptor:

5-HT3A is a ligand-gated ion channel that is expressed in the central and peripheral
nervous system. 5-HT3A receptor has been shown to co-localise with LC1 in
hippocampal neurons as well as in HEK-293 co-transfected cells. LC1 is shown to
reduce the membrane receptor density when co-transfected with 5-HT3A receptor in
HEK-293 cells. In addition, 5-HT3A receptor desensitisation process was increased in
the presence of LC1 in transfected HEK293 cells without affecting the ligand-binding
kinetics. Taken together, it has been suggested that LC1 may play a role in reducing
5-HT3A surface expression by targeting the receptor to MT or actin cytoskeleton 292,
The exact molecular mechanism of this interaction and whether it involves other

proteins remain unclear.

1 LC1 interaction with voltage-gated sodium channel Nav1.6

LC1 has been reported to interact with the N-terminus of Navl1l.6 channel in
heterologous system and in the mouse brain. LC1 is shown to enhance Nav1.6 current
density in ND7/23 cells without affecting other parameters. This suggests that LC1
might be involved in increasing the number of Nav1.6 ion channels at the ND7/23 cell
membrane. The authors of this study proposed a potential role for LC1 as an adaptor
protein that mediates Nav1.6 targeting to AIS and node of Ranvier in the neurons, in
addition to its involvement in MT-mediated trafficking of Nav1.6 to the cell membrane
202 Yet, there are no available subsequent studies that investigate the molecular

mechanism of this interaction and its functional significance in primary neurons.

1 Interaction of LC1 with NMDA receptor subunit NR3A.

N-methyl-d-aspartate receptor (NMDAR) is a heterotetramer receptor that is usually
composed of two NR1 and two NR2 subunits in which they cooperatively increase
NMDAR calcium current. Alternatively, incorporation of a third subunit (NR3A) into the
receptor usually produce an opposite effect which result in a reduction of the NMDAR
calcium current. LC1 is found to interact with NR3A subunit in rat brain. MAP1B”- mice
demonstrated an elevated level of NR3A subunit in parallel to reduced levels of NR1

subunit. The molecular mechanism of this interaction is not clear, however, it was
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hypothesised that this interaction might be involved in regulating the number of NR3A
containing NMDAR receptors at the plasma membrane between synaptic and
extrasynaptic sites, which as a result would affect the development of proper dendritic

organisation as well as neuronal synaptic plasticity 2°3.

1 LC1 interaction with voltage-gated calcium channel (Cav2.2)

The N-terminus part of LC1 was shown to interact with the C-terminus of N-type
voltage-gated calcium channel Cav2.2Ul (pore-forming subunit) in heterologous
system (HEK293) and in mice cerebral cortex. Co-expression of LC1 and Cav2.2 (U,
& Bupunits in HEK293 cells resulted in a significant reduction in the calcium current
density as well as in the total surface expression level of the channel i detected by
surface biotinylation experiment. In accordance, LC1 knock-down (KD) in mouse DRG
neurons resulted in increased Cav2.2 current density. Such effects indicated that LC1
could play a role in Cav2.2 internalisations. A subsequent study has supported this
hypothesis by demonstrating that UBE2L3 (E2 ubiquitin conjugase) can associate with
Cav2.2 channel and promote channel ubiquitination only in the presence of LC1.
Additionally, MAP1B”’- KO animals showed a significant increase in the level of
ubiquitinated Cav2.2 channels. Altogether, these studies suggested that LC1 acts as
a scaffold protein that links Cav2.2 channel to UBE2L3 and mediate the channel

ubiquitination and subsequent internalization via clathrin-dependent pathway 204295,

1T MAP1A and MAPI1B interact with an orphan G-protein coupled
receptor (GPCR) in vivo.

Y2H assay, co-localisation and co-IP experiments have showed an in vivo interaction
of ee3 GPCR with both MAP1A and MAP1B and their light chains in mouse brain.
Interestingly, ee3 protein level, but not MRNA, was completely abolished in MAP1B~-
mice, which suggests that the interaction might be important for proper ee3 protein
expression, folding, targeting and stabilization in neuronal cells 2%, The molecular
mechanism of this interaction and evidence for its physiological significance remain

poorly understood.
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1 MAPI1A interaction with BKCa potassium channel

LC2 is found to interact with the C-terminus of calcium-activated potassium channel
(BKCa) in the rat brain. Both proteins were shown to co-localize in the rat cerebral
Purkinje cells of the cerebellum by immunostaining. MAP1A-HC was also found to
associate with the BKCa-LC2 complex in rat brain. The functional aspect of this
macromolecular interaction is yet to be identified. However, based on the fact that
BKCa activity can be modulated by actin cytoskeleton 2%7, it has been proposed that

LC2 might play a role in the regulation of BKCa channel by the actin cytoskeleton 2°8.

1 LC2 interacts with Stargazin-AMPA receptor complex

Stargazin protein interacts with AMPA receptor GIuR1, 2 and 4 subunits as well as
with PDZ-domain containing proteins like postsynaptic density proteins (PSD-93 and
PSD-95). Accordingly, it was suggested that stargazin is involved in the regulation of
AMPA receptor trafficking and anchoring to the cytoskeleton network (stargazin-
AMPA, and stargazin-PSD proteins) 209212,

LC2 has also been reported to directly interact with stargazin in mouse cerebellum. In
addition, AMPA receptor subunit (GluR2) was also found to interact with LC2. When
fully glycosylated, GIuR2 co-associate with LC2-stargazin protein complex, implying a
role for this tripartite (LC2-Stargazin-GluR2) complex in regulating AMPA intracellular
trafficking prior to synaptic targeting and anchoring (e.g. Golgi to plasma membrane)
213 Interestingly, PSD-93 is reported to interact with LC2 in cerebellar Purkinje
neurons 24, which raises the possibility that LC2 might be involved in the regulation of
AMPA receptor trafficking as well as in AMPA receptor synaptic targeting and
anchoring via its differential interaction with multiple protein complexes at different
cellular compartments, (LC2-Stargazin-GluR2 and PSD-93-LC2- stargazin-GluR2),

respectively.

1 LC2 interaction with voltage-gated calcium channel (Cav2.2)

The N-terminus of LC2 is shown to interact with the C-terminus of Cav2.2 channel at
the presynaptic boutons of rat hippocampal neurons. By using various molecular
techniques; co-IP, pull-down and immunostaining using antibody that recognizes the

extracellular epitope of Cav2.2 channel, it was shown that LC2 is critical for Cav2.2
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trafficking, targeting and surface anchoring at the presynaptic terminals of
hippocampal neurons. Furthermore, the fact that only the full length LC2, but not the
N-terminus part (MT-binding domain), resulted in Cav2.2 membrane anchoring
suggest the importance of the C-terminus part of LC2 (actin-binding domain) for
Cav2.2 anchoring, which is most likely mediated via the actin cytoskeleton 25,
Although, the mechanism by which LC2 retains surface Cav2.2 is not clear, it might
involve selective targeting and stabilization of the channel along with other protein
partners at the presynaptic terminals, or it might involve inhibition of the channel
internalization (which is known to take place as a result of disrupting channel-actin

interaction) %8, in contrast to the previously mentioned interaction of LC1 with Cav2.2.

From all of the previously described interactions, it is clear that MAP1A and MAP1B
are involved in several cellular processes along with their classical MT stabilization
and organization roles. They are involved in regulating membrane trafficking,
targeting, anchoring and internalisation of various ion channels and receptors.
Additionally, it seems that the function of the reported protein complexes varies
according to the type of interacting protein (e.g. LC1 or LC2), phosphorylation state,
cellular compartment and cell type. To date, most of the molecular mechanisms of
these interactions have been poorly described, probably due to the overlap between
MAP1A, MAP1B (as well as other MAPS) structure and function that might obscure

the dissection of the functional significance of a specific interaction.
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Table 1.1: Summary of MAP1A and MAP1B protein interactions

MAP1 I i .
. nteracting Cell type Proposed functional effect Reference
protein partner
LC1 5-HT3 HEK293 Z -HBT3a surface expression Sun et al,
A A P 2008 201
- O6Bri e
LC1 Navl.6 ND7/23 g Navl. 6 surf a al., 2012 202
. Z N-Bddtaining NMDAR at the | Eriksson et
Lcl NR3A Rat brain cell membrane al., 2010 208
Z Cav2.2 surfac/( Gandiniet
LC1 Cav2.2 ﬁoiitzagb?;jn promoting ubiquitination (Cav2.2- al., 2014
LC1-UBE2L3 complex) 204,205
MAP1A & . Regulation of protein expression, Maurer et
GPCR Mouse brain . . .
MAP1B ! ! protein folding and targeting al., 2004 206
. . o . Park et al.,
MAP1A BKCa Rat brain Mediate BKCa-actin interaction 2004 208
Stargazin-AMPA . Regulate AMAP receptor Ives et al.,
LC2 receptor complex Mouse brain trafficking to the cell membrane 2004 213
. Regulate AMPA receptor Brenman et
LC2 PSD-93 Mouse brain anchoring al., 1098 214
Regulation of Cav2.2 trafficking,
. targeting and surface anchoring Leenders et
LC2 Cav2.2 Rat brain ) .
v ! the the presynaptic terminals of al.,2008 215
hippocampal neurons

To characterise the functional significance of LC2-Navl.7 interaction, several

functional assays were explored (as discussed in chapter 5). One of the explored

options was calcium imaging using veratridine as VGSC activator. The rationale

behind using this particular technique and veratridine to investigate the functional

consequences on DRG neurons and the advantages and potential applications of

using this assay are presented in chapter 3 and 4. Hence, in the last section of this

chapter, | will describe calcium imaging techniqgue and discuss its most recent

applications in studying DRG neurons.
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1.5. Calcium imaging assay for assessing DRG excitability

Considerable efforts have been done in the field to better understand the complexity
of DRG neurons and to isolate the molecular components that regulate neuronal
excitability in normal and pathological conditions. Electrophysiology is considered the
gold-standard in our current understanding of neuronal excitability. Its highly sensitive
temporal resolution enable researcher to extract valuable information regarding the
action potential frequency, duration and conduction velocity. However, the diversity
and heterogeneity of the DRG neurons make it more difficult, laborious and nearly
impossible to obtain a representative sample for each and every cell subtype by
electrophysiology where, most of the times, action potential from a single cell is
recorded at a time. Therefore, there is an increasing need for a high-throughput assay
that can simultaneously monitor the activity of a large number of neurons such as

calcium imaging assay.

1.5.1. Calcium imaging indicators:

Calcium imaging assay is widely used by neuroscientist to study neuronal regulatory
mechanisms and calcium signalling pathways. Many of the advances made in the
neuroscience today have not been possible without the important contribution of the
Tsien laboratory where they developed highly sensitive calcium indicators for in vitro
use 217218 and discovered the genetically encoded calcium indicator (GECISs) for in vivo

use 219,

One of the most widely used in vitro calcium indicator is the high-affinity calcium
indicator Fura-2. Fura-2 molecule is composed of two main parts, a highly-selective
calcium chelator and a fluorescent chromophore (fluorophore). Fura-2 is considered
the standard chemical dye for in vitro calcium imaging experiments. It has a wide
calcium sensitivity range (~100 nM i 100 pM), with a high calcium affinity (Kd ~ 145
nM) which is comparable to the intracellular calcium levels 229, The ester form of Fura-
2-acetoxymethyl ester (Fura-2AM) is membrane permeable that can easily and readily
enter the cytosolic compartment of the cell. Once there, the ester bond gets degraded
by cytoplasmic esterase, which render the dye membrane impermeable. Upon binding
to intracellular calcium, Fura-2 undergoes intramolecular conformational changes that

shift its excitation wavelength (380 nm, calcium free) to a shorter wavelength (340 nm,
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calcium bound), while the emission wavelength of the two forms is usually between
5051 520 nm. When intracellular calcium concentration is increased it results in an
increase in the calcium-bound fura-2 excitation efficiency at 340 nm, that is
accompanied by a simultaneous decrease in the calcium-free fura-2 excitation
efficiency at 380 nm. Therefore, a ratiometric measurement of fura-2 excitation
wavelengths (340 / 380) gives a quantitative measure of the intracellular calcium
concentration independently of the fura-2 concentration within the cells 218220,
Ratiometric measurement of fura-2 excitation has also the advantage to overcome
problems of dye leaking, photobleaching and unequal tissue / cells thicknesses.
Finally, the micromolar concentration of fura-2 is bright and stable enough for relatively

lengthy imaging protocols with minimum photobleaching and cellular phototoxicity 22°.

Genetically encoded calcium indicators (GECIS) are protein-based calcium indicators
that have the advantage of selective expression in a specific tissue, cell population or
even specific intracellular compartment. GCaMPs proteins are a group of GECIs
composed of a circular permuted enhanced green fluorescent protein (eGFP) that is
linked to calmodulin on its C-terminus side and to calmodulin binding peptide (M13)
on the N-terminus side. In calcium free condition, minimum fluorescent is detected by
the fluorophore. Upon increased intracellular calcium level, calcium binds to the
calmodulin, which in turn binds to the M13. The formation of Ca-calmodulin-M13
complex induces conformational changes to the eGFP molecule which results in a
significantly enhanced fluorescent activity 2?1, Several GCaMPs have been developed
so far to enhance the signal-to-noise ratio, the dynamic range (the ratio of differences
in intensity between the free-calcium form to the bound-calcium form) and the

response kinetics 222,

1.5.2. In vitro calcium imaging of DRG neurons:

Profiling of DRG neurons based on their unique calcium responses to a series of
algesic markers (e.g. Capsaicin, AITC, ATP, histamine, menthol, veratridine,
bradykinin and acetylcholine) has been introduced by the Olivera research group, a
concept termed fconst &P &anstadation pHamnacoleagg ol o gy ¢
provides an elaborate catalogue of DRG neurons based on their functional

phenotypes. In addition, it allows for the identification of unique and rare neuronal
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subtypes that were usually missed by classical techniques - due to their infrequent
occurrence 2932, Constellation pharmacology can also be used in drug screen, where
comparison of calcium responses from treated and untreated cultures can reveal the
primary target of the drug as well as its potential off-target effects 2?4, Another
application of constellation pharmacology approach in drug screen is that cells are
challenged with multiple pulses of high potassium external solution. The effect of the
test compound on the neuronal excitability was judged by the degree of distortion /
inhibition it produces on one of the KClI pulses. The effect of the test compound is then
compared to pre-determined effects obtained by known specific and non-specific ion-
channel blockers 2239224 However, the lengthy protocol, the need for a pre-
determined, species-specific response-templates for comparison as well as the use of
high-potassium solution (a non-specific neuronal depolarizing agent) in the
assessment of the specificity of ion channel blockers are all limiting factors that are

associated with this particular assay.

1.5.3. In vivo calcium imaging of DRG neurons:

GCaMP3 and GCaMP6 are common examples of GECI that are used to study DRG
neurons in vivo. They are genetically expressed in sensory neurons under the control
of phosphoinositide-binding protein (pirt) promoter, (pirt gene is selectively expressed
in the DRG and trigeminal ganglia, but not in the sympathetic ganglia and CNS) 2.
This unique expression in DRG neurons combined with the development of a novel in
vivo DRG imaging technique have allowed scientists today to monitor large number of
sensory neurons in their native environment to several physiological / pharmacological
stimuli and reveal interesting information regarding neuron types, communication with

surrounding cells and pain signalling 226-22°,

One study has investigated the neuronal coupling upon peripheral injury. Neuron-
satellite glial cell coupling as well as neuron-neuron coupling events are shown to be
significantly higher in injured animals compared to controls. Interestingly, neuronal
coupling was noticed between all cell sizes, which suggest that in the presence of
peripheral insult, nociceptive neurons as well as non-nociceptive neurons can be
activated via coupling. This A hi j ac ki n g 0-diaméter helurens byasmalle

nociceptive neurons could have potential implications in injury-induced mechanical
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allodynia. Neuronal coupling has been suggested to be directly mediated via gap

junction formation, although chemical communication was not ruled out 27,

A different study that used GCaMP3-expressed in all cell types by means of adenoviral
E11A-driven Cre has showed that inflammation can alter the sensitivity of neurons to
mechanical stimuli where, unexpectedly, some cells loses mechanical sensitivity while
others showed similar or enhanced sensitivity. Intriguingly, the study also reports that
not all action potentials from large to medium neurons can elicit calcium responses in
their animal model. Conversely, some calcium responses are elicited independently

of the propagated action potential 228,

Another study has looked at the responses of sensory neurons to various physiological
modalities (mechanical, heat and cold) applied directly to the plantar surface of the
hind paw of an anesthetized animal. The study suggests that under normal conditions
> 85 % of the responsive DRG neurons are modality-specific, in contrast to what have
been demonstrated previously by in vitro and in vivo electrophysiology studies in which
majority of DRG neurons are polymodal. Interestingly, the study also shows that upon
PGE2-induced inflammation, several neurons switch from unimodal to polymodal
responses with an increased response intensity to noxious physiological stimuli. It also
shows that almost 48 % of the primarily unresponsive neurons (silent neurons)
become responsive upon injury 226, In contrast, a large-scale in vivo study by Chisholm
et al, 2017 using similar technique with three different methods of GCaMP6 expression
(intrathecal AAV9 virus injection, Pan-neuronal transgenic GCaMP6 expressing mice
and sensory neuron specific GCaMP6 expressing mice) demonstrates that
polymodality is an inherent feature to DRG neurons under normal conditions in

consistence with the classical view of the DRG polymodality 22°.

Altogether, each of the previous studies has suggested new and interesting
hypotheses that would not be possible to propose without the simultaneous and high-
throughput capacity of the in vivo calcium imaging. Importantly, such technique is
limited to a very few number of laboratories around the world and its application is still
an evolving process. It is not unexpected that several technical aspects including
GCaMP choice (sensitivity, dynamic range and expression methods), microscopy

(type, acquisition rate and resolution), stimulation (type, application method, intensity,



Chapter 1: Introduction

application site), surgery of exposing the DRG, the choice of the anaesthetic agent
and the sample size used in the analysis are only few out of many other factors that
could lead to the generation of some controversial and contrasting results from these
studies. Nonetheless, given the amount of data that can be obtained by such
technique, it is undoubtedly that several efforts will be invested and more laboratories
will adapt the technique in the next few years to resolve pain pathways in an

sophisticated, more physiological and comprehensive way.

1.5.4. The use of Veratridine to activate neurons in calcium imaging

assay.

In vitro calcium imaging experiments are classically performed by applying a specific
pharmacological agent to activate neurons. However, majority of these agents are
subtype specific. For example, capsaicin specifically activates TRPV1 expressing
neurons, NGF activates TRKA expressing neurons, and mustard oil and
cinnamaldehyde specifically activate TRPA expressing neurons. In order to activate
the whole population of neurons, electrical stimulation or high-potassium extracellular
solution are used to alter membrane potential and elicit depolarization in all neurons.
Importantly, the use of high potassium or electrical stimulation to reflect VGSC activity
is precluded by the fact that multiple ion channels can be activated, hence contribute
to neuronal depolarization (e.g. VGSC and VGCC) 230-233,

In the current study, | was mostly interested in examining VGSC activity and neuronal
excitability upon direct modification of VGSC or VGSC-interacting proteins. Therefore,
| used veratridine (instead of high-potassium solution) in calcium assay to directly

measure VGSC activity and neuronal excitability.

Veratridine is a natural alkaloid produced by the lilaceous plants as a part of a many
other related alkaloids named (veratrum alkaloids). The seeds of these plants contain
mixture of ester alkaloids named Tfiveratrineo and 2fas use
Goldstein was the first who purified veratridine from the veratrine mixture and provide
several investigators with the pure alkaloid. On the 1970s, a pure form of veratridine
became commercially available 23°. Early experiments with the pure veratridine

alkaloid has shown that the drug causes characteristic change in sodium permeability
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as a result of keeping the sodium channels open for relatively longer time 236,
Moreover, experiments on myelinated frog nerve fibres and on single nerve fibres
suggested that the presence of sodium ions in the external medium is critical for
veratridine-induced depolarization 237. All of these observations were consolidated by
extensive patch-clamp electrophysiology experiments 23238239 Now, veratridine is
widely accepte d as A VGSC act Veradine preddmangntlynbinds T DX-
S VGSC with a higher preference to open VGSC. It binds S6 in DI and DIV of VGSC,
locks the channel in its active state and delays fast inactivation, with subsequent
increase in sodium influx and membrane depolarization 24°, Due to its action on VGSC
and its ability to elicit robust depolarization in excitable cells, veratridine has been long

used as a pharmacological tool to activate neurons in multiple drug screen assays
30,241
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1.6. Aims:

The expression pattern of MAP1A and its light chain (LC2) was mostly studied in the
CNS. Several MAP1A-protien partners have been identified, but in most cases left with
no clear description of the functional consequence in native tissue. Therefore, the main
aims of this study were:

Aim 1: To develop a high throughput assay based on calcium imaging to assess
neuronal excitability in general and Nav1.7 function in particular, in primary cultures of
DRG sensory neurons.

Aim 2: Investigate the effect of MAP1A knock-down on Nav1.7 function and neuronal

excitability.

Therefore, the following objectives were carried out:
Aim 1:
- Characterize VTD calcium responses in DRG neurons, (Chapter 3).
- Characterize the effect of sodium channel blocker on VTD calcium responses
in DRG neurons, (Chapter 4).
- Optimization and investigation of the functional differences between long-term

and short-term DRG cultures, (Chapter 5).

Aim 2: (Chapter 5)
- Confirm LC2-Navl.7 interaction in DRG neurones.
- Investigate MAP1A-HC and LC2 distribution patterns in DRG culture.
- Achieve high-efficiency MAP1A KD in DRG neurons.
- Characterize the functional significance of MAP1A KD on Navl.7 and neuronal
excitability.

- Identify the binding domains involved in LC2-Navl.7 interaction.
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Chapter 2: Materials and Methods
2.1. Materials:
2.1.1. Animals:

Tissues and cells were freshly obtained from 3-4 months old (adult) male C57/BL6
mice purchased from Charles River (Margate, UK). All mice had a free access to food

and water before sacrifice.

2.1.2. Mammalian cell lines:

Cell line Details
N2a Mouse neuroblastoma cell line, adherent
HEK-293 Human Embryonic Kidney cell line, adherent.
SH-SY5Y Human neuroblastoma cell line, adherent and suspension
HelLa human cervical cancer cell line, adherent
Human colon colorectal adenocarcinoma epithelial cell line;
Caco-2
adherent

2.1.3. Bacterial strains:

Strain Details
Genotype: F-0 801 ac ZpM15 -agi)l ac Z
U169 recAl endAl hsdR17(rk-,

DH5UE :
mk+) phoA supE44 thi-1 gyrA9%6r el A1 &
Source: Invitrogen (cat.no. 18265-017)

E.coli Nova Blue Genotype: recAl endAl gyrA96 thi-1 hsdR17
supE44 rel A1 | ac [ Fn@oO (pethh 4

(XL1) Source: Dr. Erdmann lab (Stratagene GmbH)
Genotype: TetrD(mcrA)183 D(mcrCB-hsdSMR-

E.coli XL10-Gold mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac

ultracompetent cells | Hte [F" proAB laclgZDM15 Tn10 (Tetr) Amy Camr

Source: Dr. Erdmann lab (Agilent)




2.1.4. Cell culture reagents:
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Reagent name Supplier Cat. no.
Innovative Cell
Accumax . AM105
Technologies
Albumin Bovine fraction V (BSA) Melford A1302
. o Gi bcoE |
B27 supplement (without insulin) ' 05-0129SA
technologies
Collagenase Type XI,100X (0.6 mg/mL) Sigma C9407
Dispase, 100X (1 mg/mL) Sigma D4693
Dubeccobs phosphate
, BE17-
(DPBS), without Ca** and Mg**, 0.0095 Lonza
512Q
M (POa)
Dul beccob6s Modified . R
. . Gi bcoE |
with Glutamax medium (DMEM/F-12 + _ 31331-028
technologies
Glutamax)
_ _ Gi bcoE |
F12 Nutrient mix+GlutaMA ) 31765-027
technologies
FBS (fetal bovine serum) i EU approved Gi bcoE |
o o _ _ 10500-064
origin, origin: South America technologies
Gi bcoE |
MEM+Glutamax _ 41090-028
technologies
Gi bcoE |
MEM-NEAA(100x) _ 11140-035
technologies
Opti-MEM® | Reduced Serum Medium, Gi bcoE |
. 11058021
no phenol red technologies
Penicillin/Streptomycin 100X Sigma P0O781
Polyethyleneimine (PEI), linear Polysicene 23966
Poly-L-orinithine (20ug/mL) Sigma P3655
Trypsin-EDTA (10X) [0.5% /0.2 % in S
A&E scientific (PAA) | L11-003

DPBS]
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2.1.5. Bacterial Culture and molecular cloning reagents:

Reagent name Supplier Cat. no.
Agar Granulated Melford GM1002
Agarose Melford MB1200
Ampicillin sodium salt (200 mg/mL) Sigma A0166
Glycerol Fisher Scientific G/0650/17
LB Broth, MiLLER, Large granule Fisher BioReagents | BPE9723-2
Spectinomycin dihydrochloride )
Sigma S4014
pentahydrate
Terrific Broth Modified, Large granule Fisher BioReagents | BPE9728-2
5x Green buffer Promega M791B
dNTP set Thermo Scientific R0186
Go Taq polymerase enzyme Promega M830C
] Thermo Fisher
SYBR® Safe DNA Gel Stain L S33102
Scientific
_ New England
Antarctic phosphatase enzyme (ACP) . M0289S
BioLabs
_ New England
T4 DNA ligase enzyme _ M0202S
BioLabs
_ New England
T4 DNA ligase buffer _ B0202S
BioLabs

2.1.6. Restriction enzymes:

All endonuclease restriction enzymes and buffers used in this thesis were purchased
from New England BioLabs (NEB).
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2.1.7. Pharmacological compounds:

i Stock _
Reagent name Vehicle Supplier Cat. no.
conc.
A-803467 DMSO 10 mM Abcam Ab120282
Allyl isothiocyanate (AITC) - 100 puM Sigma 377430
ATP Water 10 mM Sigma A2383
o 0.1 M acetic .
Bradykinin _ 10 mM Sigma B3259
acid
Capsaicin Ethanol 10 mM Tocris 0462
Isoflurane (IsoFlo®) Abbott 100 % Abbott B506
PF-04856264 DMSO 10 mM Sigma 11916
_ 0.1% 20
Recombinant mNGF beta R&D 1156-NG
BSA/PBS pug/mL

Tetradotoxin (TTX) Citrate buffer 30 uM Abcam Asc-054
TNP-ATP

_ _ Water 10 mM Tocris 2464
triethylammonium salt
Veratridine Ethanol 5mM Abcam Ab120279
U, -hethylene ATP Water 10 mM Sigma M6517

2.1.8. Reagents, Chemicals and Solvents:

Reagent name Supplier Cat. no.
2-Mercaptoethanol Sigma M-3148
4 % PFA + 3 % Sucrose Alfa Aesar J61984
Acetic acid glacial Fisher Scientific A/0400/PB17
Albumin Standard 2mg/mL Thermo Scientific 23210
Ammonium Chloride Sigma A9434
Ammonium Persulphate (APS) Melford A1512
Bio-Rad protein assay Bio-Rad 500-0006
Bromophenol Blue Fisher BioReagents BP115-25
Calcium Chloride (anhydrous) Melford C1103
DAPI| -Didmidin®2-Phenylindole) Fisher Scientific D1306
D-glucose (anhydrous) Fisher Scientific G/0500/53
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Dimethylsulfoxide (DMSO) Sigma-Aldrich 276855
EDTA (Diaminoethanetetra-acetic acid _ o
o Fisher Scientific D/0700/53
disodium salt)
Ethanol, absolute (HPLC grade) Fisher Scientific E/0665DF/17
Fura-2,AM (20 X 50 pg unit) Molecular Probes F1221
Gelatin from cold water fish skin Sigma G7765
Gene Ruler 100bp DNA Laddar plus, 0.5
Fermentas SM0321
Hg/pL
Gene Ruler 1Kb DNA Laddar plus, 0.5
Fermentas SMO0311
Hg/pL
Glycine Acros organics 220910050
HEPES Sigma H3375
Hydrochloric acid S.G. 1.18 (~ 37 %) Fisher Scientific H/1200/PB17
Magnesium chloride (Anhydrous) Melford MO0535
Methanol Fisher Scientific M/3950/17
Gibco E | i f
Normal Goat Serum . 16210-064
technologies
OCT embedding matrix LAMB/OCT 03661650
PageRul erE Plus Pres o
Thermo Scientific 26619
Laddar
Paraformaldehyde TAAB Laboratories P0O01
Poropan-2-ol (Analytical grade reagent) Fisher Scientific P/7500/17
Potassium chloride Melford P0O515
ProLong® Gold antifade mounting reagent Life Technologies P36930
Protease Inhibitor Cocktail (PIC) 100 X Sigma P8340
Protein G sepharose®, fast flow Sigma P3296
ProtoGel® [Acrylamide 30 % (w/v): 0.8 %
(w/v) Bis-Acryl-amide stock solution Ultra Pure EC-890
(37.5:1)]
Sepharose® 6B Sigma-Aldrich 6B100
Skim milk powder 70166 Fluka
Sodium Azide Aldrich 438456
Sodium Chloride Fisher Scientific S/3160/65
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Sodium chloride Fisher Scientific S/3160/65
Sodium dihydrogen orthophosphate _ o
Fisher Scientific S/3760/53
dehydrate
Sodium dodecylsulphate Fisher Scientific S/5200/53
Sodium hydroxide Fisher Scientific S/4920/53
TEMED Melford T3100
Tetraethylammonium chloride Sigma T2265
TRIS Melford B2005
Triton® X-100 Sigma-Aldrich T9284
Tryptone granulated Melford GT1332
Tween-20 Melford P1362
_ _ BPE9727-
Yeast extract (large granules) Fisher Bioreagents 500
2.1.9. Commercial Kits:
Reagent name Supplier Cat. no.
Blocki t E Pol |1 mi R R _
o Invitrogen 45-1102
Vector Kit with EmGFP
. R o The Epigenetics
Direct:z ol E RNA Mi ni pr e R2050
company
GenEluteE Plasmid N Sigma-Aldrich PLN350-1KT
Genopure Plasmid Maxi Kit Roche 03143422001
Genopure Plasmid Midi Kit Roche 03143414001
High Capacity cDNA Reverse ) _
o ) Applied Biosystems 4368814
Transcription Kit
Mi cro BCAE Protein Thermo Scientific 23235
Pierce® Cell Surface Protein Isolation L
_ Thermo Scientific 89881
Kit
Pierce® ECL Western Blotting Substrate | Thermo Scientific 32106
Qiaex lI® Gel Extraction Kit Qiagen 20021
Qiagen® Plasmid Plus Mega Kit Qiagen 12981
Western brightE ECL Advansta K-12045-D20




2.1.10. Primary Antibodies:
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Antibody Host Application Supplier Cat.no.
Anti-ac-U-Tubulin . o
Rabbit WB (1:1000) Cell signaling 5335S
Anti-Na/ K ATH
_ Sc-28800-
(H-300) Rabbit WB (1:1000) SantaCruz
E1412
S _ WB (1:1000), _
Anti-Actin Rabbit Biorbyt Orb10033
IF (1:1000)
Anti-cmyc (A-14) . WB (1:1000),
Rabbit SantaCruz Sc-789
IF (1:1000)
Anti-GAPDH Rabbit WB (1:5000) Biorbyt Orb66644
Anti-GFAP Rabbit IF (1:500) Sigma G9269
Anti-GFAP Mouse IF (1:500) Sigma G3893
Anti-HuD (H-300) Rabbit WB (1:500) SantaCruz Sc-25360
Anti-LC2 Rabbit | WB & IF (1:1000) | Gift from Dr. Friedrich Propst
_ . WB (1:500), IF
Anti-MAP1A (HC) Rabbit SantaCruz Sc-25728
(1:200)
Anti-MAP1B (LC1) | Mouse WB (1:500) SantaCruz Sc-136472
Anti-MAP1LC3A Rabbit WB (1:500) LSBio LS-C165699
WB (1:1000),
Anti-NaV 1.7 Mouse | co-IP (1:100), Neuromab 75-103
IF (1:400)
Anti-NF200 Rabbit IF (1:500) Sigma N4142
Anti-Peripherin rabbit IF (1:500) Abcam Ab4666
Anti-b I|-Tubuin Mouse | WB & IF (1:1000) R&D MAB1195
fo[€ Mouse co-IP Sigma 15381
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2.1.11. Secondary Antibodies:

Antibody Host | Application Supplier Cat.no.
Alexa Fluor 647,Anti-

Mouse Fab fragment

Goat | IF (1:2000) Molecular Probe | A21237

AlexaFluor 488 Anti-mouse
Fab2

AlexaFluor 594 Anti-mouse | Goat | IF (1:2000) | Life Technologies | A11032
AlexaFluor 594 Anti-rabbit | Goat | IF (1:2000) | Life Technologies | A11037
AlexaFluor488 Anti-mouse | Goat | IF (1:2000) | Life Technologies | A11029

Goat | IF (1:2000) | Life Technologies | A11017

Anti-mouse IgG (H+L) WB o

. Goat Thermo Scientific | 35518
DyLight 680 (1:20000)
Anti-mouse HRP Goat | WB (1:2000) | Life Technologies | G21234
Anti-Rabbit HRP Goat | WB (1:2000) Invitrogen 1148960
Anti-rabbit IgG (H+L) WB S SA5-

_ Goat Thermo Scientific
DyLight 800 (1:10000) 35571

Clean blot IP detection o
WB (1:100) | Thermo Scientific | 21230
reagent

Gba488-

GFP booster Atto-488 IF (1:1000) Chromotek 100

2.1.12. DNA Plasmids:

Plasmid Name Details

pcDNA3-cmyctag Dr. Nassar plasmids library

p ¢ DN A E-6W/EmGFPmIR | Block-itE Pol Il miR RNAi Expression Vector Kit
pc DNAE1 -GWa¢h
control plasmid

p c DNA E-G®/E@RGFP-

miR-neg control plasmid

Block-itE Pol Il miR RNAi Expression Vector Kit

Block-itE Pol Il miR RNAi Expression Vector Kit

Obtained from Prof. Mimoun Azzouz plasmid
SIN-PGK-cPPT-GDNF-WHV | _
library at (SiTran).

mMiR containing vector that is used in LV particle.
Made by c | eEnmGigP nifragkbent

SIN-CMV-EmGFP-mIR
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Xhol restriction enzymes.

fromp ¢ D N A E-6W/EmGFPmIR vector into
SIN-PGK-cPPT-GDNF-WHYV by using Spel and

pMAX-green

Dr. Nassar plasmids library

2.1.13. Primers:

_ o Length _
Primer name Sequence (5°- 37) (bp] Details
Y
Sequencin
EmGFP a . J
ggcatggacgagctgtacaa 20 (Block-ite
forward _
kit)
Sequencing
MiRNA reverse ctctagatcaaccactttgt 20 (Block-itE
kit)
Sequencing
(UoS - Core
T7 forward taatacgactcactataggg 20 )
genomic
facility)
Sequencing
(UoS - Core
SP6 promoter atttaggtgacactatag 18 )
genomic
facility)
mLC2-PCR17s | aaaggtaccaccatggctgatgagacaccccccaca 36 cDNA
mLC2-PCR18s | aaaggtaccaccatggctgaccccgaggggctcagce 36 synthesis
mLC2-PCR19s | aaaggtaccaccatggtttgcatggctgaccccgag 36 by PCR to
mLC2-PCR20s aaaggtaccatgcctcctgtgtatgtggatcttgc 35 produce
mLC2-PCR21s | aaaggtaccatgcctcctgtgtatgtggatcttgect 37 (LC2
mLC2-PCR12a | tttctcgaggaactcaatcttgcaggctggaaag 34 deletion
mLC2-PCR16a tttctcgaggccagagctacccttggacceca 32 mutants),
Figure 2.4,
mLC2-PCR15a tttctcgagcaaacatccggtcggggaggggg 32 Sigma-

Aldrich
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2.1.14. MAP1A miRNA sequences:

Sequence._ 1 tgctGTCCAATACCTGACTTCCTGCTGTTTTGGCCACTGACTGA
B CAGCAGGAACAGGTATTGGAcagg
Sequence. 2 tgctGAATCCTTGAAATCCGAGGCCCGTTTTGGCCACTGACTG
- ACGGGCCTCGTTTCAAGGATTcagg
tgctGATTAGTACCATCATCCCAGTGGTTTTGGCCACTGACTG
Sequence_3 ACCACTGGGAATGGTACTAATcagg
Sequence. 4 tgctGATCAGAATCTGATTGTGAGGAGTTTTGGCCACTGACTG
- ACTCCTCACACAGATTCTGATcagg

2.1.15. Tools and labware:

Name Supplier Cat. no.
Calcium imaging perfusion chamber Warner instruments RC-25F
Cell scraper, 220 mm Long, 11 mm CC7600-
) CytoOne
blade, Sterile 0220
CellviewE cell cult Greiner Bio-One
627861
(Glass bottom, one compartment) GmbH
Cover glass 16 mm (0.13-0.17 mm Scientific Laboratory
thick) Supplies LTD
Disposable Scalpels (Surgical steel
Swann-Morton 0505
blades)
_ 0030108.05
DNA LoBind Tube 1.5 mL Eppendorf 1
Fine Science Tools,
Dumont #5 Forceps 15018-10
FST
Glass homogenizer Scientific limited
Ground edges 90° frosted end slide Thermo Scientific BS7011/2
| mmEdgeE PEN Vector Laboratories H-4000
_ Becton Dickinson
Luer-Lok syringes (50 mL) 300865
(BD)
Minisart® Syringe Filters (0.45 pm,
_ Appleton woods 25926
Sartorius)
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MP-8 Manifold Warner instruments 64-0211

Portex Tubing ,30m non-sterile polythene
tubing, [ 0.86 mm ID, 1.27 mm OD]

Fisher Scientific 800/110/260

SuperFrost® Plus Microscope Slide VWR international 631-0108
_ Beckman Coulter,
Ultra-Clear centrifuge tubes (25X89 mm) I 344058
nc.

VWRE Pellet Mixer ( . .
VWR international 47747-370

mixer)
R GE Healthcare Life
What manE Nitrocellu _ 10401196
Sciences
o GE Healthcare Life
X-rayAmer sham Hypefin i | 28906835

Sciences

2.1.16. Buffer, solution and medium recipes:

1 DRG enzyme digestion mixture

1 X Collagenase XI,
1 X Dispase I,
DMEM/F-12 + Glutamax

1 Standard Extracellular Ringer Solution

140 mM Sodium Chloride,

4 mM Potassium Chloride,

2 mM Calcium Chloride,

1 mM Magnesium Chloride,

10 mM HEPES,

pH = 7.4 at 25 °C, PH is adjusted with Sodium Hydroxide

1 High Potassium Ringer Solution

104 mM Sodium Chloride,
40 mM Potassium Chloride,
2 mM Calcium Chloride,

1 mM Magnesium Chloride,
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pH = 7.4 at 25 °C, PH is adjusted with Sodium Hydroxide

TAE Buffer (10 X)

2 M Tris Base,
50 mM EDTA,
0.95 M Glacial acetic acid

Gel buffers

1 Resolving gel bufferi 1.5 M Tris-HCI, pH 8.8
1 Stacking gel buffer i 0.5 M Tris-HCI, pH 6.8

TBS Buffer (10 X)

200 mM Tris Base,
1.37 M Sodium Chloride,
PH = 7.4, PH is adjusted with HCI

Western Blot Running Buffer (10 X)

250 mM Tris Base,
1.92 M Gilycine,
1% SDS

Western Blot Transfer Buffer (10 X)

250 mM Tris Base,
1.92 M Glycine

Laemmli sample Buffer (4 X)

250 mM Tris-HCI pH 6.8,
40 % Glycerol,

2 0 Ymeffcaptoethanal,
8 % SDS,

1 % bromophenol blue
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1 Blocking buffer for Western blot

5 % skim milk powder in TBS-0.1 % Tween-20 (TBST)

1 Buffer A (Blocking buffer for LC2 antibody in WB)

150 mM Sodium Chloride,
0.25 % Tween-20,

2 % BSA,

1 X PBS

1 Blocking Solution for Immuno-fluorescence

2 % BSA,

2 % Fish skin gelatin,
0.1 % Tween-20,

0.5 % Sodium Azide,

2 % Normal goat serum,
1 X PBS

1 HEPES Lysis Buffer

50 mM HEPES, pH 7.5,

150 mM Sodium chloride,

1.5 mM Magnesium chloride,
1 mM EDTA,

10 % Glycerol,

1 % Triton X-100

1 X Protease Cocktail Inhibitor

1 HEPES Wash Buffer (Immunoprecipitation)

50 mM HEPES, pH 7.5,

150 mM Sodium chloride,
1.5 mM Magnesium chloride,
1 mM EDTA,

0.1 % Triton X-100
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10 % Glycerol,
1 X Protease Cocktail Inhibitor

1 SOB Medium

2 % Tryptone,

1 % Yeast Extract,

2 mM Sodium Chloride,

0.7 mM Potassium Chloride,

1 mM Magnesium Chloride

1 LB 1 agar plates
25 g LB broth
107 15 g Agar granules
Antibiotic (ampicillin 200 pL/mL or spectinomycin 50 puL/mL)
dH20 upto 1L,

Media was autoclaved before use, plates were stored at 4 °C.
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2.2. METHODS:
CELL CULTURE RELATED METHODS:

2.2.1. Mouse dorsal root ganglia primary culture:

2.2.1.1. DRG isolation:

At the day of the dissection, the animal was first anesthetized with isoflurane and then
humanly killed by cervical dislocation in accordance with Schedule 1 procedures of
UK Animals (Scientific Procedures) Act 1986. The spinal column was then carefully
cut off longitudinally and isolated out of the animal. Muscles were gently scraped off
the bones. The bones were opened longitudinally into two hemi sections with a sharp
scalpel to expose the spinal cord. Spinal cord was gently scraped off under the
microscope to expose the DRGs. DRGs were then isolated one by one from the root

and placed in a 35-mm dish containing ice-cold PBS.

2.2.1.2. DRG digestion:

PBS was replaced with 1 mL Dul beccobds Modi fi
with Glutamax medium containing Dispase (1 mg/mL) and Collagenase Type Xl (0.6
mg/mL). DRGs were left for digestion for 60 min at 37 °C and 5 % COa.

2.2.1.3. DRG dissociation and culture preparation:

After incubation with the digestive enzyme mix, cells were triturated with P1000 pipette
10 times to ensure full dissociation of the tissue. Cell suspension was carefully layered
on top of 15 % Bovine Serum Albumin in DMEM/F12 and centrifuged at 800 g [2000
rpm (rotor no. 4624/ Hettich Rotina 46R centrifuge)], for 10 min at room temperature
with the minimum deceleration speed. The cell pellet was then washed in excess
culture medium composed of DMEM/F12 plus 10 % Fetal Bovine Serum, 100 units/mL
penicillin and 100 pg/mL streptomycin (Gibco). Cells were pelleted again, re-
suspended in DRG culture medium and plated on glass coverslips coated with L-
polyornithine (20 pg/mL). Cells were incubated at 37 °C /5 % CO:2 for 24 h for recovery

before experiments.
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2.2.2. Mammalian cell lines:

2.2.2.1. Cell line types and culture media:

N2a-neuroblastoma, HeLa and HEK293 cells were maintained in DMEM-
F12/Glutamax supplemented with 10 % Fetal Bovine Serum (FBS), 100 units/mL
penicillin and 100 pg/mL streptomycin at 37°C in 5 % CO2. SH-SY5Y neuroblastoma
cells were maintained in medium that consists of 42 % F-12 + Glutamax, 42 % MEM
+ GlutaMax, 15 % heat inactivated FBS, 10 % MEM-NEAA. HEK-293 cells for
lentivirus production and Caco-2 cells for immunofluorescence experiments were
maintained in DMEM with 4.5 g/L glucose, L-glutamine, without Na Pyruvate)
supplemented with 10 % FBS and 1 % penicillin/Streptomycin.

2.2.2.2. Cell line sub-culturing:

When 80 % cell confluency was reached, cells were washed twice with PBS and then
incubated with Trypsin EDTA (0.05 % in PBS) at a sufficient volume that covered the
cells for 3 min at 37 °C. Flasks were gently tapped to speed up cells detachment and
frequently checked under the microscope to avoid over-trypsinization. Cells were
collected in the standard culture medium, to inactivate trypsin, and pelleted at RT. Cell
pellet was re-suspended in culture medium and re-seeded at the desired passage ratio
in a new flask (1:10 ratio for N2a, Hela and HEK293 cell lines,1:5 ratio for SH-SY5Y
cell line and 1:5 Caco-2 cell line).

2.2.3. Cell line DNA transfection:

One day prior to transfection, cells were counted and seeded at the same cell densities
recommended by Invitrogen (cell culture protocols - useful numbers for cell culture) 1
Table 2.1. The desired volume of DNA and PEI were diluted separately in Opti-MEM®
- Reduced Serum Medium (usually at 1:3 ratio, but large DNA constructs (e.g. Scn9a-
GFP overexpression constructs) needs higher ratio 1:7. DNA concentration is
optimized per construct but it is usually between 17 2 pug / mL, Table 2.2. Diluted PEI
was added to the DNA, the DNA-PEI mixture was left to stand for 10 min at RT. Culture
medium in the wells was replaced with a fresh serum free and antibiotic free medium.
DNA-PEI mixture was then added to each well and left for 6 h at 37 °C incubator. DNA-
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PEI containing medium was replaced with a fresh DMEM/F12-Glutamax medium
supplemented with 10 % FBS and 1 % Penicillin/Streptomycin. Cells were then

processed after 48 h for overexpression experiments or 96 h for KD experiments.

Table 2.1: Mammalian cell line seeding density. Numbers are adopted from Invitrogen cell culture

protocols - useful numbers for cell culture.

[https://www.thermofisher.com/uk/en/home/references/gibco-cell-culture-basics/cell-culture-

protocols/cell-culture-useful-numbers.html]

Surface area ) ) Cells at Growth medium
(cm2) Seeding density confluency (mL)
Dishes
35 mm 9 0.3 X 108 1.2 X 106 2
60 mm 21 0.8 X 108 3.2 X108 3
100 mm 55 2.2 X 108 8.8 X 10¢ 10
150 mm 152 5X 1086 20 X 106 20
Culture plates
6-well 0.3 X 108 1.2 X 108 3-5
12-well 4 0.1 X108 0.4 X 108 1-2
24-well 0.05 X 10¢ 0.2 X 108 0.5-1
Flasks
T-25 25 0.7 X 108 2.8 X 109 3-5
T-75 75 2.1 X 108 8.4 X 10¢ 8-15
T-160 162 4.6 X 108 18.4 X 106 15-30

Table 2.2: The concentration of DNA (ug/mL) of different constructs used in transfection

experiments

DNA construct Concentration (ug / mL)

MAP1A miR sequence 1to 4 1.6
MAP1A miR chained sequences 1.2
Full length LC2-myc 2

LC2-myc deletion constructs 1
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2.2.4. DRG neuron LV transduction:

DRG neurons were counted before the final seeding step using hemocytometer. The
desired number of neurons (> 1200 neurons) were seeded per well and left to recover
at 37 °C incubator for 24 h. At the day of transduction, the required volume of LV virus
for the desired multiplicity of infection (MOI) was calculated according to the formula:
WE Ao @Wwa 0 0 WYQOIi Q
00d4dOWQN G i

and added to a serum free / antibiotic free culture medium. DRG culture medium was

00

then replaced with virus containing medium and left at 37 °C for 6 h. Next, the virus
containing medium was replaced with a fresh DMEM/F-12 i Glutamax medium
supplemented with B27 (1X) and 0.5 ng/mL NGF. At day 5 or 6 post-transduction,
culture was used for experiment. Cultures were closely observed during the incubation

period, and culture medium were replenished and topped up when needed.

PROTEIN RELATED METHODS:
2.2.5. Western blot:

2.2.5.1. Sample lysis and protein extraction:

DRG from all spinal levels were collected in ice-cold PBS. Once the collection was
over, DRGs were pelleted and PBS was replaced with 500-700 uL of the desired lysis
buffer (ice-cold) supplemented with protease inhibitor cocktail (PIC,1X). In case of
cultured cells, cells were first washed twice with ice-cold PBS then ice-cold lysis buffer
plus PIC was added directly to the cells. The volume of the lysis buffer used varied
according to the flask/dish size as in Table 2.3. Cells were detached using a cell
scraper. DRGs or cell suspensions were homogenized with an electric or manual
homogenizer for 1- 2 min on ice. The suspension was incubated for 60 min at 4 °C
with continuous rotation. During the incubation period, DRGs or cell suspension was
vortexed for 1 min every 15 min to increase the lysis efficiency. Soluble protein lysate
was then collected into new Eppendorf tubes after centrifugation at 130000 rpm (Micro
Centaur MSE, UK), 4 °C for 15 min. The pellet of the insoluble fraction was usually
discarded but sometimes were kept for further analysis by western blot to determine

the efficiency of extraction for the desired protein.
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Table 2.3: Lysis buffer volumes used for sample lysis and protein extraction in different

experiments.

Well size Type Lysis buffer volume (uL)
12-well plate Cell lines 50
35 mm Dish Cell lines 150
60 mm Dish Cell lines 200 - 250

depending on the number of wells per
DRG culture culture. e.g. All DRGs from one animal
cultured in one dish = 150 pL.

2007 500 pL depending on the type of the

DRG tissue experiment and the strength of lysis buffer
used.

2.2.5.2. Protein quantification:

Protein concentration was measured by Bradford protein assay according to the
manufacturer instructions. Samples lysed in RIPA buffer were measured with BCA
protein assay according to the manufacturer instructions. Blank, BSA control and
sample absorbance were measured by a spectrophotometer at 595 nm absorption

wavelength.

2.2.5.3. Sample preparation:

Proteins were reduced and denatured by mixing the desired volume of sample with
the required volume of Laemmli buffer (4X) to make 1x final concentration. Samples
were then heated at 95 °C for 5 min or at 37 °C for 30 min if Nav1.7 protein detection
is required. Samples were either loaded directly into SDS-PAGE acrylamide gel or

stored at -20 C for later use.

2.2.5.4. SDS-PAGE sample loading and running:

Samples were loaded into SDS-polyacrylamide gel that consist of a resolving layer
(varied acrylamide concentration) and a stacking layer (4 % acrylamide concentration).
Both layers contained fixed volumes of gel buffer, SDS, APS and TMED but differed
in the acrylamide and water ratios as shown in Table 2.4, (adopted from Bio-Rad
protocols / per 10 mL). The desired sample volumes were loaded carefully with gel-
loading tips to avoid over-spillage to neighbouring wells. Sample running through the
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SDS-PAGE gel usually started at low power (75 V) and increased later (100 7 120 V)

once the samples migrate through the resolving layer.

Table 2.4: SDS-PAGE recipe (Bio-Rad protocols)

Percent dH20 30 % Degassed Gel buffer 10 % wiv 10 % TEMED
gel (%) (mL) Acrylamide/Bis (mL) (mL) SDS (mL) | APS (uL) (uL)
4 6.1 1.3 25 0.1 50 5
5.4 2 25 0.1 50 10
8 4.7 2.7 25 0.1 50 10
10 4.1 3.3 2.5 0.1 50 10
12 3.4 4 2.5 0.1 50 10
15 2.4 5 2.5 0.1 50 10

2.2.5.5. Transfer:

Migrated protein on the SDS-PAGE gel was then transferred to nitrocellulose
membrane (0.45 um) overnight at 4 °C / 20 V for large size proteins (> 50 KD) or for
90 min / RT / 250 A for smaller proteins (< 50 KD). Transfer buffer supplemented with
10 % or 20 % methanol was used for large and small molecular weight proteins,

respectively.

2.2.5.6. Blocking and primary antibody incubation:

Membranes then were blocked with 5 % non-fat milk in TBS-0.1 % Tween (TBST)
buffer for 1 h at RT with continuous rotation. Antibodies were added to 17 2 mL of the
blocking buffer at the recommended dilution. Membranes were incubated with the
primary antibody in small plastic pouch overnight at 4 °C with continuous rotation. In
case of LC2 protein detection, membranes were blocked and incubated with the LC2
polyclonal antibody using a different blocking buffer (Buffer A) prepared as detailed in
section 2.1.16.

2.2.5.7. Protein signal revelation:

Membranes were washed 3 times,10 min each, with TBST buffer. Secondary
antibodies were added to the appropriate blocking buffer at 1:2000 dilution for HRP

conjugated or at 1:10000 for fluorescently tagged secondary antibodies. Membranes
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were incubated for 1 h at RT with continuous rotation, washed 3 times / 10 min each
with TBST buffer and processed to membrane development for HRP-conjugated
antibodies or left to dry in the dark for the fluorescently tagged secondary antibodies.
For protein band revelation, Pierc-smyflfinssECL We
were used for HRP-conjugated secondary antibody according to the manufacturer
instructions. Odyssey Sa® infrared imaging system from LI-COR was used for the

fluorescently tagged secondary antibodies.

2.2.6. Co-immunoprecipitation (co-IP):

Sample lysate was prepared with 0.3 to 1 % Triton HEPES buffer containing PIC as
described earlier. 100 pL Sepharose beads per sample were washed with ice-cold
washing buffer (0.1 % Triton HEPES buffer) and then centrifuged at 1000 rpm/ 30 sec
/ RT. Washing process was repeated 3 times. Protein samples were precleared by
incubation with the washed Sepharose beads for 1 h at 4 °C with continuous rotation.
Samples were then centrifuged at 1000 rpm / 30 sec / RT and left to stand for an extra
17 2 minutes on ice for a complete sedimentation of the beads by gravity. The cleared
protein sample was then transferred into a new Eppendorf tube. Pellet was usually
discarded, but sometimes was saved for further analysis by WB to ensure that the
desired proteins were not non-specifically bound to the Sepharose beads. 107 20 %
of the sample was saved as an input control. The rest was equally divided into two
equal volumes; one was incubated with 100 uL monoclonal Navl.7 antibody and the
other half was incubated with 1.5 pL (1 mg/mL) monoclonal IgG antibody. Both tubes
were topped up to 1 mL with the same lysis buffer + PIC used for each experiment.
Samples were incubated with the antibodies overnight at 4 °C with continuous end to
end rotation. Two tubes containing 25 pL G-protein linked Sepharose beads were
washed three times as described earlier. Samples were then added to G-protein beads
and incubated for 4 h at 4 °C with continuous end-to-end rotation. Samples were then
washed with washing buffer and pelleted by both centrifugation and gravity as
described earlier, the washing step was repeated 5 times to ensure complete removal
of the supernatant (unbound protein fraction). Protein bound to the beads was then
eluted by mixing each pellet with 50 pL of 2X Laemmli buffer containing 100 uM DDT.
Samples were then heated at 37 °C for 30 min, centrifuged and loaded (without the
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beads) into SDS-PAGE gel for protein detection by WB as described under section
2.2.5.

2.2.7. Cell surface biotinylation:

Cells were seeded in 60 mm dish at the recommended seeding density, Table 2.1.
When the cells reached 80 % confluency, they were washed once with ice-cold PBS
provided by the Pierce® Cell Surface Protein Isolation kit, and then incubated with 2
mL of solubilized EZ-Link Sulfo-NHSSS-Biotin (0.5 mg / mL) made in ice-cold PBS
(Pierce® Cell Surface Protein Isolation kit) for 45 min on ice at 4 °C. Cells were then
washed once with ice-cold PBS and then with 200 mM glycine in PBS for 5 min / 3
times /4 °C/ on ice to quench and inactivate the unbound biotin, followed by washing
with ice-cold PBS twice. Dishes were briefly left on ice at a slanted position to remove
excess PBS before cell lysis. 200 pL of HEPES lysis buffer (1 % Triton X-100) plus
PIC was added to the dish. Cell lysate was collected with the aid of cell scrapers and
processed as described earlier under sample lysis (2.2.5.1) and protein quantification
(2.2.5.2) sections. 10 i 20 % of the sample was saved as an input control, the rest
was incubated with 50 pl of NeutrAvidin agarose beads per sample for 1 hour at 4 °C
under continuous rotation. Samples were washed 5 times with washing buffer HEPES
buffer (0.1 % Triton-X100) at 1000 rpm/ 30 sec / RT and left to stand for 1 - 2 min on
ice to allow full sedimentation of the beads by gravity. Beads were resuspended in 50
pL of 2X Laemmli buffer containing 100 mM DDT, heated at 37 °C for 30 min,
centrifuged and loaded (without the beads) into SDS-PAGE gel for protein detection
by WB as described under section 2.2.5.

2.2.8. Immunofluorescence (IF):

2.2.8.1. Immunocytochemistry (ICC):

Cells were seeded at the desired seeding density on L-polyornithine coated coverslips.
At the day of the experiment, cells were placed on ice and washed twice with ice-cold
PBS. Cells were then fixed with either 4 % paraformaldehyde (PFA) solution for 10 i
15 min on ice or with cold 100 % methanol for 10 min at1 20 °C. Fixative solution then
was removed and washed twice with excessive PBS. PFA fixed cells were quenched

with 50 mM ammonium chloride in PBS solution for 20 min to inactivate and quench
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residual PFA and reduce PFA background fluorescence, followed by excessive PBS
washing and permeabilization with 0.1 % Triton-X100 PBS three times, 10 min each.
Next, cells were blocked with a blocking buffer (section 2.1.16) for 1 h. Methanol fixes
and permeabilizes the cells at the same time, so the previous few steps were skipped
in case of methanol fixation, and cells were immediately blocked with the blocking
buffer after washing out methanol. Labelling solution of the desired primary antibodies
was made in the blocking buffer at the recommended dilution. Blocking buffer was
removed and replaced with 300 i 700 pL of labelling solution (according to the well
size) and incubated overnight at RT. Next, cells were washed three times, 10 min each
with PBS solution, and incubated for 1 h at RT in the dark with a mixture of secondary
antibodies (1:2000) and DAPI (1:5000) in blocking solution. Cells were washed three
times, 10 min each with PBS. During the washing period, slides were cleaned with
tissues and appropriately labelled. Cells were finally washed with dH20 to remove
residual salt precipitation from PBS and mounted on the slides with ProLong®Gold
mounting medium. Slides were kept in the dark at RT to dry for one day, then saved
at 4 °C until being imaged.

2.2.8.2. Immunohistochemistry (IHC):

2.2.8.2.1.Cryo-sectioning:

One to three DRGs were fully embedded in OCT blocks and allowed to snap freeze
on dry ice. Blocks were sectioned in a cryostat (Bright Instrument, OTF5000,
Huntingdon, UK) at 10 um. The cryostat was set up at -20 °C at the specimen area
and - 15°C at the chamber. Sections were collected on a pre-coated glass slides, air-
dried at RT for 30 min and then stored at -20 °C.

2.2.8.2.2. Immuno-labelling:

Specimen slides were thawed down at RT for 10 to 20 min, then immersed in PBS to
rehydrate the tissues for 10 min. The tissues were surrounded with a hydrophobic
barrier using the barrier pen, then fixed with 4 % PFA for 10 min. Specimen slides
were then washed and permeabilized with 0.1 % Triton-X100 PBS three times / 10
min each and blocked with blocking buffer for 1 h. Specimen slides were then
incubated with blocking buffer containing the desired dilution of primary antibodies for
3 h or overnight depending on the antibody used. A thin layer of parafilm was placed
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on top of the specimen to prevent dehydration during antibody incubation and to
ensure homogenous distribution of the antibody mixture throughout the DRG section.
Next, the slides were washed three times / 10 min each with 0.1 % Triton-X100 PBS
and incubated with secondary antibodies and DAPI in blocking buffer for 45 min in the
dark. After the incubation time, the slides were washed three times / 10 min each with
0.1 % Triton-X100 PBS and mounted with glass coverslips using ProLong®Gold
mounting medium, left to dry overnight at RT in the dark and then processed to

microscopy and stored at 4 °C.

NUCLEIC ACID RELATED METHODS:
2.2.9. Plasmid preparation:

2.2.9.1. Bacterial transformation:

50 - 100 pL of competent bacterial cells (section 2.1.3) were transformed with the DNA
plasmid by heat shock at (42 °C / 45 s) to disrupt bacterial membrane and allow DNA
uptake, followed by an immediate cooling to retain the plasmid inside the bacteria
(tubes were placed on ice / 2 min). Transformed bacteria were then allowed to recover
in 1 mL SOB medium for 1 h at the 37 °C in the shaking incubator (230 rpm). The
entire 1 mL (ligation reaction) or a small fraction (10 % - in case of plasmid
amplification) was spread on LB agar plate + antibiotic specific for the plasmid in use

(ampicillin 100 pg/mL or spectinomycin 50 pg/mL) for overnight at 37 °C.

2.2.9.2. Amplification, isolation and purification of plasmid DNA:

One single bacterial colony was inoculated into 2 mL (mini-prep), 20 mL (medi-prep),
50 mL (maxi-prep), 250 mL (mega-prep) of TB medium containing the plasmid specific
antibiotic at the recommended concentration. Culture was incubated in the shaking
incubator overnight (37 °C / 220 rpm). DNA was then isolated and purified according
to the protocol provided by each Kkit.

2.2.9.3. Qualitative and quantitative DNA analysis:

Quantity and purity of the purified DNA was usually assessed by NanoDrop Lite
Spectrophotometer (Thermo Scientific). The ratio of absorbance at 260 nm and 280

nm (A260/280 = ~ 1.8) was used as an estimation of the purity of the DNA preparation.
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In addition, the quality of the DNA samples was also determined by agarose gel
electrophoresis after DNA digestion with specific restriction enzymes (section
2.2.10.1). Finally, DNA samples were sent to the core genomic facility at the university
of Sheffield for sequencing.

2.2.10. Molecular cloning:
2.2.10.1. Restriction enzyme digestion and gel electrophoresis:

Single digestion is used to linearize the plasmid, while double digestion is used for
cloning and sub-cloning. DNA constructs (plasmid vectors and PCR products) were
mixed with specific endonuclease enzymes with the appropriate buffer at an optimized
temperature condition for cloning purposes. Serial Cloner software was utilized to
identify all the possible digestion sites for several restriction enzymes. Selected
enzymes were then used to digest the DNA constructs as predicted by the software.
For cloning, two DNA constructs (backbone and insert) were usually treated with the
same enzyme mixture to produce adhesive ends that can be ligated afterwards
(section 2.2.10.2) to produce a new DNA construct. In addition, restriction enzyme
digestion was also used as a quick quality check for DNA constructs by subsequent
analysis of the product size on gel-electrophoresis. Double Digest Finder by NEB, an

online tool, https://www.neb.com/tools-and-resources/interactive-tools/double-digest-

finder was used to predict the optimal conditions for the double digest reaction:
enzyme compatibility, buffer selection, temperature conditions and any required
supplements to optimize the reaction. The enzyme concentration was calculated as
every 1 enzyme unit digests 1 pg DNA in 1 h. Typically, the digestion reaction was
carried on in a 50 pL total volume; the volume of the individual components (dH20,
BSA, and buffers) were calculated accordingly. To prevent vector self-ligation after
digestion and to increase the ligation efficiency with the recombinant DNA insert,
linearized vectors (backbone) were treated with Antarctic phosphatase enzyme (ACP)
and ACP buffer for 30 min at 37 °C to dephosphorylate the 5° phosphate end which is
essential for self-ligation. Digested DNA fragments were analysed by agoros-gel
electrophoresis. Agarose was dissolved in 1 X TEA buffer at different concentrations
according to the molecular size of the DNA fragments (0.5 7 1 %). Syber®safe
(1:10000) was wused to bind ZgsystebhlWas usedfarg ment s

DNA revelation.
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2.2.10.2. DNA ligation:

After gel-electrophoresis, backbone and insert fragments were isolated from the
agarose gel and purified by Qiaex II® Gel Extraction kit according to the manufacturer
instructions. Ligation of the purified dephosphorylated vector and DNA insert molecule
was performed with T4-ligase enzyme for 4 h at 25 °C or overnight at 16 °C. For 1:1
ratio of vector to insert, the following formula was used:

. ... AT CEBEOAAOD
¢ '@ e i WE @gpi GO AEC AEAAOLI %T &

ICEA A GIAO

A 1:5 ratio (vector: insert) was usually chosen to increase the ligation efficiency. The

ligation reaction was usually carried out in a 20 pL total volume; the volume of T4

ligase buffer and dH20 were calculated accordingly.

2.2.11. MAP1A miRNA preparation:

2.2.11.1. Design and structure of MAP1A pre-miRNA sequences:

MAP1A miRNA oligonucleotide sequences (mature miRNA) were designed by the use
of Invitrogen RNAI designer, an online tool that helps to design a pre-miRNA

sequences for the target gene. (www.invitrogen.com/rnai). MAP1A accession gene

number used was (NM_001173506). The online software produced multiple design
outputs that were scored according to the predicted knock-down efficiency of the target
gene (five stars being the highest predicted KD efficiency). The sequences were then
carefully checked with NCBI blast to identify any potential off-target effect. Four
sequences (with high star-scoring and no off-target effect in mus musculus species)
were selected for miRNA design, Fig. 2.1, section 2.1.14. Once selected, the software
engineered a pre-miRNA sequences that targets the gene of interest. The pre-miRNA
design is based on the murine miR-155 sequence but optimized by the supplier to
achieve higher KD efficiency. The structure of the designed pre-miRNA is

demonstrated in Fig. 2.2.


http://www.invitrogen.com/rnai
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Figure 2.1: Representation of the sites where each of the four MAP1A miRNA sequences
targets. 3 of the designed miRNA sequences target the heavy chain region, and only sequence 4

targets the light chain (LC2) region.
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Figure 2.2: The structure of the designed pre-miRNA. Source: | nv i t r o tpegqnBs,
K4935-00 to K4938-00.

2.2.11.2. Cloning MAP1A pre-miRNA sequence into BLOCK-i TE Po | Il mi R

RNAI expression vector:

Clonngof the four selected s eGyWEnGFPasR vectot o pcD
was performed according to the manufacturer instructions. An experimental outline is
demonstrated in Figure 2.3. Bacterial transformation, DNA isolation, quantification,

sequencing and amplification was performed as described under section (2.2.9).

2.2.11.3. Chaining of miRNAs:

Multiple miRNAs can be expressed as one long primary transcript driven by RNAPoll,
the pre-miRNA transcript is processed later on in the cell 242, The BLOCK-iT vector
allows for chaining two miRNAs (co-cistronic expression) to produce one primary
transcript that consists of two pre-miRNAs to increase KD efficiency with less
transfection variabilities. MAP1A miRNA-sequence 2 (backbone) was chained to the
rest of three sequences: 1, 3 and 4 (inserts) as demonstrated in Fig. 2.4. The backbone
and insert vector were sequentially digested; first with Smal followed by a second
digestion of the backbone and insert with Bglll and BamHI-HF restriction enzymes,
respectively, as described under section (2.2.10). The two digested DNA fragments
(backbone: 4459 bp) and (insert: 1318 bp) were then ligated, transformed into
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bacteria, and followed by DNA isolation, quantification, sequencing and amplification
as described under sections (2.2.9 and 2.2.10).

Flow Chart The figure below illustrates the major steps necessary to produce a pcDNA™6.2-
GW/miR or pcDNA™6.2-GW/EmGFP-miR expression clone using the BLOCK-
iT™ Pol II miR RNAi Expression Vector Kits.

TGCTG 1. Design and synthesize comple-
+ mentary DNA oligos, with each
containing 4 nucleotide overhangs
ccTG c necessary for directional cloning.
Alternatively, order miR Select oligos
directed against your gene of interest

Annealing

\J
2. Anneal DNA oligos to generate a
TGCTG ds oligo.

Cc GTCC

Ligation

5'miR flanking [CAGG 3' miR flanking EmGFP 5' miR flanking CAGG 3" miR flanking
region ACGA region region ACGA region

3. Clone the ds oligo into
pcDNA"6.2-GW/ = pcDNAN62-G%V/m1R or
EmGFP-miR pcDNA™6.2-GW/EmGFP-miR
expression vector

using T4 DNA Ligase.

5 miR flanking 'dS MIRNA 3’ miR flanking 5 miR flanking [ds mMIRNA 3’ miR flanking
region oligo region region oligo region

4. Transform E. coli and analyze
colonies for the desired

DNA™6.2-GW/ expression clone.
pc ¢

miR-neg

pcDNA"6.2-GW/ X3
EmGFP-miR-neg

control plasmid control plasmid

5759 bp

5. Transfect the expression clone
for transient or stable RNAi
analysis or recombine with
a suitable destination vector
to generate a different
expression clone (through a
donor vector intermediate)

Recombination with
destination vector

Figure 2.3: An illustration the steps required to produce p ¢ DN A E -G&V/ElGFP-miR
expression clone as recommended by the manufacturer. Source: | nv i t r o gaqQ®s.
K4935-00 to K4938-00.
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Xhol
pre-miRNA Expression Cassette 1 SRIBIWHI E BgI I

| lr-.“

. . Sall Xho |

pre-miRNA Expression Cassette 2 al Bmel E BgI II

| |
Dual pre-miRINA Sall g E . “i"fho I
Expression  BamHl %
Cassette 1 & 2 L

Figure 2.4: An illustration of the steps required to chain two miRNAs into one expression
vector. In this example, miRNA sequence 1 is being sub-cloned into miRNA sequence 2
(backbone) using the restriction sites demonstrated in the figure as recommended by the
manufacturer. Source: | nv i t r o talegnBs, K4835-00 to K4938-00.

2.2.12. Production of LC2-myc (full length and deletion constructs):

2.2.12.1. Primers:

Sense and antisense primers were designed (by Dr. Nassar) using Serial cloner
software to bind different regions of the LC2 protein. LC2 cDNA sequence published
in Langkopf et al., 1992 18 was used as guide for the different regions in the LC2

protein (Tubulin-binding domain and actin-binding domain).

= Qg e 21s

mmmm 17s = {8g s 20s
5 Tubulin-binding Actin-binding R
domain domain 3

= 153 = {63

= 123

Figure 2.5: Schematic representation of the primer positions on MAP1A-light chain (LC2).
LC2 (300 amino acids) consists mainly of three major areas: Tubulin-binding domain on the N-
terminus, Actin-binding domain on the C-terminus and a middle area with unknown functional

features. Primers were given numbers for identification. i siondi cat es (sense,

indicates (anti-sense, reverse primer).
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2.2.12.2. Polymerase Chain Reaction (PCR):

RNA was extracted from mouse DRGs using Direct-z o | E RNA Mianditqen e p

converted into cDNA by RT-PCR using High Capacity cDNA Reverse Transcription

Kit (Applied Biosystems) with random hexamers, (these two steps were performed

according to the manufacturer instruction and were carried out by Dr. Nassar).

Different regions of the LC2 gene were amplified by PCR using Go Taq polymerase in

a mixture of mouse DRG cDNA library (template), primers (listed in section 2.1.13),
dNTP and buffers as demonstrated in Table 2.5.

First step in the reaction was the initial denaturation (94 °C for 2 min), followed by 35

cycles of: denaturation (94 °C / 30 s), annealing (Tm - 3 °C / 30 s), and elongation (72

°C / 1 min) and a final extension step (72 °C / 5 min). The optimized annealing

temperature for each pair of primers is listed in Table 2.6.

Table 2.5: Description of the PCR mixture components

PCR component Amount
5 X green buffer (+MgClz) 5uL
5 mM dNTPs 1L
Primer 1. Sense primer (10 pM) 1uL
Primer 2: Anti-sense primer (10 puM) 1L
Go Taq polymerase enzyme 0.125 L
cDNA template (mouse DRG cDNA library) 1pL
dH20 16 pL
Total reaction volume 25 uL

Table 2.6: Optimized annealing temperature used for different primer pairs

Primer pairs Annealing temperature (°C)
17s7i 12 a 63
19si 12 a 65
18si 12 a 65
20si 12a 61
21si 12a 61
17s7i 16 a 70
19s7i 16 a 63
18s7i 16 a 65




Chapter 2: Materials and Methods

Next, PCR products were separated on agarose gel by electrophoresis, isolated and
purified by Qiaex Il® Gel Extraction kit according to the manufacturer instructions.
DNA concentration was measured by NanoDrop Lite Spectrophotometer (Thermo
Fisher), followed by insertion into pcDNA3-myc tag plasmid as described in section
2.2.10 and transformed into competent bacteria for mini and medi-preparation as

described in section 2.2.9.

LENTIVIRUS RELATED METHODS:

2.2.13. Production of lentivirus particles:

2.2.13.1. Preparation of LV DNA constructs:

Bacteria | stocks of LV packagi ng-Res)ysdteavelopd p C MV ¢
element (pMD.G) were kindly provided by Prof. Azzouz group at SiTran. 500 mL of TB
growth medium was inoculated for each construct and incubated overnight at 37 °C
with continuous shaking at 220 rpm. Next day, bacterial lysis, DNA extraction and
purification was carried out using Mega-kit Plasmid Plus (Qiagen) according the

manufacturer instructions.

2.2.13.2. Sub-cloning of miRNA cassette into lentivirus vector:

Lentivirus vector plasmid (SIN-PGK-cPPT-GDNF-WHV) was a kind gift from Prof.
Azzouz (SiTran). -GRENBGFP-mB RridASENPGR-cPPT-GDNF-
WHYV vectors were digested with Spel and Xhol restriction enzymes (as described
under in section 2.2.10) to isolate CMV+EmGFP+miR from the block-it kit vector and
transfer it to the SIN-PGK-cPPT-GDNF-WHYV by replacing PGK promoter with CMV in
the new LV vector. Pl asmid was transfor med

and sequenced as described under section 2.2.9.

2.2.13.3. Seeding HEK-293 cells for transfection:

Freshly thawed HEK-293 cells were used for every LV batch production. Cells were
seeded into 20 petri dishes (10 cm) at 3 X 10 © cells per dish. Cells were incubated for
24 h at 37 °C / 5 % COz2 incubator. Cells were incubated with DMEM full medium
(DMEM with 4.5 g / L glucose, L-glutamine, without Na Pyruvate) supplemented with
10 % FBS and 1 % penicillin / Streptomycin.
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2.2.13.4. DNA transfection of HEK-293 cells:

Calcium phosphate method is used for transfection. A mixture of the four plasmids at
the specified concentug)apRIVerey (0 pd}, PINMQB(759F (260
and SIN-CMV-EmGFP-miR (260 ug)) were mixed together in a falcon tube and topped
up with dH20 to 5 mL. 5 mL of 0.5 M CaClz was added to the DNA mixture drop-wise
and thoroughly mixed. CaCl2-DNA mixture then added drop-wise to 10 mL of warm,
air-bubbled 2X HBS buffer. The mixture was left to stand for 10 min at RT to form DNA
/ calcium phosphate co-precipitate (solution becomes cloudy). 1 mL of the DNA
complex was added drop-wise to each plate of HEK-293 cells (20 mL for 20 dishes).
Cells were incubated for 6 h, medium was then replaced with a fresh DMEM full
medium supplemented with 10 % FBS and 1 % Penicillin / Streptomycin. Cells were
incubated for 48 h to allow for the cells to produce the LV particles.

2.2.13.5. Harvesting lentivirus particles:

Medium was carefully collected from HEK-293 dishes, filtered with 0.45 filters and
spun down with Beckman coulter ultracentrifuge (SW28 Ti Rotor) at 19000 rpm/ 4 °C
for 90 min. At the end of the centrifugation step, a pale pellet of concentrated LV
particles was formed at the bottom of each tube. Each pellet was gently resuspended
in 300 uL of 1 % BSA in PBS buffer and left to dissolve for 1 h on ice. LV suspensions

from all tubes were combined, aliquoted into 50 uL volume and stored at -80 °C.

2.2.13.6. Lentivirus titre measurement:

A 12-well plate of HelLa cells was seeded at 75000 cell per well in DMEM/F12-
Glutamax culture medium supplemented with 10 % FBS and 1 % Penicillin /
Streptomycin antibiotic one day prior to LV transduction. At the day of transduction,
one well was used to count the number of cells which is essential for titre calculation
later on. The rest of the cells were transduced with a serial dilution of the LV virus
(1:100, 1:1000 and 1:10000) in duplicates, some wells were left un-transduced to be
used as negative control. Cells were incubated with the virus for 6 h, medium was then
replaced with a fresh culture medium and incubated for 48 h at 37 °C /5 % CO2. Cells
were washed with PBS, trypsinized (250 pL 1X Trypsin/EDTA), collected in Eppendorf
tubes with excess complete culture medium (750 pL) to stop trypsin activity and
pelleted at 2000 rpm for 5 min. Medium was removed and the cell pellets were fixed

with 200 pL of 4 % PFA for 15 min at RT. Cells were pelleted again, PFA was removed
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and pellets were re-suspended in 200 pL PBS. Samples were stored at 4 °C until
processed by FACS. Samples were analysed by LSRII machine at the university of
Sheffield flow-cytometry core-facility. Untransduced samples were used as negative
control for adjusting the background autofluorescence. The gate threshold was set
according to both the negative control as well as to the highly transduced samples

(high GFP signal). Vector titre is then estimated by the following formula:

Vector Titre (TU/mL) = % positive cells X no. of cells at the transduction dayX
dilution factor X 2

To avoid underestimation of the vector titre, it is recommended to use the dilution that
give 17 20 % positive cells (by assuming in this case that there is only one viral particle
per cell). LV titre measurement was repeated every time a new LV batch was
produced. Multiplicity of infection into DRG was calculated based on LV titre as

described in section 2.2.4.

FUNCTIONAL ASSAY:
2.2.14. Calcium Imaging:

2.2.14.1. Seeding cells for calcium imaging experiment:

DRG culture for calcium imaging were prepared as described under section 2.2.1.
However, for calcium imaging experiments, DRG pellet in the final step were
resuspended in 60 i 120 pL culture medium and were seeded on L-polyornithine
coated 16 mm coverslips as one small drop (517 10 uL) in the centre of the coverslip.
Cells were left to adhere for 1 h at 37 °C / 5 % CO:2 incubator and gently flooded by
DRG culture medium. Cells were incubated for 24 h before any intervention (e.g. Fura-
2AM loading and LV transduction).

2.2.14.2. Cell loading with Fura-2AM calcium dye:

Fura-2AM (2uM) was prepared by diluting Fura-2AM stock (1uL) into 1 mL standard
extracellular solution. The solution was vigorously mixed in the dark by P1000 pipette
to ensure sufficient solubilisation of the dye into the aqueous solution. Culture medium

were aspirated, cells were washed with standard extracellular solution once, and then
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incubated with Fura-2AM in extracellular solution for 30 min at 37 °C and 5 % CO..
Fura-2AM dye was then washed with 1 mL standard extracellular solution and
incubated to recover for 15 min in the 37 °C incubator followed by another 15 min at

RT to allow for temperature adaptation.

2.2.14.3. Experimental set-up and image acquisition:

Coverslips were mounted onto the recording chamber (RC-25F, Warner instruments)
and placed on top of an inverted microscope (Olympus, IMT-2) fitted with a 40 X oil
immersion objective (Olympus, 160/-, DPlanApo40UVPL). The coverslip was
scanned to find a good field of view (good number of single cells at the centre of the
coverslip) and ROI for each cell and for the background were selected using Simple
PCI 6 software. Cells were alternatively excited with 350 and 380 nm at 1.6 s intervals
for a ratiometric measurement of intracellular calcium using Cairn Dual OptoLED
system. Images were acquired using a Hamamatsu C4742-95 camera. The cells were
superfused with standard extracellular solution for at least 5 min to establish stable
baseline. All recordings were performed at room temperature (23 + 1 °C). Drugs were
superfused in a laminar flow manner by gravity-fed system at a flow rate of 3 mL/min.
High potassium extracellular solution (104 mM NacCl, 40 mM KCI, 2 mM CacClz, 10 mM
HEPES, 5 mM glucose, pH = 7.4 with NaOH) was superfused at the end of the
recordings, unless mentioned otherwise, as a depolarizing agent to identify viable
neurons. Simple PCI 6 software was used for data acquisition, background subtraction

and Fura-2 AM ratiometric measurement (F350/380 nm).

2.2.15. Data processing and statistical analysis:

2.2.15.1. Calcium imaging data:

Neurons were identified by their responsiveness to 40 mM KCI. A response was
defined as an increase in (F350/380) ratio of > 6 SD above the baseline. Fractional
di fference in fluorescence (@F/ FO0O) was calc
according to the following formula:
@ulr PO Oi Qa Qe Q
0 Wi Qa Qe Q
Baseline was calculated as the mean value of the 30 frames before any drug

QOGO VORNORT P@ Q

application. Thear ea under the curve was cal bywmhated f
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integrated function in GraphPad Prism 7 software (using the trapezoid rule for
measuring the area under the curve). Since the VTD calcium responses differed in
their shapes and decay rates, the area under the curve was calculated for the 10 min
period from VTD application onset. Statistical analysis was performed by calculating
the mean percentage of responsive neurons from multiple coverslips in each DRG
culture preparation (N). Sample mean of each set of experiments was calculated from

DRG cultures from multiple animals (as specified in the result section) and compared

to each otherbyone-way anal ysis of wvariancetes{@BNOVA) w

diameter measurements were performed using ImageJ software; cell area was
obtained from a hand-drawn line delineating the soma. Soma diameter was then
calcul ated usi ng the foll owing for mul
comparison, two-t ai | ed unpai rtestdwasSusedda cdmpasisons. For

experiments where a treated sample was compared to a control sample (VGSC

a, Di

blockers and KD experiments), two-t ai | e d pai r etebt wast usedefort 6 s t

comparison. All statistical analysis and comparisons were performed by GraphPad
Prism software (version 7.00 for Windows). Area-proportional Venn diagrams were
generated by BioVenn software 11 %42 and colour edited by CorelDRAW X8 software.

2.2.15.2. Western Blot data analysis:

Image-st udi oE |l ite software was used for
of membranes detected with Li-Cor system. For knock-down quantification and
membrane protein level, signals were first normalized to the area of the region of
interest, and then normalized to the loading control signal in each experiment. Data
was statistically compared by t-test using GraphPad Prism (version 7 for Windows) as
described under each experiment.

2.2.15.3. Immunofluorescence data analysis:

Control and treated samples were acquired at the same microscope setup. Exposure
time and laser power were optimized using negative control samples (no primary
antibody), to minimize background signals. At the start of the image acquisition
process for every experiment, image acquisition setups were optimised and saved for
each antibody based on the minimum background signal in the negative control

samples, Fig. 2.6.

signal
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Figure 2.6: An example of unmodified raw images of Navl.7 and MAP1A-HC
immunostaining and their negative control in mouse DRG culture.

DRG neurons in long-term culture (>5 DIV) were fixed and co-immunostained with Nav1.7(top
panel, green) and MAP1A-HC (top panel, red). Cells nuclei were stained with DAPI (blue).
Bottom panel represents the negative control (no primary antibody) of each channel. The
signal intensity is significantly stronger in the presence of primary antibody than the negative
control, which indicates minimum non-specific activity of the secondary antibody. Images were

acquired with conventional confocal microscopy, 40 X objective. Images represent one z-
plane (middle of the cells).

Merged

Negative control
(No primary antibody)

Image J software was utilized to select a region of interest (whole cell or only the
membrane of the cell) and measure different parameters for the selected region like
mean grey value, area and integrated density. Because of the shape of the neurons
and heterogeneity of the DRG culture, the middle z-plane (for each cell) was usually
used to measure the different parameters. For membrane selection, cells were first
thresholded, selected with the wand tool to outline the cell perimeter. 1.25 pym width
band was then calculated by the software to identify cell membrane and measure its
protein signal, Fig. 2.7, (Various width of membrane bands were tested and 1.25 pm
was found to be the most appropriate representation of the cell membrane). Data

was statistically compared by t-test using GraphPad Prism (version 7 for Windows).
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A. MAP1A Nav1l.7

Figure 2.7. lllustration of the Navl.7 membrane quantification method by ImageJ
software. The middle z-plane of each cell was selected. The ROI of the whole cell was
selected first, followed by a band of 1.25 um width to fit the cell membrane. Integrated density

of both the whole cell (total) and the membrane were computed by imageJ software. A and B
are examples of two different cells.
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Received: 09 Dacember 2016 Fainah A. Mohammed, Ciara Doran, David Grundy & Mohammed A. Nassar
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Published: 26 March 2017 h!or_lcept_or: are a ?u.bpnpulatl:nn of dorsal root gang_lla {DRG) neumnsthatdgtect noxious stimuli and

- signal pain. Veratridine (VTD) is a voltage-gated sodium channel (¥G5C) modifier that is used as an
“agonist” in functional screens forVGSC blockers. However, there is very little information on VTD

- response profiles in DRG neurons and how they relate to neuronal subtypes. Here we characterised
VTD-induced calcium responses in cultured mouse DRG neurons. Our data shows that the heterogeneity

- of VTD responses reflects distinct subpopulations of sensory nevrons. About 70% of DRG neurons

- respond to 30=100 nMVTD. We classified VTD responses into four profiles based upon their response

- shape.VTD response profiles differed in their frequency of occurrence and correlated with neuranal

- size. Furthermore, VTD response profiles correlated with responses to the algesic markers capsaicin,
AITC and ex, J-methylene ATP. Since VTD response profiles integrate the action of several classes of ion

- channels and exchangers, they could act as functional “reporters” for the constellation of ion channelsf
exchangers expressed in each sensory neuren. Therefare eur findings are relevant to studies and screens

. usingVTD to activate DRG neurons.

- Dorsal Root Ganglia (DRG) contain a heterogeneous population of sensory neurons that detect noxious and
- innocuous stimuli. DRG nevrons that respond to noxious stimuli are known as nociceptors. Inflammation and
- nerve injury sensitise sensory neurons and result in hyperalgesia and allodynia’?. Understanding the physiology
and pathophysiology of nociceptors is important for the development of analgesic drugs. Nociceptors express
- multiple subtypes of voltage-gated sodium channels (VGSCs) which are a key determinant of their excitability.
Inflammation and injury-induced sensitisation of nociceptors is in part mediated through changes in expression
- andfor properties of VGSCs!-3.
: Drug sereens for VGSC blockers use functional assays to test their sensitivity. These include FLIPR, cal-
cium imaging and patch clamp electrophysiology; and employ Veratrdine (VTD) as a VGSC “agonist” to test
- the pharmacological properties of candidate VGSC ligands®. VTD is a natural, lipid-seluble alkaloid from the
Liliaceae family that binds to the 36 in Domain I and IV of VGSCs; a site-2 neurotoxin®£. VTD binds to open
- WIGSCs and prevents the channels from entering into the inactivated state™® VTD aets predominantly on
tetrodotoxin-sensitive (TTX-5) VGSCs'. Despite its wide use there is little information on how VTD responses
- relate to the different subpopulations of DRG neurons; particularly nociceplors. Given the functional and molec-
- ular heterogeneity of DRG neurons we hypothesised that VTD produces helerogeneous responses in primary
sensary neurons. A better characterisation of the VTD respanses in DRG neurons may provide a novel functional
- classification of sensory neurons.

- Results
- Veratridine produces TTX-sensitive responses. VTD elicited heterogeneous calcium responses that
- differed in their profile and onset in sensory neurons, Fig. 1A This is in contrast to the homogenous response
- profile elicited in the neuroblastoma cell lines N2a' and SH-5Y5YY, which are commonly used mouse and
human neuronal cell lines (respectively), Fig. 1B,C. Different concentrations of VTD ranging from 15 to 200 pM
- have been used to activate VGSCs in a variety of cell types™ ™15 We therefore examined a wide range of VTD
. concentrations (0.001, 0.1, 1, 10, 30, and 100 uM) on cultured mouse DRG neurons. Since 200pM VTD has
- been shown to inhibit voltage-gated potassium channels (VGECs)'? we did not use concentrations greater than
© 100 pM. There was a concentration dependent inerease in the number of responding neurons from a threshold of

Biomedical Science, University of Sheffield, Sheffield S102TN, UK. Correspondence and requests far materials
. should be addressed te M_A_N. (email: m.nassar@sheffield.ac.uk)
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Figure 1. Veratridine elicits TTX-sensitive calcium responses in DRG neurons. (A) Example traces of
ratiometric (F350/380) increases in Pura-2 fluorescence following application of 30 pM veratridine (VTD) and
40 mM KCl to cultured DRG neurons, Nueroblastoma-2a (N2a) cells (B) and SH-5Y5 cells (C). Each trace
represents the response of a single cell. VTD but not solvent {ethanol) elicited responses of heterogensous
profiles in DRG neurons but not in any of the cell lines. (D) Percentages of neurons activated by a range of
VTD concentrations from potassium responsive neurons. Response rates are 5.4 3 for 1 pM (207303 cells),
37849 for 10 M (1317325 cells), 77.2 £ 4 for 30pM (1197151 cells) and 87.5 £0.3 for 1000 (272/311 cells);
from N =2 mice. One-way analysis of variance with Tukey'’s post-test, *P <005, **P < 0.01 and ***P < 0.001.
(E) Example traces of response to 30pM VTD in presence and then absence of 0.3 pM Tetrodotoxin (TTX).

(F) An example trace of a neuron responding to VTD in the presence of 0.3pM TTX. (G) TTX blocked 92% of
VTD responses. Only 8 2 (10/98 cells) of neurons responded to VTD in the presence of TTX. Data shown are
mean £ SEM, Two-tailed paired Student’s t-test, ****P < 0.0001.

SCIENTIFICREFORTS | 745221 | DOIL: 10.1038/srep45221 2



Chapter 3: Charecterization of VTD distinct calcium responses in DRG neurons m

www.nature.com/scientificreports/

A B
WTD 5D WD RD 05
1.0+ ] 1.09 —
i H ]
0,24 1.5 E
A
g 0.5 g 1.6 E
i i &
< 0.4 < 0.4 =
0.4 £ m
0.24 024 ;
0.0 T . - 04
Q200 400 &O00 BOD 1000 1200 o 209 400 BQD E0O 1000 1200 50 RD 11} a5
Time {5} Time (5}
VD vio 150 — e
10 — 1.0 — e
P o
0.8- 0,54 -
& 1004
2 06 o 0.6 g
[ h 2
< 0.4 < 0.4
504
]
0.2 0.2 E
L i S a6 : o
b 0 400 sO0 800 1000 1200 o 00 400 600 00 1000 1300 5D RD o os
Time (5] Tirne ()

Figure2. Veratridine produces four calcium response profiles that differ in their frequency of occurrence
and latency Lo peak. (A) Representative traces of the four VTD response profiles observed in cultured DRG
neurons. 3D (slow decay) in blue has the slowest decay rate of caleium signal, followed by ID (intermediate
decay) in purple and then RD (rapid decay) in green. Responses with two or more peaks are called oscillatory
(OS] in red. (B) Frequency of oceurrence of the four VTD response profiles in VTD-responsive neurons (N=8
mice, 494 cells). The O3 profile is the most frequent (48 = 4%), fallowed by the SD profile (24.4 = 4%). The RD
{13.4 4+ 4%) and ID (12.7 & 2% profiles have similar frequencies. (C) Mean response latency for the four VTD
response profiles (N =3 mice, 143 cells). Only neurons that have the same onset to KClwere ineluded in this
analysis to exclude differences due to rate of perfusion. The RD (115.4 = 155) profile has the longest latency
while the SD} (34.2 4 55}, ID {558 & 135} and OS (43.5 & 45} profiles have similar latencies. Data shown are
mean £ SEM. One-way analysis of variance with Tukey's post-test, ***P < 0.001 and ****P < 0.0001.

1M to which 5% of neurons responded. 10pM elicited a response in 38% of neurons while 30pM and 100pM
VTD elicited responses in 77% and §8% of neurons, respectively, Fig. 1D. Subsequent experiments were per-
formed using 30 pM VTD because of the robust response at this concentration and to minimise potential effects
on VGKCs. Responses to 30 M VTD varied in latency from 30 to 150 seconds as shown in the example traces
in Fig. 1A. Therefore, we standardised the period of VTD application to three minutes. Pre-treatment of neu-
rons with TTX (0.3 pM) blocked VTD responses in 92% of VTD-responsive neurons, Fig. 1E-G. Of note, VTD
respanses elicited in the presence of TTX had a response profile characterised by a single peak with a delayed
onset (towards the end of the 3minutes of VTD application period), Fig. 1E

Veratridine produces four distinct calcium response profiles that occur at different frequencies.
We classified VT responses into four distinet profiles, Fig. 2A. Three profiles were characterised by a single peak
with a rapid rise in intracellular caleium [Ca]i levels but differed in their decay rate. The Slow Decay (SD) profile
returned to baseline over 15-40min following VTD washout, Fig. 2A (blue). In the Intermediate Decay (ID) pro-
file, caleium responses returned to baseline within 2-5 min, Fig. 2A (purple). The Rapid Decay (RD) profile was
characterised by a transient [Ca]i peak which returned to baseline during the application period, Fig. 2A (green).
The fourth profile was characterised by a multi-peak response which we thus ealled the Oscillatory profile (08),
Fig. 2A (red). In some QS neurons the response ended prior to the end of VTD application while in others it
continued to oscillate during the wash. The four VTD response profiles varied in their frequency of occurrence.
The OF profile was the most frequent accounting for 48% of all VTD-responsive neurons, followed by the SD
profile (24%) and equal frequencies for the 1D and RD profiles (13% each), Fig. 2B. Furthermore, the four profiles
differed in their onset, calculated as the latency to peak from the start of VTD application. The RD profile had
the longest latency which was twice that of the other three profiles, Fig. 2C. The onset difference was inherent
to neurons and not due to variation in the rate of perfusion sinee all neurons responded with the same latency
to high potassium. A very small number of VT D-responsive neurons had a “ramp” like profile characterised by
a very slow rise and decay of [Ca]i levels (not shown). These neurans were elassified as “undefined” in further
experiments and were not included in our characterisation because they were too infrequent (less than 1%) to
include in our analysis and draw any conclusions about.
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Figure 3. Veratridine 05, RD and ID response profiles oceur in neurons smaller than 30pm in diameter.
(A) Histogram of soma diameter distribution of neurons with the 5D profile in blue (mean 42941,

median =23.1 um; 79 cell) with superimposed distribution of neurons with the OS profile in red (mean

1994 0.3 pum, median=19.7pum; 161 eell). (B) Histogram of soma diameter of neurons with the SD profile
versus neurons with the RD profile in green (mean 2007 £ 0.8 pm, median =20.1 pm; 33 cell). (C) Histogram of
soma diameter of neurons with the 3D profile versus neurons with the ID profile in purple (mean 20.9 £ 0.8 um,
median =20.1 pmy; 35 eell). (D) Histopram of soma diameter of VTD-unresponsive neurons (mean

212404 pm, median=204pm; 181 cell). Histograms are in 2 pm bins. Vertical dotted line indicates the mean
value for each distribution. All diameter measurements were taken from N =8 mice and compared by Two-
tailed paired Student’s t-test, *P <005 and ***"P < 0.0001.

The Veratridine 5D response profile is enriched in large diameter neurons. DRG neurons are
clagsified according to their soma size into small, medium and large diameter neurons’ "% Soma size of DRG
neurons correlates with functional modalities. Small and medium sized neurons tend to be nociceptors and
innocuous thermoreceptors, while large diameter neurons are more likely to be proprioceptors and low threshold
mechanoreceptors’™®. Neuronal soma size in our DRG cultures ranged from 10 to 45 pm. Analysis of soma size
and VTD response profiles showed that although the 5D profile oceurs in all neuronal sizes (mean 25pum), it was
the most prevalent profile in neurons larger than 30 um in diameter (82% of these neurons had the SD profile).
Neurons with the RD, OF and 1D profiles had the narrowest size range with almost all smaller than 30pm in
diameter (100, 29 and 21%, respectively). The mean soma diameter of neurons with the RD, 08 and ID VTD
response profiles was smaller than that of SD newrons (RD 21 pm, OS 20pm and ID 21 pm), Fig. 3A-C. Of note,
the majority (94%) of VTD-unresponsive newrons were smaller than 30pm (mean 21 pm), Fig. 3D.

TheVeratridine 5D and RD response profiles are under-represented in capsaicin sensitive nevrons.
We next investigated how the four VTD response profiles correlate with a commonly used functional marker
of nociceptors. Capsaicin is a TRPV1 agonist used to activate peptidergic nociceptors™. In order to examine
the relationship between VTD response profiles and sensitivity to capsaicin we applied them sequentially in a
single caleium imaging protocol as illustrated in Fig. 4A. The order in which the two agonists were applied did
not influence the propoction of responding neurons nor the frequency of securrence of VTD response profiles,
Supplementary Fig. S1. Therefore, we combined results from both experiments in subsequent analysis, Fig. 4B.
The frequency of occurrence of the four response profiles in these neurons was in the same order as obtained
without capsaicin, Fig. 4C. The percentage of capsaicin sensitive neurons in our cultures (32%) is comparable to
published reports™, Capsaicin sensitive neurons were approximately twice as likely to respond to VTD (156 of
223, 70%) than not (67 of 223, 30%), Fig. 4B. We next examined VTD-responsive neurons for the relationship
between each of the four VTD response profiles and capsaicin sensitivity. The proportions of capsaicin-sensitive
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Figure 4. Veratridine SD and RD response profiles are under-represented in capsaicin-sensitive neurons.
{A) Example traces from the two drug application protocols used. Top four traces from experiments where
VTD was applied after 200nM capsaicin. Boltom traces from experiments where VTD was applied before 1 pM
capsaicin. In the former case, a lower capsaicin concentration was used to avoid potential indirect suppression
of VGSC by capsaicin® (B). Capsaicin sensitivity and VTD response profiles of 579 neurons from N =8 mice
{combined from the two protocols in A). (C) The frequency of securrence of the four VTD response profiles

in the 386 VTD-responsive neurons shows the same order as in Fig. 2B. The OS profile is the most frequent
(49.7 & 43} then the SD (264 55) followed by the ID {12 4 2%) and the RD (111 £ 4%). (D) The proportion of
capsaicin-sensitive neurons (closed bars) and capsaicin-insensitive neurons (open bars) within the four VTD
response profiles. A larger proportion of SD (76.2 vs. 23.8 &= 6%) and RD neurons (76 vs. 24 4 8%) is insensitive
to capsaicin. OS5 (58.1 vs. 41.9 + 5%) and ID neurons (55.3 vs. 43.4 4 10%) show no difference. Frequency was
from total number of neurons in each profile (np, = 111, ngn, =30, nyp, =42, and ny,, = 198 neurons). Data
shown are mean &= SEM. One-way analysis of variance with Sidak’s post-test, ****P < 0.0001. (E) Diameter of
5D neurons sensitive to capsaicin is smaller (closed bars, mean 19.9 4 09 pm, median 193 pm, n=733 cell) than
diameter of capsaicin insensitive neurons (open bars; 24 = 0.8 pm, median 21 pm, n=78 cell). (F) Diameter of
VTD-unresponsive neurons showing capsaicin-sensitive (closed bars, mean 19.7 & 0.4pm, median 198 pm,
n=~67 cell) and capsaicin-insensitive populations (open bars, mean 21.6 + 0.5pm, median 203 pm, n=126
cell). In (EF), dotted lines represent the mean. Two-tailed unpaired Student’s t-test, *P< 0,05 and **P < 0.01.

and insensitive neurons within the OS and ID profiles were not significantly different. However, there was a clear
bias in neurons with the 8D and RD profiles towards capsaicin insensitivity, Fig. 4D

As the 5D profile oceurred in a wide range of neuronal sizes, we examined the relationship between neuronal
size and capsaicin sensitivity in the 111 neurons with the SD profile. Capsaicin-sensitive SD neurons had a smaller
mean diameter than capsaicin-insensitive 8D neurons, Fig. 4E, which is consistent with the known tendency of
capsaicin sensitive neurons to be small to medium in diameter. Interestingly, capsaicin activated 35% (67 of 193)
of VTD-unresponsive neurons which were all smaller than 30 pm, Fig. 4F From all the above, the SD and RD
profiles are enriched in capsaicin-insensitive neurons.

The Veratridine SD and RD response profiles are under-represented in o, B-methylene ATP
sensitive neurons.  We next investigated how the four VTD response profiles correlate with sensitivity to
another commonly used marker for nociceptors. o, B-methylene ATP is a specific agonist for P23 receptors that
marks the non-peptidergic population of nociceptors™5. A preliminary experiment showed that responses to 1M
oy, [F-methylene ATP (the ECS0 for P23 3) can be completely inhibited by TNP-ATE, a selective P2x 3 antagonist™
{data not shown). Therefore, we applied 1 pM o, A-methylene ATP with VTD to examine the relationship
between the four VTD response profiles and sensitivity to o, J-methylene ATP. We applied the two agonists in
alternate order, Fig 5A. As with capsaicin, the order in which VTD and o, f-methylene ATP were applied did not
significantly influence the proportion of responding neurons nor the frequency of oecurrence of VTD profiles,
Supplementary Fig. 2. The frequency of occurrence of the four VTD response profiles was as oblained previ-
ously, Fig. 5C. The percentage of o, 3-methylene ATP-responsive neurons (26%) was comparable to percentage
of P2x3 positive neurons reported in immunolabelling studies®™. o, 3-methylene ATP-responsive neurons are
approximately five times more likely to respond to VTD (289/344, 84%) than not (55/344, 16%), Fig. 5B. We next
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Figure 5. Veratridine SD and RD response profiles are under-represented in o, 3-methylene ATP- sensitive
newrons. (A) Example traces from the two drug application protocols used. (B) o, B-methylene ATP sensitivity
and types of VTD response profile of the 1345 neurons sampled from N =9 mice (combined from the two
protocals in A). (C) The frequency of occurrence of VTD profiles in the 12 VTD-responsive neurons shows
the same order as in Fig. 2B. The OS profile is the most frequent (51.4 £ 2%) then SD (28.1 £ 2% followed by
ID (10.1 £ 2%) and RD (9.8 £ 2%). (D) The proportion of ¢, f-methylene ATP-sensitive neurons (closed

bars) and o, F-methylene ATP-insensitive neurons (open bars) within each of the four VTD response profiles.
A larger proportion of 5D (86.3 vs_ 13.7 £+ 6.6%) and RD neurons (689 vs. 31.1 +7) is insensitive to o, 3
-methylene ATP. Neurons with the OS5 (60 vs. 404 2%) and ID (51.1 vs. 48.9 £ 8%) profile show no difference in
the propartion of o, f-methylene ATP-sensitive and -insensitive neurons. Frequency was caleulated from total
number of neurons in each profile (g, =258, 15y, =82, 0y, =90, and ny,, = 478 neurons). Data

shown are mean + SEM. One-way analysis of variance with Sidalds post-test, "**P < 0,001 and ****P < 0.0001.
(E) Histogram of diameter of neurons with the 5D response profile showing that o, B-methylene ATP-sensitive
neurons {closed bars, mean 202 £ 0.8 pm, median 19.9pum, n=32 cell) are significantly smaller than o, 3-
methylene ATP-insensitive neurons {open bars; mean 23.4 + 0.5 pm, median 21.3pum, n=226 cell).

(F) Histogram of diameter of neurons unresponsive 1o VTD showing e, f-methylene ATP-sensitive population
(closed bars, mean 19.9 + 0.6 um, median 19.2 pm, n=>55 cell) and o, F-methylene ATP -insensitive population
[open bars, mean 206 4 0.2 pm, median 202 pm, n =378 cell). In (E,F), dotted lines represent the mean. Two-
tailed unpaired Student’s t-test, *P < 0.05 and **P < 0.01.

examined the 912 VTD-responsive neurons for a relationship between each of the four VTD response profiles
and o, 3-methylene ATP sensitivity. The proportions of o, 3-methylene ATP-sensitive and insensitive neurons
within the 08 and ID profiles were not significantly different, Fig. 5D. However, like with capsaicin, there was a
elear bias in neurons with the SD and RD profiles towards o, 3-methylene ATP insensitivity.

The 5D subpopulation of neurons sensitive to o, -methylene ATP had a smaller mean size (20 pm) compared
to the subpopulation insensitive to o, B-methylene ATP (23 pum), Fig. SE. Interestingly, 28% of VTD-unresponsive
but o, F-methylene ATP-sensilive neurons were less than 30um in diameter, Fig. SE From all the above, the 5D
and RD profiles are enriched in o, 3-methylene ATP-insensitive neurons.

The Veratridine 05, 1D and RD response profiles are enriched in nociceptors.  Both the SD and
RD response profiles were enriched in neurons insensitive to the two nociceptive markers; capsaicin and e,
[F-methylens ATP This led us to hypothesise that these two response profiles could be functional markers for
non-nociceptors, while the 08 and ID response profiles could be functional markers for nociceptors. However,
The OS5 and ID profiles did not oceur preferentially in neurons sensitive to the nociceptive markers capsaicin
(Fig. 4D} and o, J-methylene ATP (Fig. 500). Nevertheless, it is possible that the OS neurons insensitive bo capsa-
icin are the same neurons that are sensitive to o, J-methylene ATP and vice versa. To test this hypothesis, it was
necessary to apply VTD, capsaicin and o, f-methylene ATP sequentially in the same protocol. We also wanted
ta profile VTD responses in C-low threshold mechanareceptors because it was reported that this population is
required for injury induced mechanical hypersensitivity™. This population expresses TRPAL but not TRPV1
nor P2x 3%, therefore we included allyl isothiocyanate (AITC, a specific TRPAL agonist®*?) in our protocol.
We applied the five agents in the caleium imaging protocol in two orders, Fig. 6A. The order of agents in the
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Figure 6. The Veratridine 08, ID and RD response profiles are enriched in nociceptors. (A) Example traces
from the two drug application protocols used. (B) Drug sensitivity and VTD response profiles of 671 neurons
from N =7 mice. (C) The frequency of occurrence of VTD profiles in the 511 VTD-responsive neurons shows
the same order as in Fig. 2B. The OS5 profile is the most frequent {50.6 = 4.2%) then the 5D profile (31.2 4 4 8%)
followed by RD (9.4 +0.8%) and ID {8+ 1.8%) (I} The proportion of neurons sensitive to at least one agonist
{closed bars) and neurons insensitive to any (open bars) within the four VTD response profiles. Larger
proportion of SD neurons (71.6 vs. 28.4 2 9%} is insensitive lo any of the three agonists. In contrast, Larger
propoction of RD neurons (96.7 vs. 3.3+ 3.3%), 1D (85.5 vs. 145+ 7.7%) and OF (81 vs. 194 4.6%) neuwrons are
sensitive to at least one of the three agonists. Percentages were caleulated from tetal number of neurons

in each profile (ngy = 168, ngpy = 44, nypy = 48, and g5, =251 neuron). Data shown are mean & SEM.
One-way analysis of variance with Sidak’s post-test, ***P< 0,001 and ****P < 0.0001. (E) Diameter of SD
neurons that are sensitive to at least one of the three agonists (closed bars, mean 21.2 + 0.9 pm, median 19.6pm,
n=>51 cell) is significantly smaller than that of neurons insensitive to any of the three agonists (open bars; mean
26.940.7 um, median 28 3 pm, n =117 eell). (F) Diameter of VTD-unresponsive neurons sensitive Lo at least
one agonist (closed bars are, mean 20,6 £ 0.4 pm, median 20.7pm, n= 109 cell) and VTD-unresponsive neurons
insensitive to any of the three agonists (open bars, mean 24 4 4 1 pm, median 24.3 pm, n=51 cell). In (E,F),
dotted lines represent the mean. Two-tailed unpaired Student’s t-test, *P < 0.05.

first protocol was; o, 3-methylene ATP {1pM), AITC (100pM), VTD {30 p M), capsaicin (200 nM) and 40 mM
KCL The arder of agents in the second protocol was VTD, ATE AITC, capsaicin and KCL As with previous
experiments (Figs 4 and 5), there was no significant difference in the propertion of responding neurons nor the
frequency of oceurrence of VTD profiles in both protocols, Supplementary Fig 53

Neurons sensitive to any of the three agonists were three times more likely 1o respond o VTD (3337442, 75%)
than not (109/442, 25%}, Fig. 6B. The frequency of occurrence of the four response profiles, Fig. 6C, was similar
1o previous values in Figs 3C, 4C and 5C. We next examined the 511 VTD-responsive newrons for a relationship
between each of the four VTD response profiles and sensitivity to any of the three agonists. The three agonists
divided the four VTD profiles into two groups. In one group is the SD response profile which continued to show a
bias towards insensitivity to any of the three agonists, Fig. 60 In the other group are the OS, ID and now the RD
response profiles all showing a significant bias towards sensitivity to any of the three agonists, Fig. 6D

The S0 subpaopulation of neurons sensitive to any of the three agonists have a smaller mean size (21 pm)
eomparad Lo the subpepulation insensitive 1o any of the three agonists (26 pm), Fig. 6E. Interestingly, all neurons
unresponsive o VTD but sensitive to any of the three agonists are smaller than 30pm in diameter, Fig. 6F The
percentage of responsive neurons to 100pM ATTC (54%) is consistent with published findings. The relation-
ship between VTD response profiles and sensitivity to AITC alone matches that for the three agonists combined
{Supplementary Fig. $4). From all the above, the OS, ID and RD response profiles are enriched in neurons sensi-
tive to the nociceptive markers whereas the SD response profile is enriched in neurons insensitive to the nocice-
plive markers, Fig 7.
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Figure 7. VTD response profiles correlate with elassical funetional markers of nociceptors, Neurons
responding to at least one of the three agonists represent nociceptors and constitute 66% (442/671) of all DRG
neurons in culture. Nociceptors with the OS, ID or RD VTD response profiles constitute 64% (282/442) of
nociceptors (equivalent 282/671 =42% of all neurons) compared to 12% (51/442) of nociceptors with the SD
profile (squivalent to 51/671 =8% of all neurons). Neurons insensitive to any of the three agonists represent
non-nociceptors and constitute 34% (229/671) of all DRG neurons in culture. Non-nociceptors with the

SD YTD response profile constitutes 51% (117/229) of non-nociceptors (equivalent to 117671 =17% of all
nevrons) compared to non-nociceptors with the 05, 1D or RD VTD response profiles which constitute 27%
(61/229) of non-nociceptors (equivalent 61/671 = 9% of all neurons).
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Figure 8. Distribution of sensitivity Lo the three nociceplive markers within the four VTD response
profiles. Venn diagram of the mean percentage of neurons with the SD, 08, RD and ID profiles that responded
1o allyl isothioeyanate (AITC, blue), capsaicin (CAP, red) and o, 3-methylene ATP (v, 3-CHRATE green). The
percentage of neurons in each profile that did not respond to any of the agonists comprises the fourth non-
overlapping circle (white). Percentages were calculated from the total number of neurons in each VTD profile
(SD: 168 cell, 05: 251 eell, RD: 44 cell, and 1D: 48 cell) in experiment shown in Fig 6B
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We also examined the distribution of sensitivity Lo the three agonists among neurons with the four VTD pro-
files, Fig. 8. AITC sensitivity was the commonest feature of neurons that responded to one or more of the three
agonists with the OF (88%), RD (86%), ID (81%) profiles but not the SD response profile (52%). Neurons with the
SD response profile were approximately equally as likely to be capsaicin-sensitive (56%) or ATTC-sensitive (52%).

Discussion

The present study examined VTD-elicited caleium responses in cultured adult mouse DRG neurons. VID
responses were heterogeneous. We categorised VTD responses into four distinet profiles based on the number of
peaks and their decay rate. We report that VTD response profiles correlated with soma size and with commeonly
used pharmacological markers of nociceptor. To our knowledge this is the ficst detailed characterisation of VTD
responses in DRG neurons.

What do VTD response profiles represent? Most of the studies that looked at the effect of VTD on voltage-gated
ion channels used patch-clamp electrophysiology to examine the effect of VTD on sodium®?, caleium®
and potassium" currents separately. In caleium imaging the measured response oceurs in non-clamped neurons
and is indirect to sodium entry. Therefore, the observed VTD response profiles are the net effect of VTD action on
VIGSCs at the resting membrane potential and the subsequent activation of other ion channelfexchanger classes.
Therefore, it is important to keep in mind that although the response is initiated by VTD' action on VGSCs, the
overall response is shaped by; 1) Qualitative and quantitative differences in the “constellation” of sodium, potas-
sium and ealeium voltage-gated ion channels subtypes in each DRG neuron. 2) Variations in caleium buffering
mechanisms within each neuron which includes caleium efllux pathways, intracellular stores as well as caleium
binding proteins®.

Our data shows that 30 M VTD evoked robust responses in approximately 70% of sensory neurons. A higher
dase of 100pM VTD did not significantly inerease the percentage of responding cells, Fig. 1D. Considering that
higher doses of VTD are reported ta have inhibitory effects on potassium channels, 30 pM seems to be the most
suitable concentration to use for an action primarily on VGSCs. VTD predominantly activates TTX-5§ VGSCs
and our resulls are in agreement with this as TTX blacked most VTD responses (Fig. 1E-G). Voltage-clamp
experiments on rat DRG neurons showed that VTD binds TTX-R VGSCs but dissociates at much faster rate than
with TTX-5 VGSCs', which might explain why the TTX-E VTD responses we observed are transient in nature,
Fig. 1E It remains to be determined which of the TTX-R channels expressed in DRG neurons (L.e. Nav1.8 and
Nav1.9) underlie the observed TTX-R VTD responses. We speculate that Nav1.9 is the most likely candidate
because its expression is more restricted in DRG than Navl 8 and this fits with low incidence of TTX-R VTD
responses. Secondly, Nav 1.9 activation potential is hyperpolarised allowing it to be open at the resting membrane
potential which would allow VTD 1o act on the apen channel. In contrast Nav1.8 activation potential is more
depolarised and is unlikely to be open at resting membrane potential for VTD to affect it. In fact, it was reported
that VTD did not activate a stable cell line expressing Nav1.8%. Therefore, the contribution of Navl.8 1o VTD
responses will be dependent upon prior action of VTD an TTX-S subtypes to depolarise the membrane. Since
this would not happen in the presence of TTX; it is thus unlikely that Nav1.8 produces the TTX-R VTD responses
in our experiment.

Importantly, the inability of VTD to activate stable cells expressing Navl .8 may explain the about 25-30% of
DRG neurons that are unresponsive to up to 100pM VTD, Fig 1D. We suggest that VTD-unresponsive neurons
are 50 because they express mostly TTX-R and little TTX-5 channels. In support of this the majority of neurons
in this population are less than 30pm in diameter, Figs 3D, 4F, 5F and 6F. Additionally, the majority of neurons in
this population (109/160, 68%) responded to at least one of the three nociceptor markers; capsaicin, AITC and o,
[F-methylene ATP, Fig, 6B. These 109 neurons constitute 25% of nociceptors { 102/442, Fig. 6B). These neurons are
likely to represent the small diameter, Nav1.8-rich and high-threshold neurons known as “cilent nociceptors™*.
Interestingly, silent nociceptors were estimated to be about 30% of all DRG neurons which is about the same
percentage as the VTD-unresponsive population. This finding has significant implications for studies using ver-
atridine to activate DRG neurons as it means that up to 25% of nociceptors would not be assayed and their con-
tribution would be unknown.

We categorised VTD caleium respanses in cultured DRG neurons into four profiles which we named 5D, ID,
R and OS. The four profiles were observed in similar relative frequencies from cultures prepared over many
months, from different patches of mice and by different researchers. Furthermore, the frequency of occurrence of
VTD profiles was not affected by the order of applications of agonists in our experiments, Supplementary Figs 1-3.
The stability of these profiles supports their suitability for use as functional signatures of subpopulations of DRG
neurons in drig sereens.

The most abundant response type is the OS (47-51% of VTD-responsive neurons) where VTD elicited oseil-
latory changes in [Ca]i levels. Interestingly, this is the only response profile VTD elicited in N2a and SH-SY5Y
cells, Fig. 1B,C. A similar response profile was also reported in bovine chromaffin eells where VTD induced [Cali
oscillations were dependant on the activation of TTX-5 VGSC®. The oscillatory response in bovine chromaffin
cells were long lasting {up to 40 min} even after VTD wash. A proportion of the O3 responses in DRG neurons
were persistent but most returned to baseline after VTD wash {not shown). Although SH-SY5Y, N2a and chro-
maffin cells'™*% al] express Nav1.7, it is unlikely that the OS profile is a characteristic of Nav1.7 expressing cells
as Navl.7 is expressed in all DRG neurons whereas the OS profile oceurs in about 50% of DRG neurons.

The other three types of VTD response profiles shared a profile characterised by a single peak but differed
in their decay rate. The difference in the rate of signal decay could be due to a difference in the disassociation
rates of VTD from the different VGSC subtypes. In addition, it has been shown that DRG neurons (particularly
large-diameter neurons) produce caleinm responses with slow decay rates (SD-like responses) when treated with
VGEC blockers®. Therefore, differences in the decay rates of the VTD response profiles might be in part due to
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A.RNA-based classification of mouse DRG neurons
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Figure 9. Comparison of the sensitivity Lo the three nociceplive markers based on published RNASeq and
our funetional imaging data. (A) Venn diagram of the percentage of neurons expressing mRENA for receptors
for the three agonists used according to data from Figs 2 and 4 of ref. 29. (B) Percentage of neurons responding
to the three agonists from our experiment in Fig. 6. The classification of neuronal subpopulations is as per that
in ref. 29. NP is non-peptidergic, PEP is peptidergic, NF is neurofilament heavy chain and TH for tyrosine
hydroxylase.

some inhibitory effect of 30pM VTD on VGKCs. However, this is unlikely to be the main determinant of decay
rates as it takes a much higher concentration of VTD (200 pM) to inhibit VGECs™

A recent paper classified DRG neurons into 11 groups based on their mBNA profile™. Using their data (Figs 2
and 4 in ref. 29) we predicted the distribution of sensitivity of DRG neurons to the three agonists used in this
study based on the expression of their receptors, Fig. 9A. We compared this to the distribution of sensitivity we
obtained from applying the concentrations of agonists we used, Fig. 9B. The two distributions have many similar-
ities. For example, all non-peptidergic neurons (represented by groups NP1-3 in rel. 23) are predicted to respond
to AITC and in agreement we found that almost all o, 3-methylene -ATP responded to 100pM AITC. Another
similarity is that the TRPA1 positive population is the largest of the three agonists being 64% of DRG neurons by
mRNA expression of TRPAL and 54% by response to AITC. The percentage of AITC responders (54%) is almost
identical to that reported by Barabas, MLE. ef al*' (55%). Therefore, the 10% higher percentage of TRPA1 express-
ing neurons must be due to the higher sensitivity of mRNA detection compared to functional imaging. The same
reason is likely to explain the 9% higher percentage of neurons not responding to any of the agonists in our hands
compared to what is predicted by mRNA expression. Capsaicin activated 25% DRG neurons in our experiments
as opposed to a predicted 17% based on expression of TRPV1 receptor. The percentage of capsaicin responders in
our experiments is in agreement with others (e.g refl 22). The higher percentage in our and others’ experiments
could be due inereased TRPV expression in cullured DRG neurons (=1 day) compared o disassociated but
non-cultured neurons as used for the mRNA sequencing study.

The data presented here raises several interesting questions. One question is what are the key molecular deter-
minants of each of the four VTD response profiles? Answering this allows the use of VTD profiles as readout for
these ion channels and exchangers in high throughput functional screens on primary DRG neurons. Considering
that 25-30% of nociceptors do not respond to 30pM VTD and that these are likely to be “silent” nociceptors, a
second question is does the sensitization of DRG neurons by inflammation and nerve injury affeet the number
of VTD responsive neurons and their response profiles? Answering this question would allow the use of VTD
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