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Abstract

Nay channels in rodent f-cells predominantly exhibit a hyperpolarised
voltage-dependence of inactivation, which is so characteristic that it can be used for
functional identification of B-cells (Briant et al., 2017a, Chakravarthy et al., 2017). A
smaller Na* current component (10-15%) also exists that inactivates over physiological
membrane potentials and contributes to action potential firing (Vignali et al., 2006, Zhang
et al., 2014). It has been proposed that the currents contributing to inactivation over
vastly different membrane potentials reflect the contribution of different Nay a-subunits.
The aim of this thesis was to investigate the contribution of individual Nay channel
a-subunits to the behaviour of Nay current inactivation in -cells and to gain insight into
the underlying mechanism(s) of channel regulation. TTX-resistant variants of the Nay
subunits found in B-cells (Nay1.3, Nay1.6 and Nay1.7) were used to isolate currents from
individual a-subunits expressed in insulin-secreting Ins1 cells and in non-B-cells
(including HEK, CHO and aTC1-6 cells). Nay1.7 inactivated at 15-20mV more negative
membrane potentials than Nay1.3 and Nay1.6 in Ins1 cells. Meanwhile, all Nay subunits
inactivated at ~20-30mV more negative membrane potentials in Ins1 cells than in HEK,
CHO or aTC1-6 cells reflecting a-subunit and cell-specific differences in the inactivation
of Nay channels. In Ins1 and primary (-cells, but never in the other cell types, widely
different components of Nay inactivation (separated by 30 mV) were also observed
following expression of a single type of Nay a-subunit. The more positive component
exhibited a voltage-dependence of inactivation similar to that found in HEK/CHO cells.
The more negative inactivation in Ins1 cells does not involve a diffusible intracellular
factor because the difference between Ins1 and CHO persisted after excision of the
membrane. We propose that biphasic Nay inactivation in insulin-secreting cells reflects
insertion of channels in membrane domains that differ with regard to lipid and/or

membrane protein composition.
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ADP Adenosine diphosphate

ATP Adenosine triphosphate
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h Half-maximal inactivation
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1.1 Introduction

The fundamental importance of voltage-gated Na* channels (Nav channels) was
first described by Hodgkin and Huxley in 1952 to explain the ionic mechanisms
underlying the initiation and propagation of action potentials in the squid giant
axon (Hodgkin and Huxley, 1952). Research into Nav channels has since expanded
vastly, providing a greater insight into their structure and function (Catterall et

al,, 2017, Black and Waxman, 2013, Catterall, 2014, Catterall, 2000).

Nav channels are expressed abundantly and are present in nearly all electrically
excitable cells where they play a key role in action potential initiation and
generation (Hille, 2001). Their activity is dually dependent on the membrane
potential of the cell. Depolarisation leads to opening of Nav channels, resulting in
a rapid inward Na* current, which is terminated when the channels enter a
non-conducting inactivated state. Reversal of the inactivated state requires
hyperpolarisation and the extent can vary according to the cell and Nav subtype
(Catterall et al., 2017). The balance between the voltage-dependence of activation
and inactivation determines Na* current entry into the cell, which regulates cell

excitability.

Nav channels consist of a pore-forming a-subunit that can form heterodimers or
heterotrimers with auxiliary B-subunits (Kruger and Isom, 2016, Calhoun and
Isom, 2014). Insulin secreting 3-cells express Nav1.3, Nav1.6 and Nav1.7 that are
encoded by the genes Scn3a, Scn8a and Scn9a, respectively. Moreover, they
principally express Scnlb, which encodes the [i-subunit (Adriaenssens et al.,

2016, DiGruccio et al.,, 2016, Benner et al., 2014).
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In rodent pancreatic -cells, Nav channels exhibit an unusually hyperpolarised
voltage-dependence of inactivation and depolarisation from physiological
membrane potentials evokes almost no Na* current (Zhang et al.,, 2014, Plant,
1988, Gopel et al, 1999). Full reactivation of Nav channels in rodent (3-cells
requires hyperpolarisation to ~-120mV. This is 40-50mV more negative than the
most repolarised membrane potential of a 3-cell. As a result, most Nav channels
are ‘locked’ in a non-conducting inactivated state. A small additional current
component (comprising 10-15% of the total Na* current) exists in 3-cells, which
inactivates over physiological membrane potentials and contributes to cell

excitability.

It has been proposed that Nav currents that inactivate over vastly different
membrane potentials reflect the contribution of different Nav channel a-subunits.
Here we investigate the contribution of individual Nav channel a-subunits to the
behaviour of Nav current inactivation in B-cells and gain insight into the

underlying mechanism(s) of channel regulation.

1.2 Regulation of glucose homeostasis by the pancreatic islets of

Langerhans

1.2.1 The structure and function of the pancreatic islets of Langerhans

The pancreatic islets of Langerhans are groups of endocrine cells found in the
pancreas. The islets represent 1-2% of the total pancreatic mass and are
surrounded by exocrine tissue, which accounts for the remaining 98-99% of the

total pancreatic mass (Dolensek et al., 2015). The endocrine component of the
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pancreas is responsible for maintaining metabolic homeostasis following the

absorption of nutrients into the blood from the gut.

Glucose homeostasis is achieved by the secretion of hormones from the islets of
Langerhans. As shown in Figure 1.2.1.1, islets are composed of three principal
cell-types: B-cells, a-cells and &-cells (Cabrera et al,, 2006), which produce and
secrete the hormones insulin, glucagon and somatostatin, respectively. An
elevation of blood glucose leads to the release of insulin, which in turn acts to
lower blood glucose, by acting on peripheral tissues such as the muscle, liver and
adipose tissue to increase the uptake of glucose. In contrast, when blood glucose
levels decrease, glucagon is released from the a-cells, which again acts on
peripheral tissue to increase blood glucose by stimulating gluconeogenesis and
glycogenolysis (Campbell and Drucker, 2015). The role of somatostatin secreted
from the 6-cells remains controversial. However it is thought to act as a break on
both insulin and glucagon secretion (Braun et al.,, 2009, Briant et al., 2017b).
Appropriate regulation of insulin and glucagon secretion is essential to metabolic
homeostasis and its disruption is the cause of metabolic dysregulation associated

with diabetes mellitus.
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Figure 1.2.1.1- Immuno-stained image of a mouse islet of Langerhans.

The islets of Langerhans consist of three cell-types including 8-, - and &-cells, labelled here in red,

blue and green respectively. Image by Elisa Vergari taken from (Brereton et al., 2015).

1.2.2 Diabetes Mellitus

Diabetes mellitus (from here on in referred to as diabetes) is a metabolic disorder.
Itis characterised by high blood glucose levels as a result of insufficient insulin for
the body’s requirement, which may be due to either impaired insulin secretion,
insulin action or both (Alberti and Zimmet, 1998). Diabetes is widely considered
to be a major global health problem, as it increases the risk of heart disease and
microvascular complications associated with blindness, renal failure and
peripheral neuropathy (Forbes and Cooper, 2013). The disease has multiple
aetiologies and is accordingly classified into multiple subtypes. Type 1 diabetes is
an autoimmune disease, which involves the destruction of pancreatic 3-cells. It
accounts for 5-10 % of all diabetes cases (Copenhaver and Hoffman, 2017).
Meanwhile, type 2 diabetes is the most common form, accounting for more than
90% of diabetes cases in adults (Grundy, 2008). It is influenced by lifestyle factors,

17



obesity, age and pregnancy, but also has a significant genetic component

associated with it (McCarthy, 2017).

1.2.3 Stimulus Secretion Coupling in -cells

The coordinated activation and inactivation of voltage-gated ion channels, driven
by a key protein in the pathway: the ATP-sensitive-potassium channel (Karp
channel) is central to the regulation of hormone secretion from the pancreatic
islets of Langerhans (Ashcroft and Rorsman, 2013). Kare channels are sensitive to
the cell ATP:ADP ratio (Ashcroft et al, 1984, Rorsman and Trube, 1985).
Increasing concentrations of intracellular ATP act on Karp channels to close them
and the resulting decrease in Karp conductance leads to membrane depolarisation.
As such, Karp channels link metabolism to cellular electrical activity by regulating

the membrane potential of the cell.

Pancreatic -cells are electrically excitable and an elevation of plasma glucose
initiates 3-cell action potential firing that leads to stimulation of insulin secretion
(Figure 1.2.3.1A). Under hypoglycaemic conditions, glucose metabolism is low
and as a consequence the cytoplasmic ATP:ADP ratio is reduced and this keeps
the B-cell membrane potential hyperpolarised (and electrically inactive) via

activation of Karp channels (Figure 1.2.3.1B) (Ashcroft and Rorsman, 2013).

However, as the glucose concentration increases, the electrical activity of the cell
is also stimulated in a dose-dependent manner (Figure 1.2.3.1A). Increased
glucose uptake into the cell leads to an accelerated metabolism of glucose and to

an elevated ATP:ADP ratio (Figure 1.2.3.1C). Closure of the Karp channel induces

18



membrane depolarisation. If membrane depolarisation exceeds -60 to -50mV,
action potential firing is initiated with the opening of L-type Ca2* channels. The
associated influx of Ca2* into 3-cells triggers Ca%*-dependent exocytosis of insulin

granules.
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Figure 1.2.3.1 - Stimulus-secretion coupling in mouse f3-cells.

4, illustration of an electrical recording of the -cell membrane potential at 5, 10 and 20mM
extracellular glucose concentrations. At 5mM glucose the B-cell is electrically inactive and the
resting membrane potential of the cell is approximately -70mV. As the glucose concentration is
elevated, the electrical activity of the cell increases in a dose-dependent manner reflected by the
action potential firing frequency. B, represents the stimulus-secretion coupling pathway at low
glucose concentrations. Under these circumstances, glucose intake into the cell via the GLUT2
transporter is low and as a result there is a low level of metabolism. As a consequence of the
reduced ATP: ADP ratio, Karp channels remain open and the membrane is hyperpolarised. At these
membrane potentials L-type Ca?+ channels remain closed and with no electrical activity insulin
secretion is inhibited. C, as the glucose concentration increases, glucose uptake into the cell is
elevated. Glucose is metabolised to increase the ATP:ADP ratio, which acts on the Karp channels to
close them. Depolarisation of the cell membrane leads to the activation of L-type Ca2* channels and
the resulting increase in intracellular Ca2* leads to insulin secretion. Schematic adapted from

(Ashcroft and Rorsman, 2013).
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1.2.4 Glucose-inhibited glucagon secretion in a-cells

How glucose regulates glucagon secretion from pancreatic a-cells remains a
controversial subject (Gylfe, 2016, Walker et al., 2011, Gromada et al., 2007, Gylfe
and Gilon, 2014, Jacobson et al.,, 2009, Briant et al., 2016, Gylfe, 2013). It has been
postulated that glucose-sensing neurones in the central nervous system detect
changes in extracellular glucose concentration and relay the signal to a-cells via
neurones (Miki et al., 2001, Thorens, 2011). However, as glucagon secretion is
also regulated independently of neuronal input, it has been proposed that glucose-
sensing occurs within neighbouring (- and 6-cells that regulate glucagon
secretion from a-cells. This effect would be mediated by the release of inhibitory
paracrine factors such as insulin, Zn?*, y-aminobutyric acid or somatostatin
(Franklin et al,, 2005, Ravier and Rutter, 2005, Hauge-Evans et al.,, 2009, Briant et

al, 2018).

Finally, there is also evidence to support intrinsic glucose-sensing by a-cells.
There are two proposed mechanisms for the intrinsic regulation of glucagon
secretion (Gylfe, 2013, Rorsman et al., 2014). One hypothesis is that under
hypoglycaemic conditions a depolarising Ca2* current initiates glucagon secretion
by reducing the availability of ATP to the electrogenic Na*/K* pump (Bode et al,,
1999) or by activation of a depolarising store-operated influx of Ca2* when energy
is insufficient to maintain Ca%* in the endoplasmic reticulum (Liu et al., 2004,

Vieira et al., 2007).

The alternative hypothesis for intrinsic regulation is dependent on Karp channels
(Gopel et al., 2000, MacDonald et al., 2007, Ramracheya et al., 2010, Rorsman et

al, 2008, Zhang et al., 2013). According to this model, under hypoglycaemic
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conditions Katp conductance in a-cells is low (but greater than zero) (Ashcroft and
Rorsman, 2013). As a result the resting membrane potential is sufficiently
depolarised to elicit action potential firing and, so, a-cells are electrically active at
low glucose concentrations (Figure 1.2.4.1A). In a-cells, action potential firing is
initiated with the activation of Nav channels followed by the activation of
voltage-gated P/Q type Ca2* channels. The influx of Ca2* initiates Ca%*-dependent
exocytosis of glucagon containing granules (Figure 1.2.4.1B). However as the
glucose concentration is increased (i.e. from 1 to = 6mM glucose), the ATP:ADP
ratio is increased and Karp channel activity is completely blocked (Figure
1.2.4.1C). This leads to a further depolarisation of the cell membrane. However,
due to the inactivation of Nav channels (described in section 1.3.2) at more
depolarised potentials, a reduction in the a-cell action potential spike amplitude
occurs. This leads to reduced activation of P/Q-type Ca2?* channels, which play a
prominent role in the exocytosis of glucagon granules. This has been postulated

to explain the suppression of glucagon release under hypoglycaemic conditions.

A notable difference between the regulation of insulin and the proposed
Karp-dependent model for intrinsic regulation of glucagon secretion is the role of
Nav channels in the stimulus-secretion coupling pathway. Interestingly, in human
B-cells, Nav channels do contribute to action potential firing and application of the
Nav channel blocker tetrodotoxin (TTX) reduces insulin secretion (Braun et al.,
2008, Barnett et al,, 1995). However, this is not typically seen in mouse (-cells.
The very nature of Nav currents in mouse [3-cells, which render them functionally
irrelevant in this cell type will be the subject of this thesis and will be discussed in
further detail. First, it is important to consider the structure and function of Nav

channels.
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Figure 1.2.4.1- Karr-dependent intrinsic regulation of glucagon secretion model

4, illustration of an electrical recording of the a-cell membrane potential at 1mM and 6mM glucose.
At 1mM glucose the a-cell is electrically active. As the glucose concentration is elevated to 6mM
glucose, the resting membrane potential is further depolarised and action potential height is
reduced. B, schematic of the regulation of glucagon secretion at low extracellular glucose
concentrations. For reasons that remain obscure, Kate channel activity is sufficiently reduced (but
>0) at low glucose to depolarise the membrane potential and activate Nav channels to initiate
action potential firing. Subsequent activation of P/Q type Ca?* channels leads to an increase in
intracellular CaZ*, which initiates Ca2*- dependent exocytosis of glucagon granules. C, schematic of
glucose-induced inhibition of glucagon secretion. As the glucose concentration is elevated there is
an increased uptake of glucose, an accelerated metabolism and a higher ATP:ADP ratio. ATP acts
on Karp channels to reduce its conductance to zero; the further depolarisation of a-cell membrane
potential leads to the inactivation of Nav channels and reduced action potential height. This causes
a reduced activation of P/Q type CaZ* channels and as influx of Ca2+ into the cell is reduced, so is

the secretion of glucagon. Schematic adapted from (Ashcroft and Rorsman, 2013).
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1.3 Structure and function of Navchannels

1.3.1 Architecture of Navchannels

Nav channels consist of a pore-forming a-subunit and auxiliary B-subunits. In
mammals, nine pore-forming a-subunits have been identified. They are named
Nav1.1-1.9 and are encoded by the genes Scnla-5a and Scn8a-11a (Catterall,
2000). The gene number and the Nav channel number do not always correlate and
thus the genes Scn8a-11a encode Nav1.6-1.9, respectively. The genes SCN6A and
Scn7a were mapped in human and mouse, respectively, but represent the same
gene encoding Nax (Goldin et al., 2000). For this reason SCN64 is no longer in use.
Nax is poorly homologous to Nav channels and is activated by changes in the
extracellular Na* concentration (~170mM) and not by changes in the membrane
electrical field (Hiyama et al., 2002). All Nav channel a-subunits are sensitive to

TTX, with the exception of Nav1.5, Nav1.8 and Nav1.9.

All nine a-subunits share a common overall structure, which is composed of along
polypeptide consisting of 1700-2000 amino acids that fold into four homologous
domains (DI, DII, DIII and DIV), shown in Figure 1.3.1.1. Each domain consists of
six transmembrane segments, S1-S6, (Catterall, 2000). The S4 region confers the
voltage-sensing capacity of the channel, whilst S5, S6 and the S5-S6 membrane
re-entrant linker are important in forming the pore of the channel. Since Nav
channel a-subunits contain the voltage sensors and the ion-conducting pore they

are able to form functional channels expressed on their own.

However they can also form heterodimers or heterotrimers with one or two
auxiliary B-subunits, respectively (Isom et al., 1992). The 3-subunits serve as cell

adhesion molecules interacting with the extracellular matrix, other cell adhesion
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molecules and the cytoskeleton (Isom, 2002). As such they are able to modify the
kinetics, voltage-dependence of gating and the cell surface expression of
a-subunits (Kruger and Isom, 2016) . Four Nav channel $-subunits exist ($1-f4).
1 and 3 associate with the a-subunits non-covalently, whilst 32 and (4, associate
covalently via disulphide bridges (Namadurai et al., 2015). Both Nav channel a-
and B-subunit expression is regulated in a time- and tissue-specific manner

(Catterall et al., 2005).

Figure 1.3.1.1- Structure of the Nav channel a-subunit.

The Nav channel a-subunit is composed of four non-identical domains (DI-DIV), each of which
contains six transmembrane-spanning domains (S1-S6). The voltage-sensing domain (VSD)
encompasses S1-S4. S4 (shown in green) characteristically harbours the positively charged
arginine and lysine residues, which confers the voltage-sensitivity of the channel and initiates a
conformational change upon changes in the membrane potential. The pore-forming module (PM)
is formed by S5 and S6 as well as the membrane re-entrant linker between S5 and Sé6. The
a-subunit contains intracellular N- and C-termini and each domain is linked to each other by the
loops L1- L3. The ‘inactivation particle’ on L3 (indicated by a blue oval), is composed of non-polar
amino acids isoleucine, phenylalanine and methionine and is responsible for steady-state

inactivation. Schematic adapted from (Dib-Hajj et al.,, 2013).
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Nav channels are among the most conserved and ancient gene families, with a
sequence identity of >50% between the transmembrane domains of the simplest
multicellular eukaryote and that of a human Nav channel a-subunit (Catterall et
al., 2008, Zakon, 2012). The amino acid sequence homology between different
human Nav channel a-subunits is shown in Table 1.3.1.1. Nav1.1, Nav1.2, Nav1.3,

Nav1.4 and Nav1.6 display a sequence identity >70% relative to Nav1.7.

Isoform Identity (%)
Navl.1 77.58
Nav1l.2 78.85
Nav1.3 77.22
Navl.4 70.18
Nav1.5 63.95
Navl.6 72.41
Nav1.7 100
Nav1.8 53.50
Nav1.9 58.30

Table 1.3.1.1 - Sequence homology of Nav channel a-subunits

Nav channel a-subunit amino acid sequences were aligned in Clustal Omega program
(https://www.ebi.ac.uk/Tools/msa/clustalw2) using the NCBI reference sequences
NP_001159435.1, NP_001035232.1, NP_008853.3, NP_000325.4, NP_932173.1, NP_055006.1,
NP_002968.1, NP_006505.2 and NP_001274152.1. Amino acid identity is expressed as % relative

to Nav1.7.
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1.3.2 Steady-state activation and inactivation of Nayv channels

The first recordings of Nav current were made by Hodgkin and Huxley in 1952
and revealed three key features: (1) selective Na* conductance, (2)
voltage-dependent activation and (3) rapid inactivation (Hodgkin and Huxley,
1952). Gaining insight into the structure of Nav channels has been fundamental to
mechanistically understanding how these key features of Nav channels are
regulated. Following the empirical model proposed by Hodgkin and Huxley,
accurate predictions on the structure of Nav channels that underlie these key
features were made despite no knowledge of their nucleotide/amino sequences,
yet alone their crystal structure. In the 1970s, Hille developed a model of the
ion-conducting pore based on measurements of the relative permeability of the
channel to many organic cations, which gave an indication of the geometry of the
pore and thus provided details on how the selectivity of the channel is conferred
(Hille, 1971, Hille, 1972). These studies were followed by Armstrong and
Benzanilla who developed a technique to detect the movement of “gating
charges”, now known to reflect the movement of the voltage sensors in response
to changes in membrane potential, which provided insight into the
voltage-dependence of Nav channel function (Armstrong and Bezanilla, 1973,
Armstrong and Bezanilla, 1974). Indeed, the recent determination of bacterial and
eukaryotic Nav channel crystal structures at angstrom resolutions has served to
further our insight into the structure and function of Nav channels (Payandeh et

al., 2012, McCusker et al., 2012, Zhang et al., 2012, Shen et al., 2017).

The different functional states of Nav channels are summarised in Figure 1.3.2.1

(see Armstrong, 2006 for a more detailed schematic). S4 contains positively
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charged arginine and lysine resides, otherwise known as “gating charges”. Under
the influence of the membrane electrical field, the S4 segments move, and thereby
confer the channels its voltage-sensing properties. Replacement of the positively
charged amino acid residues in S4 with neutral or negatively charged residues
changes the gating current and as a result shifts the half-maximal activation (Vo.5)
of the Nav channel (Stuhmer et al., 1989). At the resting membrane potential, all
four S4 helices are stably pulled into the intracellular side of the membrane. Upon
depolarisation, the S4 segment sequentially moves outwards, guided by a narrow
groove formed by S1-S3. S4 movement is rigidly coupled to the lateral movement
of the S4-S5 linker, which is thought to induce movement of the pore-forming S5
and S6 segments (Armstrong, 2006). All four domains must undergo the outward

movement in order for the activation gate to open (Yarov-Yarovoy et al., 2012).
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Figure 1.3.2.1- Steady-state voltage-dependent activation and inactivation of the Nav

channel.

Steady-state, voltage-dependent activation refers to a series of conformational changes required
for the a-subunit’s activation gate to enter an open conducting state, upon depolarisation. Fast
inactivation occurs under a time-dependent process, which allows the inactivation gate or
‘inactivation particle’ (depicted by the green circle) to occlude the pore of the Nav channel. Upon
hyperpolarisation the channel returns to a closed state, from an inactivated state, where it can now
enter a conducting state upon depolarisation. Note that the channel cannot enter an open state

from the inactivated state.
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Fast inactivation is a characteristic feature of Nav channels. Despite a sustained
depolarisation of the cell membrane the channel enters a non-conducting state.
Its importance underlies many physiological processes, which include the
refractory period in neurones and, as described in section 1.2.4, the intrinsic
ability of pancreatic a-cells to regulate glucose-stimulated inhibition of glucagon
secretion. Fast inactivation occurs when three non-polar amino acids: isoleucine,
phenylalanine and methionine (IFM), which form the ‘inactivation particle’
positioned on L3, move into a blocking position and thus occlude the pore of the
channel from the cytoplasmic side (West et al., 1992). Substitution of either amino
acid disrupts inactivation, and in the case of phenylalanine, abolishes it
completely (West et al, 1992). Similar observations can also be seen with
intracellular application of a protease, an antibody targeted to L3 or cleavage of

L3 (Armstrong et al,, 1973, Vassilev et al.,, 1989, Stuhmer et al., 1989).

It has been proposed that fast inactivation derives its voltage-dependence from
that of activation (Armstrong and Bezanilla, 1977). The process is thought to
require movement of S4 in the DIV domain to unveil a pore region, which serves
as a ‘receptor’ for the inactivation particle (Armstrong, 2006, Ahern, 2013). The
S4 of the DIV domain contains eight gating charges rather than the four or six in
domains I-II and III, respectively (Armstrong, 2006). It is thought that this
difference allows the DIV region to enter two distinct states of activation. The first
stage of activation is sufficient to allow ions to permeate, but does not allow the
inactivation particle to occlude the mouth of the pore. Meanwhile, during the
second stage of activation the inactivation particle moves into position to occlude
the pore of the channel (Armstrong, 2006). Other experimental data exists which

suggests that Nav inactivation is not dependent on voltage dependent activation
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(Featherstone et al., 1996, Kontis and Goldin, 1997, Ulbricht, 2005). The identity
of the putative receptor for the IFM inactivation motif remains elusive. However,
further structural analysis of the eukaryotic sodium channel may provide insight
into a site for interaction of the IFM motif to block the open pore of the channel
(Shen et al., 2017). Such analysis could not be performed on the bacterial sodium

channel because they do not contain a fast inactivation gate (Catterall, 2014).

Return to a closed state from the open-inactivated state requires
hyperpolarisation and is therefore a voltage-dependent process. The intracellular
S4-S5 linker that connects the VSD to the pore, plays a crucial role in coupling
voltage-dependent conformational changes in the VSD, to closing of the pore

(Yarov-Yarovoy et al., 2012).

A separate process, termed slow inactivation, which is kinetically and structurally
distinct from fast inactivation also results in a reduction of Na* current amplitude.
In contrast, to fast inactivation that develops over a period of milliseconds, slow
inactivation develops in response to prolonged depolarisations over a period
spanning hundreds of milliseconds to seconds or in response to long trains of brief
repetitive depolarisations. Recovery from slow inactivation occurs over similarly
extended periods (Rudy, 1978, Struyk and Cannon, 2002) . Although the structural
parts of the Nav channel that participate in slow inactivation are not well-defined,
a number of studies suggest that a profound rearrangement in the outer pore of

the channel is involved (Struyk and Cannon, 2002).

31



1.4 Nav channel inactivation properties in pancreatic f3-cells

1.4.1 Arcane inactivation properties of Nav channels in rodent f-cells

Since the earliest characterisation of Nav channels in rodent -cells, the role of
these channels in this cell type has been somewhat puzzling. Mouse and rat 3-cells
display an arcane voltage-dependence of inactivation with a significantly
hyperpolarised half-maximal inactivation (Vh) of approximately -100mV (Plant,
1988, Gopel et al., 1999, Hiriart and Matteson, 1988, Lou et al., 2003, Ashcroft and
Rorsman, 1989). Therefore, at physiological membrane potentials most Nav
channels are ‘locked’ into an inactivated state and depolarisation from holding
potentials equivalent to the resting membrane potential of a 3-cell, evokes almost
no Na* current. It is therefore not surprising that application of TTX to rodent
B-cells at high glucose has no effect on the action potential height or insulin

secretion (Pressel and Misler, 1991).

The hyperpolarised inactivation of Nav channels observed in rodent (-cells
contrasts the more positive Vh of Nav channels expressed in a-cells (Leung et al,,
2005, Zhang et al,, 2014), in which Nav channels are known to play a role in the
regulation of glucagon secretion. The Vh of Nav currents in a-cells is ~-45mV
(Gopel et al,, 2000, Ramracheya et al., 2010, Zhang et al., 2013, Barg et al., 2000)
However, there are other studies that show that Nav channels in isolated a-cells

inactivate at similarly negative voltages to [3-cells (Vignali et al., 2006).

Nav channels in rodent 3-cells also display a significantly hyperpolarised shift in
inactivation compared to non-pancreatic islet cells. For example the Vi in mouse
DRG neurones is approximately -70mV (Herzog et al, 2003). This 30-50mV

negative shift in the voltage-dependence of Nav channel inactivation in rodent
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B-cells compared to other cell types is truly remarkable, especially if one
considers that all Nav channels are fully inactivated at physiological membrane

potentials (which rarely become more negative than -80mV).

1.4.2 Species differences in Nav channel inactivation in -cells

The arcane inactivation properties of Nav channels observed in rodent 3-cells is
not consistent across species. As already pointed above, Nav channels play a
crucial role in the stimulus-secretion coupling pathway in human pancreatic
B-cells. Human B-cells contain TTX-sensitive currents that inactivate with a Vh of
~-40mV (Braun et al., 2008, Barnett et al., 1995). Addition of TTX at 6mM glucose
significantly reduces action potential amplitude and glucose-stimulated insulin

secretion.

Moreover, in canine 3-cells increasing glucose concentration causes membrane
depolarisation and an increased frequency of Nav channel-dependent action
potentials (Pressel and Misler, 1991). Once a background membrane potential of
approximately -40mV is reached Nav currents are inactivated; at this potential
voltage-dependant Ca2* channels are activated to induce to a plataeu
depolarisation. Although Nav channel activation and inactivation properties were
not measured directly in canine B-cells, it is clear from these results that Nav
channels in canine (3-cells inactivate at more positive physiological membrane
potentials, similar to human B-cells, which allows them to contribute to (-cells
electrical activity in response to glucose (Pressel and Misler, 1991). Furthermore,
a similar characterisation of stimulus-secretion coupling in porcine pancreatic

islets also revealed a dependence of action potential activity on Nav current (Silva
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et al,, 2009), suggesting that Nav channels in porcine B-cells also inactivate at

physiological membrane potentials, unlike rodent (3-cells.

1.4.3 Contribution of individual Nav channel a-subunits to the arcane inactivation
properties of Nav currents in 3-cells

Further characterisation of Nav currents in mouse [3-cells has revealed that 90%
of the current inactivates at negative membrane potentials (~-100mV) and the
remaining 10% inactivates at more positive physiologically relevant membrane
potentials. The two types of inactivation may reflect the expression of multiple
a-subunits that inactivate at different membrane potentials (Vignali et al., 2006,
Zhang et al, 2014). Vignali et al. was the first to show that two types of
TTX-sensitive currents exist in (-cells: an ‘early-inactivating’ Nav current and a
‘residual’ Nav current, which have vastly different 'h measurements of -106+2mV
and -59+3mV, respectively (Vignali et al., 2006). In support of this hypothesis,
they also showed that two Nav channels a-subunits, Navl.7 and Nav1.3, are

expressed in mouse [3-cells.

More recently, characterisation of voltage-dependent inactivation in mouse
B-cells revealed that, whilst most 3-cells (~ 70 %) inactivate with a Vh of -97+1mV,
a subset of B-cells display Nav currents that inactivate with two components of
inactivation that is best described as the sum of two Boltzmann functions (Zhang
et al., 2014). In these B-cells the average Vi of the two components is ~97+6mV
and -50+1mV, comprising 49+10% and 51+10% of the maximum current,
respectively. Again, it was suggested that the biphasic inactivation observed in

these cells reflect the expression of different Nav channel a-subunits, which
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inactivate at vastly different membrane potentials (Zhang et al., 2014). Moreover
in many B-cells addition of TTX reduced AP height and frequency (Ernst et al,,

2009, Zhang et al., 2014).

It is important to determine the identity of Nav channel a-subunits contributing
to the arcane inactivation of Nav currents in [3-cells because, as the sequence
identity between different Nav channels is high (Table 1.3.1.1), differences in
inactivation between different a-subunits could provide a good indication to the
site of modulation. Moreover, if Nav channel a-subunits are modulated differently,
the B-cell could provide an excellent model for specific activation/inactivation of
different Nav channel a-subunits. This would be of great clinical interest as there

are currently no reliable selective inhibitors for individual Nav a-subunits.

1.5 Aims of thesis

Thus, the overarching aim of this thesis is to further our knowledge on the
regulation of Navchannels by seeking to understand the underlying mechanism(s)
for the hyperpolarised inactivation of Nav currents in rodent (3-cells. The specific

aims were to:

1.  Investigate the contribution of individual Nav channel a-subunits expressed

in B-cells to Nav current inactivation observed in 3-cells;

2.  Establish the role of [-subunits (if any) to the variable inactivation

properties of Nav channels in (3-cells;

3.  Elucidate a possible underlying mechanism for the modulation of Nav
channel inactivation behaviour in 3-cells.
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Chapter 2

Methods
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2.1 Molecular Biology

2.1.1 Plasmid constructs

The constructs coding for human SCN94, SCN1B and SCNZB expressed in tandem
and SCN3B were kindly provided by Dr Frank Reimann (Cox et al, Nature 2006).
The constructs coding the 3-subunits also coded for GFP, thus allowing tracing of
transfected cells. If B-subunits were not used a vector coding for GFP alone was
used for co-transfection. The constructs coding for human SCN3A4 (RC215453),
SCN5A (RC214786) and SCN8BA (RC223887) were purchased from Origene

Technologies, Inc.

Most a-subunits are sensitive to tetrodotoxin (TTX), with the exception of Nav1.5,
Nav1.8 and Nav1.9. TTX binds to the proximal part of the S5-56 linker in domain I
and thereby occludes the external mouth of the pore in pM concentrations. The
aromatic amino acids Tyr or Phe confer the binding of TTX in this position; in the
case of Nav1.5 the amino acid in the equivalent position is a cysteine residue and
it is therefore ~200-fold less sensitive to the toxin (Lehmann-Horn and Jurkat-
Rott, 1999). Therefore, the TTX-sensitive channels can be rendered TTX-resistant
by mutating the amino acid tyrosine (Cummins et al., 2001). To render Nav1.3,
Nav1.6 and Nav1.7 TTX-resistant, the tyrosine residue was substituted with serine
at positions 384, 371 and 362, respectively. Site-directed mutagenesis of SCN3A4
and SCN9A was achieved using the Q5 Site-Directed Mutagenesis Kit (NEB). These
constructs were kindly provided by Dr Margarita Chibalina. Site-directed
mutagenesis of SCN8A was achieved using the QuickChange II XL-Site-Directed

Mutagenesis Kit (Aligent Technologies) and is described below in section 2.1.3.
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The TTX-resistant form of Nav1.7 was used as a template for further molecular
manipulation to generate Nav1.7/Nav1.3 hybrid constructs (Figure 5.2.1.1). The
N-terminus, loop 1 (L1), loop 2 (L2), loop 3 (L3) and the C-terminus cytoplasmic
domain of Nav1.7 were substituted with the corresponding sequences of Nav1.3
to generate the hybrid constructs. These constructs were also kindly provided by

Dr Margarita Chibalina.

2.1.2 Transformation of Bacteria

The SCN9A plasmid was propagated in SURE 2 supercompetent cells (Aligent
Technologies); SCN3A, SCN5A, SCN3B and SCN1B and SCNZB plasmids were
propagated in XL10-Gold ultracompetent cells (Aligent Technologies) and the
SCNBA plasmid was propagated in CopyCutter™ EP1400™ competent cells
(Epicentre). Plasmid DNA was purified using QIAprep Spin Miniprep kit and

CompactPrep Plasmid Midi Kit (Qiagen), according to manufacturers’ guidelines.

2.1.3 Site-directed mutagenesis

To generate a TTX-resistant form of Nav1.6, a point mutation of Y371S was made.
The mutagenic primers used to create the mutation were forward and reverse
primers: 5’-GCCTTATGACCCAGGACTCTTGGGAAAACTTGTATCAATTGAC-3’ and
5’-GTCAATTGATACAAGTTTTCCCAAGAGTCCTGGGTCATAAGGC-3’, respectively
(Sigma Aldrich). The site-directed mutagenesis was performed using the
QuikChange II XL Site-Directed Mutagenesis Kit (Aligent Technologies) according

to manufacturer’s guidelines. The mutation and the integrity of the plasmid was
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verified by Sanger sequencing (Source BioScience, UK) and using restriction

digest.

2.1.4 Gene expression analysis

Cells were grown to 60% confluence for RNA extraction, which was carried out
using TRI reagent® (Sigma-Aldrich) according to manufacturer’s guidelines. After
phase separation, PureLink® RNA Mini Kit (Life Technologies) was used to isolate
RNA from the aqueous phase. On-column PureLink® DNase treatment was used
to remove DNA from the sample. RNA concentration was quantified using a
NanoDrop 8000 spectrophotometer (Thermo Scientific). RNA samples were
stored at -80°C. Reverse transcription of RNA to cDNA was carried out using a
High Capacity RNA-to-cDNA Kit (Applied Biosystems) according to
manufacturer’s guidelines. Depending on the RNA yield between 0.5-1.5ug of RNA

was carried forward to the reaction.

The QuantiFast SYBR Green PCR kit (Qiagen) was used to quantify gene
expression according to manufacturer’s guidelines. All samples were run in
triplicate wells in 384-well plates (4titude Ltd) for the genes of interest, along
with two house-keeping genes: GAPDH and PPIA. Each well contained 1ul of
QuantiTect Primer Assay (Qiagen, see Table 2.1.4.1), 1ul of cDNA diluted 1:25, 5ul
of 2X QuantiFast SYBR Green PCR master mix and 3ul of RNase-free H:0.
Quantitative PCR was performed on the Applied Biosystems 7900HT Fast
Real-Time PCR system and the data was captured using the SDS v2.3 software.
Amplification curves were inspected by eye and threshold lines were adjusted

manually if necessary. Analysis was performed using the delta Ct (2-2¢t) method.
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Gene name Gene Species | Primer ID
Symbol

Nav1.1 a-subunit Scnla Rat QT02445618
Nav1.2 a-subunit Scn2a Rat QT00190722
Nav1.3 a-subunit Scn3a Rat QT01568126
Nav1.4 a-subunit Scn4a Rat QT00184786
Nav1.5 a-subunit Scnba Rat QT00186263
Nav1.6 a-subunit Scn8a Rat QT00195496
Nav1.7 a-subunit Scn9A Rat QT00194558
Nav1.8 a-subunit Scnl0a Rat QT01605926
Nav1.9 a-subunit Scnlla Rat QT01603595
Nav channel 1-subunit Scnlb Rat QT00181559
Nav channel 2-subunit Scn2b Rat QT00193417
Nav channel 33-subunit Scn3b Rat QT00179459
Nav channel 4-subunit Scn4b Rat QT01581349
Glyceraldehyde-3-phosphate Gapdh Rat QT00199633
dehydrogenase

Peptidylprolyl isomerase A Ppia Rat QT00177394
Nav1.2 a-subunit SCN2A Human QT00070707
Nav1.3 a-subunit SCN3A Human QT00064981
Nav1.6 a-subunit SCN8EA Human QT00020923
Nav1.7 a-subunit SCN9A Human QT00001505
Nav channel 1-subunit SCN1B Human QT00066080
Nav channel 32-subunit SCNZB Human QT00022435
Nav channel 33-subunit SCN3B Human QT00002184
Nav channel 4-subunit SCN4B Human QT00011802
Glyceraldehyde-3-phosphate GAPDH Human QT01192646
dehydrogenase

Peptidylprolyl isomerase A PPIA Human QT01866137

Table 2.1.4.1 - Primers used to detect mRNA expression in Ins1 and HEK cells
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2.2 Tissue culture and cell transfection

2.2.1 Cell culture

The ratinsulinoma cell line Ins1 832 /13 (referred to as Ins1) was kindly provided
by Dr Jochen Lang (Université de Bordeaux, France). The cells were cultured in
RPMI-1640 (Gibco®, Life Technologies) supplemented with 11mM glucose (also 5
and 25mM glucose in the indicated experiments), 10% foetal calf serum (FCS;
Gibco®, Life Technologies), 2ZmM Glutamax (Gibco®, Life Technologies), 1mM
sodium pyruvate (Sigma-Aldrich), 10mM HEPES (Gibco®, Life Technologies),
50uM B-mercaptoethanol (Gibco®, Life Technologies), 100U/ml penicillin and
100pg/ml streptomycin (Sigma-Aldrich). In some experiments Ins1 cells were
cultured for 48h with 10nM phorbol 12-myristate 13-acetate (PMA)
(Sigma-Aldrich) or 100uM diazoxide (Sigma-Aldrich); for 24h with 10uM of the
insulin receptor antagonist S961 (Sigma-Aldrich) or for 20min with 20pM
BAPTA-AM (Tocris, UK). The cells were subcultured, once a week, using TrypLE™
Express (Gibco®, Life Technologies) and 2.5x105 cells were transferred to a T25

flask (Starsdedt). The cell medium was changed three times a week.

The human embryonic kidney cell line (AD-293; referred to as HEK cells from here
on) was obtained from Aligent Technologies. The culture medium used for HEK
cells was Dulbecco’s Modified Eagle Medium (Gibco®, Life Technologies)
supplemented with 25mM glucose, 10% heat inactivated FCS, 2ZmM Glutamax,
1mM sodium pyruvate, 100U/ml penicillin and 100pug/ml streptomycin. The cells
were subcultured at a ratio of 1:8, twice a week and the cell medium was changed

once between cell subculture.
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The mouse pancreatic a-cell line (aTC1-6) was obtained from ATCC (Manassas,
USA) and cells were cultured in RPMI-1640 supplemented with 15mM glucose,
10% FCS, 10mM HEPES, 100U/ml penicillin and 100pg/ml streptomyocin. The
cells were subcultured at a ratio of 1:3, twice a week and the medium was changed

on alternating days.

The Chinese hamster ovary (CHO) cells were obtained from ECACC (Salisbury,
UK) and cultured in Ham’s F-12K (Kaighn’s) medium (Gibco®, Life Technologies)
supplemented with 7mM glucose, 10% fetal bovine serum, 2mM L-glutamine,
100U /ml penicillin and 100pg/ml streptomyocin. The cells were subcultured at a

ratio of 1:10, three times a week.

EndoC-Bh2 cell lines are derived from human fetal pancreatic buds and were
kindly provided by Professor Raphael Scharfmann (Scharfmann et al., 2014,
Ravassard et al.,, 2011). The cells are cultured at 5.6mM glucose in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich) with 2% BSA fraction V fatty
acid free (Roche Diagnostics), 50uM 2-mercaptoethanol, 10mM nicotinamide
(Calbiochem), 5.5pg/ml transferrin (Sigma-Aldrich), 6.7ng/ml selenite (Sigma-
Aldrich), 100U/ml penicillin, and 100pg/ml streptomycin. The cells were
subcultured once a week and 5.5x10°¢ cells were transferred to a T75 flask coated

with 1% Matrigel and 2pg/ml fibronectin (Sigma-Aldrich).

2.2.2 Cell transfection

Transfection of plasmids and siRNA duplexes was performed using

Lipofectamine® 2000 (Life Technologies) according to the manufacturer’s
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guidelines. Cells plated on 35mm dishes were co-transfected with 1.5pug of DNA
encoding Navl.3, Navl.6 and Navl.7 a-subunits and 50ng of DNA encoding
B-subunits (as specified) and assayed 24-48h after transfection. GFP fluorescence
was used to select for transfected cells, which subsequently were tested for

channel expression by whole-cell patch-clamp recording techniques.

siRNA-mediated knockdown experiments were performed in Ins1 cells. siRNA
duplexes against rat Scn3b and scrambled negative control (Origene
Technologies,Inc.) were applied at a final concentration of 60nM. For efficient
knockdown, the cells were transfected twice: on day 1 and day 3 and used for

experiments on day 4. The efficiency of knockdown was assessed by qPCR.

2.3  Electrophysiology

Whole-cell Nav currents were recorded from untreated or transfected Ins1, HEK,
aTC1-6 and CHO cells using the standard whole-cell configuration as previously
described (Zhang et al., 2014). Voltage-clamp experiments were performed using
EPC-9 amplifier and Pulse (Version 8.80) software (HEKA Electronics, Lambrecht
/Pfalz, Germany). A DMZ-Zeitz-Puller (Zeitz) was used for fabrication of polished
patch-clamp electrodes (Harvard Apparatus) that had a resistance of 2-4.5M()
when filled with the electrode-filling solution. Currents were compensated for
capacitive transients using a computer-controlled algorithm. Remaining
capacitive transients were removed as well as leak subtraction corrected using a
-P/4 protocol. Series resistance compensation between 50-80% was used every
2ps. The recorded currents were filtered by 2.9kHz and digitised at >10kHz.

Recordings from cells with a seal resistance of less than 1G(), a voltage error
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greater than 5mV and currents less than 50pA (except in Figure 5.2.2.1 and Figure
5.2.3.1) were not used. Since Nav current activation and inactivation undergo a
time-dependent shift towards more negative membrane potentials in the
whole-cell configuration (Fernandez et al., 1984), all measurements reported here

were obtained within ~1min of going whole-cell.

The standard extracellular medium for the electrophysiological measurements
consisted of (mM) 118 NaCl, 20 tetraethylammonium-Cl (TEA-CI; to block K*
currents), 5.6 KCl, 1.2 MgClz, 5 HEPES (adjusted to pH 7.4 using NaOH), 5
D-glucose and 2 CoClz (to block Ca?* channels; also used at 0.2 and 10mM final
concentrations in the indicated experiments). All experiments were conducted in
the presence of CoCl2 instead of CaClz. TTX (Alomone Labs, Jerusalem, Israel) was
used at a final concentration of 0.1ugml-1, to block endogenous Nav currents.
BIM23056 (Tocris, UK) or PMA was included in the culture medium at 100nM and
10nM final concentration, respectively as indicated. The pipette solution
contained (mM) 120 CsClI (to block K* currents) , 1 MgCl2.6H20, 1 CaClz, 10 EGTA,
10 HEPES (adjusted to pH 7.15 with CsOH) and 3 Mg-ATP. In the indicated
experiments phosphatidylinositol 4,5-bisphosphate (PIP2) diC8 (Echelon) or
neomycin (Sigma Aldrich) were present in the pipette solution at 50uM final

concentration.

The effect of acute changes in the extracellular glucose concentration were
measured in perforated-patch configuration, as previously described (De Marinis
et al., 2010). Perforation was achieved using amphotericin B (Sigma-Aldrich),
present in the intracellular solution at 60ugml-! final concentration. The

intracellular pipette solution was composed of (mM) 76 Cs2504, 10 NaCL, 10 KCl,
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1 MgClz and 5 HEPES, adjusted to pH 7.15 with CsOH. The extracellular solution
used in the whole-cell configuration was also used for perforated patch clamp

measurements at a final glucose concentration of 1mM or 20mM.

For cell-attached experiments, an extracellular ion composition was used for the
pipette solution consisting of (mM) 118 NaCl, 20 tetraethylammonium-Cl, 5.6 KCl,
1.2 MgCl2, 5 HEPES (pH 7.4 with NaOH), 2 CoCI2 and 5 D-glucose. During seal
formation, the cells were immersed in standard extracellular medium containing
(mM) 137 NaCl, 5.6 KCl, 10 HEPES (pH 7.4 using NaOH), 1.1 MgClz and 2.6 CaCl..
Once the seal was formed, the high K+ extracellular solution was perfused,
consisting of (mM) 125 KCI, 1 MgClz, 1 CaClz, 10 EGTA, 10 HEPES (pH 7.4 with
KOH) and 5 D-glucose to depolarise the cell to ~OmV (Nernst potential) to allow
accurate control of the membrane potential. After recordings were made in the
cell-attached configuration, an extracellular solution with an intracellular ion
composition was perfused, ready for patch excision into an inside-out
configuration. The extracellular medium used for the inside-out patch
experiments was identical to the high-K* solution specified above except the pH
was adjusted to 7.2 and the addition of 3mM MgATP. All electrophysiological

experiments were performed at 34°C.

For ‘patch cramming’ experiments, Ins1 and HEK cells were cultured in droplets
of their respective culture media in the same 35mm dish. The same solutions that
were used for cell-attached and inside-out configurations were then applied.
However, upon excision of the membrane, the electrode was ‘crammed’ into a
neighbouring HEK cell followed by subsequent measurements of

voltage-dependent activation and inactivation (Kramer, 1990).
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A standard two-pulse protocol was used to assess inactivation (Figure 2.2.2.14).
The pulse protocol consists of a 50ms conditioning pulse of potentials varying
from -150mV and OmV (in increments of 5mV) followed by a 5ms test pulse to
OmV. The peak inward current (/) produced after each depolarisation to 0OmV was
measured and normalised to the maximum Na* current amplitude (Imax). The data
is presented as h (=I/Imax), which was plotted against the conditioning voltage
(V). For each cell, the data points were approximated to a single or a double
Boltzmann function to determine the half-maximal inactivation (Vn) and the slope
factor (k). The most appropriate fit to the data (single or double Boltzmann) was
determined using the Akaike Information Criterion (AIC) using Origin software.
Inactivation curves were fitted to a single Boltzmann function when the fit to a
double Boltzmann function resulted in either two Vi values with a difference of

less than 15mV or a Vi composed of less than 15% of the total current.

Steady-state activation was assessed by applying a depolarising pulse, between
-70 to +60mV (in increments of 10mV) for 20ms, from a holding potential of
-150mV (Figure 2.2.2.1B). The peak inward current (I) produced after
depolarisation to each voltage step was measured and used to calculate the Na*
conductance (G) by the relation G=1/(V-Vr) where Vis the membrane potential and
I+ is the estimated reversal potential, calculated using the Nernst equation from
the extra- and intracellular Na* concentrations in the media (Gonoi and Hille,
1987). The sigmoidal curve produced was fitted to a Boltzmann function, which
was used to determine the half-maximal activation (Vo.5) and the slope factor (k).
The average current density was calculated by normalising the peak inward
current produced after each voltage step to the slow-capacitance, which is

proportional to the membrane surface area.
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Figure 2.2.2.1 - Steady-state inactivation and activation pulse protocol

A, standard two-pulse protocol used to assess voltage-dependent inactivation. A conditioning
pulse of potentials varying from -150mV and OmV was applied in increments of 5ms, followed by
a test pulse to OmV. After each depolarisation to OmV, the peak inward current produced was
measured and normalised to the maximum current amplitude. B, pulse protocol used to assess
steady state activation. A depolarising pulse between -70 to +60 mV was applied (in increments of
10ms) for 20 ms, from a holding potential of -150 mV. The peak current was measured after
depolarisation to each voltage step and was used to calculate Na* conductance and Na* current

density.

2.3.1 Data Analysis

All data are given as mean values + SEM of the indicated number of experiments
(n). Statistical significances were calculated using Student’s t-test or ANOVA (for

multiple comparisons, as appropriate).
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Chapter 3

The contribution of individual Nay
channel o-subunits to the
hyperpolarised inactivation of Nay

currents in rodent 3-cells
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3.1 Introduction

The lack of Na* current evoked by depolarisation, from physiological membrane
potentials, despite the abundant expression of Nav channel a-subunits reflects the
hyperpolarised inactivation of Nav channels in rodent (3-cells (Gopel et al., 1999,
Plant, 1988, Lou et al., 2003, Hiriart and Matteson, 1988). In addition, the presence
of a small Na* current component (10-15%) that inactivates over physiological
membrane potentials (and contributes to action potential firing) has been
described (Vignali et al., 2006, Zhang et al., 2014). It has been suggested that the
apparent difference in the voltage-dependence of inactivation between different
Nav current components can be attributed to the expression of different Nav

channel a-subunits.

Mouse B-cells express Nav1.3, Nav1.6 and Nav1.7, as revealed by RNA sequencing
data of FACs sorted mouse [(-cells (Adriaenssens et al., 2016, DiGruccio et al,,
2016, Benner etal., 2014). However, mouse [3-cells principally express Scn9a, the
gene that encodes Nav1.7, with less expression of Scn8a and Scn3a (the genes that
encode Nav1.6 and Nav1.3) (Zhang et al., 2014). The relative expression of Scn9a
and Scn3a in B-cells is also reflected upon genetic ablation of the genes in (3-cells,
which causes a reduction in Na* current density by >85% and 35%, respectively

(Zhang et al., 2014).

Genetic ablation of Nav1.3 and Nav1.7 in -cells was used to identify the identity
of the Nav channel a-subunits inactivating at the different membrane potentials
(Zhang et al., 2014). Partial ablation of Scn3a (Scn3a*/-) in B-cells resulted in a
biphasic inactivation with both a depolarised (~-49mV) and hyperpolarised

(~-94mV) Vh component, attributed to the expression of different a-subunits.
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Indeed, complete ablation of Scn3a in 3-cells (Scn3a/-), assumed to result in only
the Nav1.7 current, revealed a single component of inactivation in all cells with an
average Vh of -102+2mV (n=18). Conversely, ablation of Scn9a in -cells (Scn9a/-),
thereby genetically isolating Nav1.3 current, also resulted in a single component
of inactivation with a depolarised Vh of -66+7mV. This suggests that in mouse
B-cells, Nav1.3 is the physiologically relevant Nav channel a-subunit (Zhang et al.,
2014). Since Nav1.7 is the predominant a-subunit in (3-cells a large proportion of
the Na* current inactivates over hyperpolarised membrane potentials. The
inactivation properties of Nav1l.3 and Navl.7 were also reflected in glucose-
stimulated insulin secretion (GSIS) experiments, where the Scn3a-/- significantly
reduced insulin secretion at stimulatory glucose concentrations, whilst Scn9a-/

had no effect on GSIS (Zhang et al., 2014).

These results also suggest that Nav1.7 inactivation is modulated in a -cell specific
manner. Nav1.7 in sensory dorsal root ganglion neurones (DRG) inactivates at
approximately -70mV (Herzog et al, 2003). Thus, Navl.7 in mouse [(-cells
inactivates at voltages 30mV more hyperpolarised than those for the same
channel expressed in DRG neurones and this discrepancy cannot be explained by

expression of different Nav1.7 splice variants (Zhang et al.,, 2014).

Although the genetic ablation studies were useful in providing an insight into the
contribution of individual a-subunits, the experiments were conducted on a
background in which Nav1.6 was still expressed and complete ablation of the
Scn3a and Scn9a was not guaranteed. Therefore, to further investigate the
contribution of individual a-subunits to Nav current inactivation in (3-cells and to

establish whether the different components of inactivation do indeed correspond
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to the inactivation of different Nav channel a-subunits, it is important to
characterise the current of Nav channel a-subunits in isolation. To this end,
Nav1.7, Navl.3 and Navl.6, the a-subunits expressed in 3-cells, were rendered
resistant to TTX and were then individually expressed in Ins1 cells, a 3-cell model.
The activation and inactivation properties of the individual Nav a-subunits were
characterised in the presence of TTX to block endogenous Nav currents and to
allow the characterisation of the expressed TTX-resistant current in isolation. To
access whether the a-subunits are modulated in a (-cell specific manner,
TTX-resistant Nav1.7, Nav1.3 and Nav1.6 currents were also characterised in HEK
cells, a non-B-cell model, and their activation and inactivation properties were

compared to those in Ins1 cells.

3.2 Results

3.2.1 Characterisation of endogenous Nav channels in Ins1 and HEK cells

Nav currents in Ins1 and HEK cells were measured in the presence and absence of
TTX in response to a step depolarisation from -150mV to OmV, as shown in Figure
3.2.1.1A and B. In Ins1 cells membrane depolarisation evoked a large rapid inward
Nav current, which was abolished upon the addition of TTX. HEK cells in contrast
did not evoke a Nav current upon depolarisation, which is consistent with its lack

of Nav channel a- and 3-subunit mRNA expression (data not shown).

Relative mRNA expression of Nav channels in Ins1 cells echoed the voltage clamp
experiments and revealed expression of only TTX-sensitive channels (Figure

3.2.1.1C). However, unlike primary mouse 3-cells, which predominantly express
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Scn9a and to a lesser extent Scn3a and Scn8a (Adriaenssens et al., 2016, DiGruccio
etal., 2016, Benner et al., 2014), Ins1 cells predominantly express Scn3a, with less
expression of Scn8a and ScnZa and surprisingly, no detectable levels of Scn9a. To
confirm that Nav1.7 is not expressed in Ins1 cells, it was important to test whether
the Scn9a primer was functional. The Scn9a primer was tested using a sample of
rat islet cDNA as a positive control, in which Scn9a mRNA levels were detectable
(Figure 3.2.1.1D); this confirmed that the primer is functional and Nav1.7 is not
expressed in Ins1 cells. The expression of (-subunits also differs between Ins1
cells and primary mouse f-cells. In the latter, the 1 subunit is expressed more
highly (Adriaenssens et al., 2016, DiGruccio et al., 2016, Benner et al.,, 2014),

whilst the 3 subunit is expressed more highly in Ins1 cells.
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Figure 3.2.1.1 - Characterisation of endogenous Nav channels in Ins1 and HEK cells

A, endogenous Nav current from Ins1 cells in response to a step depolarisation from -150mV to
OmV in the absence (black) and presence (red) of TTX. B, same as in A except in HEK cells and only
in the absence (black) of TTX. C, represent relative mRNA expression of Nav channel a-subunits in
Ins1 cells (n=2 preparations). D, relative mRNA expression of Nay channel subunits in rat islets

(n=1 preparation).

Characterisation of endogenous Nav currents in Insl cells revealed two
components of voltage-dependent inactivation, as indicated by the arrows in
Figure 3.2.1.2A. Interestingly, a large negative component can be observed despite
the lack of endogenous Navl.7 mRNA expression in Insl cells. 12/24 cells

inactivated with a monophasic inactivation with an average Vi of -88+2mV and a

53



slope factor, k, of 9+0.2 (Figure 3.2.1.2B). The remaining 12 cells inactivated with
a biphasic inactivation; the average Vh of the two components is -87+3mV and

-43+2mV, comprising 71+ 6% and 29+6% of the current (Figure 3.2.1.2C).

Voltage-dependence of activation in Ins1 cells displayed a Vo.s of -16+2mV (n=21),
as shown in Figure 3.2.1.2D. This is more depolarised than the Vos of ~-24mV
observed in primary (-cells (Zhang et al., 2014). However, endogenous currents
displayed a similar I-V relationship to primary (-cells with a large peak current

density of -169+29pApF-1 at OmV (data not shown).

Given that Ins1 cells share a similar inactivation behaviour to primary mouse
B-cells and neither Ins1 nor HEK cells express endogenous TTX-resistant channels

they were chosen as appropriate models to represent 3- and non-f3-cells.
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Figure 3.2.1.2 - Voltage-dependence of activation and inactivation of endogenous Nav

currents in Ins1 cell

A, average voltage-dependence of Nav current inactivation recorded from all Ins1 cells (n=24).
Arrows indicate the two components of inactivation. The curve represents a double Boltzmann
function. B, same as in 4, but average of all cells that were best described using a single Boltzmann
function i.e had a monophasic inactivation (n=12). C, same as in 4, but average of all cells that were
best described using a double Boltzmann function i.e had a biphasic inactivation (n=12). Arrows
indicate the two components of inactivation. D, voltage-dependence of Nav current activation

(G/Gmax) in Ins1 cells (n=21), fitted to a single Boltzmann function.
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3.2.2 Characterisation of wild-type and TTX-resistant Nav1.7, Nav1.3 and Nav1.6
in HEK cells.

To make certain that site-directed mutagenesis of the channels rendering them
resistant to TTX, does not affect the channel gating properties, wild-type (WT) and
TTX-resistant channels were characterised in HEK cells. Since HEK cells do not
express any endogenous Nav currents, WT and TTX-resistant currents could be
isolated and compared without contamination of endogenous Nav currents. The
data is shown in Figure 3.2.2.1 and the voltage-dependence of inactivation and
activation values are summarised in Table 3.2.2.1 and Table 3.2.2.2, respectively.
Compared to the WT, rendering the channel TTX-resistant did not affect the
inactivation properties of Nav1.7, Nav1.3 or Nav1.6, nor did it affect the activation
properties of Nav1.7 or Nav1.6. However, a small but significant depolarising shift
of 4mV in the Vos of TTX-resistant Nav1.3 could be observed in comparison to WT
Navl.3, as summarised in Table 3.2.2.2. Since rendering the channels
TTX-resistant had no effect on the voltage-dependence of inactivation and
activation (with the exception of Nav1.3) compared to the WT channels, they
provide an excellent means for characterising individual Nav currents in isolation.
From here on in, TTX-resistant Nav1.7, Navl.3 and Nav1l.6 will be referred to

simply as Nav1.7, Nav1.3 and Nav1.6.
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Figure 3.2.2.1 - Voltage-dependence of inactivation and activation of WT and TTX-resistant

Voltage (mV)

versions of Nav1.7, Nav1.3 and Nav1.6 channels in HEK cells

A, voltage-dependence of inactivation (h) of Nav1l.7 WT (black; n=6) and Nav1.7 TTX-resistant
(red; n=6) a-subunits co-expressed with Bi- and Bz-subunits. The curves represent a single
Boltzmann fit to the data. B, voltage-dependence of activation (G/Gmax) of Nav1l.7 WT (black; n=7)
and TTX-resistant (red; n=9) a-subunits co-expressed with Bi- and B2-subunits. The curves
represent a single Boltzmann fit to the data. C, same as in 4, but for Nav1.3 WT (black; n=14) and
Nav1.3 TTX-resistant (red; n=7). D, same as in B, but for Nav1.3 WT (black; n=5) and Nav1.3
TTX-resistant (red; n=7). E, same as in 4, but for Nav1.6 WT (black; n=13) and Nav1.6 TTX-resistant

(red; n=10). F, same as in B, but for Nav1.6 WT (black; n=5) and Nav1.6 TTX-resistant (red; n=9).
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Construct Vh (mV) k
Navl.7 WT -67+2 (6) 8+1 (6)
Navl.7 TTX-resistant -66+2 (9) 8+1(9)
Nav1l.3 WT -50+2 (14) 8+1 (14)
Nav1.3 TTX-resistant -48+1 (7) 10+2 (7)
Navl.6 WT -53+1 (13) 8+1 (13)
Navl.6 TTX-resistant -53+1 (10) 7+1 (10)

Table 3.2.2.1 - Vhand k values of WT and TTX-resistant Nav1.7, Nav1.3 and Nav1.6 expressed

in HEK cells

Values represent mean + SEM of indicated number of cells (n).

Construct Vo.s (mV) K
Navl.7 WT -13+1 (7) 7+1 (7)
Nav1.7 TTX-resistant -12+1 (9) 8+1 (9)
Navl.3 WT -18+1 (5) 5+1 (5)
Nav1.3 TTX-resistant -14+1 (7)** 7+1 (7))t
Navl.6 WT -9+1 (5) 8+1 (5)
Nav1.6 TTX-resistant -5+1 (9) 9+1 (9)

Table 3.2.2.2 - Vos and k values of WT and TTX-resistant Nav1l.7, Navl.3 and Nav1l.6

expressed in HEK cells

Values represent mean + SEM of indicated number of cells (n). ** P <0.01, t-test Vo5 of Nay1.3 WT

vs Nav1.3 TTX-resistant. Tt P <0.01, t-test k of Nav1.3 WT vs Nav1.3 TTX-resistant.

3.2.3 Characterisation of Nav1.7 in Ins1 and HEK cells

The Nav1.7 channel was co-expressed with 31- and [32- subunits in Ins1 and HEK
cells and currents evoked from a step depolarisation from -150mV to OmV are

shown in Figure 3.2.3.1A and B. Addition of TTX reduced the peak current in Ins1
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cells, but not in HEK cells, which reflects the block of endogenous Nav currents in

Ins1 cells and the lack of endogenous Nav currents in HEK cells.

0 mV 0 mV

A J B J
-150 mV -150 mV

TTX

Control

500 pA 250 pA| TTX

0.5ms 0.5ms

Figure 3.2.3.1 - TTX-resistant Nav1.7 current traces in Ins1 and HEK cells

A, Nav currents evoked in response to a step depolarisation from -150mV to OmV in Ins1 cells with
co-expression of Nav1.7 and f1- and z2-subunits in the absence (black; control) and presence of
TTX (red; TTX treated). The reduction of the peak current induced by TTX reflects a block of

endogenous Nav current. B, same as in A but expressed in HEK cells.

Families of voltage clamp currents recorded from Nav1.7 expressed in Ins1 cells
and HEK cells, during membrane depolarisations from -150mV to -20, -10 and
OmV are shown in Figure 3.2.3.2A and B, respectively. There was no significant
difference in the voltage-dependence of activation of Nav1.7 in Ins1 and HEK cells
is shown in Figure 3.2.3.2C. The Vos of Nav1.7 in Ins1 and HEK cells is -13+1mV
(n=39) and -12+1mV (n=8), respectively. The I-V relationship of Nav1.7 was also

similar between both cell types.
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Figure 3.2.3.2- Voltage-dependence of activation of Nav1.7 currents in Ins1 and HEK cells

A, family of voltage-clamp Nav1.7 currents evoked by depolarisations from a holding potential of
-150to -20,-10 and OmV when the a-subunit is co-expressed with 1- and z-subunits in Ins1 cells.
B, same as in 4, but with Nav1.7 expressed in HEK cells. C, voltage-dependence of Nav1.7 current
activation (G/Gmax) in Ins1 (black; n=39) and HEK cells (red; n=8). D, I-V relationship of Nav1.7

currents in Ins1 (black; n=39) and HEK cells (red; n=8).

In contrast, to the voltage-dependence of activation, the voltage-dependence of
inactivation is significantly shifted in a hyperpolarised direction in Ins1 cells
compared to HEK cells, as shown in Figure 3.2.3.3A. The majority of cells in Ins1

demonstrated a monophasic inactivation with a Vi of -94+2mV (n=38) (Figure
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3.2.3.3B), which was significantly more hyperpolarised than the Vi of -66+2mV
(n=9) for Nav1.7 expressed in HEK cells (P<0.001, Mann Whitney Rank Sum Test).
Surprisingly, 9/46 cells expressing Navl.7 in Insl cells displayed a biphasic
inactivation where the inactivation curve was best described using a double
Boltzmann function. The average Vh of the curves fitted to a double Boltzmann is
-97+4mV and -67+4mV, comprising of 50+4% and 50+4% of the total current
(Figure 3.2.3.3C). Interestingly the positive component of inactivation, which has
a Vn of -67mV is very similar to the inactivation of Nav1.7 in HEK cells. The two
components of inactivation of Nav1.7 become less apparent when averaging all of
the cells that exhibited a biphasic inactivation. For this reason two examples of

cells that displayed biphasic inactivation are shown in Figure 3.2.3.3D.

We explored the effect of Na* current density on Vi to ensure that the difference
in Vh of Nav1.7 between Ins1 and HEK cells is not due to a difference in the level
of expression of the channel between the two cell types. Moreover, if the Vi of
Nav1.7 or the occurrence of biphasic inactivation was influenced by Na* current
density it may suggest regulation of the channel by a limited pool of a certain
modulating factor, which becomes saturated upon increased expression of the
channel. However, there is no significant difference between the average Na*
current density of cells that exhibited a monophasic (-96+13pApF-1) and biphasic
inactivation (-75+17pApF-1) of Nav1.7 current (Figure 3.2.3.3E; P =0.735, Mann
Whitney Rank Sum Test), suggesting that there is no correlation between Na*
current density and the fit of the curve to a single or double Boltzmann function.
Moreover, there is also no obvious relationship between the Na* current density

and Vi (Figure 3.2.3.3F).
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Interestingly, the scatter of Vh amongst cells that exhibited monophasic
inactivation appears to distinctly fall into Vh values observed in the positive
(black) and negative (grey) components of biphasic inactivation (Figure 3.2.3.3F).
This suggests that the channels can distinctly inactivate at two different
membrane potentials separated by ~30mV. Thus biphasic inactivation may
reflect the inactivation of different populations of the same a-subunit inactivating

at different membrane potentials.
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Figure 3.2.3.3- Voltage-dependence of inactivation of Nav1.7 currents in Ins1 and HEK cells

A, voltage-dependence of Nav1.7 current inactivation (h«) when the a-subunit was co-expressed
with B1- and Bz2-subunits in Ins1 (black; n=47) and HEK cells (red; n=9). The curves represent a
double and single Boltzmann fit to the data for Nav1.7 currents recorded from Ins1 and HEK cells,
respectively. B, the average voltage-dependence of inactivation of Nav1.7 current in Ins1 cells that

was best described with a single Boltzmann fit to the data (n=38). C, same as in B but for biphasic
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inactivation (n=9). D, examples of biphasic inactivation curves of Nav1.7 in Ins1 cells with their
respective Vi and k values. E, represents the relationship between peak Na* current density and
the most appropriate fit (single or double Boltzmann, reflecting monophasic or biphasic
inactivation respectively) to current inactivation data in Insl cells. F, relationship between
monophasic, biphasic negative (-ve) and biphasic positive (+ve) Vh values and the peak Na* current

density of Nav1.7 in Ins1 cells.

3.2.4 Characterisation of Nav1.3 in Ins1 and HEK cells

Contrary to our initial expectation, Nav1.3 (similar to Nav1.7) also displayed a
hyperpolarising shift in inactivation in Ins1 cells compared to HEK cells, as shown
in Figure 3.2.4.1A. The average Vh of Nav1.3 currents inactivating with a single
component of inactivation in Ins1 cells is -78+6mV (n=8). This is significantly
more hyperpolarised than the Vh of -48+1mV for Nav1.3 current inactivation in
HEK cells (n=7; P<0.001, t-test), which invariably inactivated with a single

component of inactivation.

Nav1.3 current inactivation in 26/34 Ins1 cells could be best described using a
double Boltzmann fit to the data, the average of these cells is shown in Figure
3.2.4.1B and examples of individual cells exhibiting biphasic inactivation is shown
Figure 3.2.4.1C. The two components of inactivation had a Vos of -87+2mV and
-55+2 mV, comprising 57+5% and 43+5% of the total current, respectively. It is
worth noting that the positive component of biphasic inactivation is very similar

to the inactivation of Nav1.3 observed in HEK cells.

Interestingly, amongst the 8/34 cells inactivating with a single component of
inactivation, 6/8 cells inactivated at negative voltage with an average Vh of

-87+3mV (Figure 3.2.4.1D) and 2/8 cells inactivated at a more positive potentials
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with a Vn value of -57 and-53mV (Figure 3.2.4.1E). Remarkably, these voltages
coincide exactly with the Vi of Navl.3 currents inactivating with a biphasic
voltage-dependence of inactivation. Indeed the scatter of individual data points
(Figure 3.2.4.1F), shows that cells that inactivated with a monophasic inactivation
have Vh values that fall distinctly amongst the Vi values of biphasic negative or
biphasic positive values and not in between, again suggesting that the same
population of Nav channel a-subunits can inactivate at two distinct membrane

potentials separated by ~30mV, giving rise to a biphasic inactivation.

Figure 3.2.4.1F shows the relationship between Na* current density and Vi. It is
clear that there is no correlation between the current density and Vi of Nav1.3

currents.
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Figure 3.2.4.1 - Voltage-dependence of inactivation of Nav1.3 in Ins1 and HEK cells

A, voltage-dependence of Nav1.3 current inactivation (h«) when the a-subunit was co-expressed
with B1- and Bz2-subunits in Ins1 (black; n=34) and HEK cells (red; n=7). The curves represent a
double and single Boltzmann fit to the data for Nav1.3 currents recorded from Ins1 and HEK cells,
respectively. B, the average voltage-dependence of inactivation of Nav1.3 current in Ins1 cells that

was best described with a double Boltzmann fit to the data (n=26). C, examples of biphasic
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inactivation curves of Nav1.3 in Ins1 cells with their respective Vi and k values. D, same as in B but
for cells that were best described with a single Boltzmann fit to the data and had a Vi< -70mV
(n=6).E, same as in D but for cells thathad a V»>-70mV (n=2). F, relationship between monophasic,
biphasic negative (-ve) and biphasic positive (+ve) Vi values and the peak Na* current density of

Nav1.3 in Ins1 cells.

3.2.5 Biphasic inactivation in primary f-cells

We expressed Nav1.3 in primary mouse B-cells to test whether the hyperpolarised
and biphasic inactivation can be extended to primary B-cells. Although the
transfection rate was low, large TTX-resistant Nav1.3 currents were observed in
3 B-cells (Figure 3.2.5.1A). The average current amplitude was -1+0.1nA. These
currents underwent voltage-dependent inactivation with a Vh of -88mV. However,
in two of the three cells, there was biphasic inactivation with a small (43% and
22%) component that inactivated at -95 and -103mV and a larger (57% and 78%)

component that inactivated at -73mV in both cells.

It has previously been reported that ablation of Scn3a leads to the loss of Nav
current components that inactivates at positive membrane potentials (Zhang et
al, 2014). These data have now been reanalysed and expressed as current
amplitudes in absolute (in pA) rather than relative (normalized to maximum
current) terms. Figure 3.2.5.1B shows Nav currents recorded in control (Scn3a*/")
and knockout Scn3a~- B-cells. In agreement with the previous conclusion, ablation
of Scn3a was associated with the loss of the Nav current inactivating at positive
membrane potentials (Figure 3.2.5.1B, shaded area). However, there was also a

large reduction (~200pA) of Nav current at negative membrane potentials. Figure
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3.2.5.1C shows the net Nav1.3 current isolated by subtracting the currents in
Scn3a’/- from those measured in Scn3a*/- mice. The net current shows biphasic
inactivation and can be described as the sum of two Boltzmann functions with Vi
values of -86mV and -57mV that comprised 76% and 24%, respectively. These
values are close to those observed for the isolated Nav1.3 current and similar to

the two components of inactivation observed in Insl cells expressing Nav1.3

(Table 3.2.9.1).
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Figure 3.2.5.1- Biphasic inactivation of Nav1.3 in primary mouse f3-cells

A, Na* current inactivation in primary mouse [3-cells co-transfected with Nav1.3 a-subunit and B1-
and Bz-subunit (n=3). B, voltage-dependence of Na* current inactivation in Scn3a*/- (n=7) and
Scn3a-/- B-cells (n= 8). Same data as in (Zhang et al., 2014) but current amplitudes are presented
in absolute rather than relative terms. C, net Nav1.3 current isolated by subtracting Nav currents
in Scn3a/- B-cells from those in Scn3a+*/- B-cells. Note biphasic inactivation. A double Boltzmann

function was fitted to the data points, yielding Vi values of -86 and -57 mV.

3.2.6 Voltage-dependence of activation of Nav1.3 currents in Ins1 and HEK cells

Families of voltage clamp currents recorded from Nav1.3 expressed in Ins1 and

HEK cells, during membrane depolarisations from -150mV to -20, -10 and 0mV
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are shown in Figure 3.2.6.1A and B. Despite, the difference in Nav1.3 current
inactivation between Ins1 and HEK cells, there was no significant difference in the
Vos between Insl cells and HEK cells, -12+1mV (n=31) and -14+1mV (n=5),
respectively (Figure 3.2.6.1C). Moreover, the I-V relationships of Nav1l.3 were
similar except that the Na* density was twice as large in Ins1 cells compared to

HEK cells (Figure 3.2.6.1D).
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Figure 3.2.6.1- Voltage-dependence of activation of Nav1.3 in Ins1 and HEK cells

A, family of voltage-clamp Nav1.3 currents evoked by depolarisations from a holding potential of
-150to -20,-10 and 0mV when the a-subunit is co-expressed with 1- and z-subunits in Ins1 cells.
B, same as in 4, but with Nav1.3 expressed in HEK cells. C, voltage-dependence of Nav1.3 current
activation (G/Gmax) in Ins1 (black; n=31) and HEK cells (red; n=5). D, I-V relationship of Nav1.3

currents in Ins1 (black; n=31) and HEK cells (red; n=5). *P<0.05, using a one-way-ANOVA.

3.2.7 Characterisation of Nav1.6 in Ins1 and HEK cells

Similar to Nav1.7 and Nav1.3, Nav1.6 inactivated at a more negative potential in
Ins1 cells compared to HEK cells, as shown in Figure 3.2.7.1A. The average Vi of

Nav1.6 currents inactivating with a single component of inactivation in Ins1 cells
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is-73+4mV (n=10). This is significantly more hyperpolarised than the Vi of Nav1.6
in HEK cells, -53+1mV (n=10), which again consistently inactivated with a single

component of inactivation.

The majority of Nav1.6 currents in Ins1 cells (25/35 cells) inactivated with two
components of inactivation with an average Vi of -86+1mV and -56+1mV,
comprising of 56+4% and 44+4% of the total current, respectively (Figure
3.2.7.1B). Examples of cells that exhibited biphasic voltage-dependence of
inactivation are shown in Figure 3.2.7.1C. Ins1 cells inactivating with a single
component of inactivation could again be divided into two groups: those
inactivating at a more negative potential (<-70 mV) had an average Viof -83+2mV
(n=5), and those inactivating at a more positive potential (> -70 mV), which had

an average Vh of -63+2mV (n=5), as shown in Figure 3.2.7.1D and E, respectively.

Figure 3.2.4.1F shows the relationship between Na* current density and Vi of
Nav1.6 currents in Ins1 cells. It is clear that there is no correlation between the
Na* current density and Vhof Nav1.6 currents. The scatter of individual data points
indicate that cells that inactivated with a monophasic inactivation have Vh values
that fall distinctly amongst the Vi values of biphasic negative or biphasic positive

values.
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Figure 3.2.7.1- Voltage-dependence of inactivation of Nav1.6 currents in Ins1 and HEK cells

4, voltage-dependence of Nav1.6 current inactivation (h«) when the a-subunit was co-expressed
with B1- and Bz-subunits in Ins1 (black; n=35) and HEK cells (red; n=10). The curves represent a
double and single Boltzmann fit to the data for Nav1.6 currents recorded from Ins1 and HEK cells,
respectively. B, the average voltage-dependence of inactivation of Nav1.6 current in Ins1 cells that
was best described with a double Boltzmann fit to the data (n=25). C, examples of biphasic

inactivation curves of Nav1.6 in Ins1 cells with their respective Vv and k values. D, same as in B but
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for cells that were best described with a single Boltzmann fit to the data and had a Vi <-70mV
(n=5).E, same as in D but for cells thathad a V»>-70mV (n=5). F, relationship between monophasic,
biphasic negative (-ve) and biphasic positive (+ve) Vi values and the peak Na* current density of

Nav1.6 in Ins1 cells.

Voltage-clamp current traces for Nav1.6 in Ins1 cells and HEK cells are shown in
Figure 3.2.7.2A and B, respectively. Unlike Nav1.7 and Nav1.3, which showed a
similar voltage-dependence of activation in Ins1 and HEK cells, the activation of
Nav1.6 is significantly different between Ins1 and HEK cells (Figure 3.2.7.2C). The
Vos of Nav1.6 is -16+1mV (n=18) and -5+2mV (n=9) in Ins1 cells and HEK cells,
respectively. Furthermore, the I-V relationship of Nav1.6 between Ins1 and HEK
cells is also different, as the Na* current density peaked at 0 and 10 mV,
respectively (Figure 3.2.7.2D). The current density is also significantly lower in

HEK than in Ins1 cells.
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Figure 3.2.7.2- Voltage-dependence of activation of Nav1.6 currents in Ins1 and HEK cells

A, family of voltage-clamp Nav1.6 currents evoked by depolarisations from a holding potential of
-150to -20,-10 and OmV when the a-subunit is co-expressed with 1- and z-subunits in Ins1 cells.
B, same as in 4, but with Nav1.6 expressed in HEK cells. C, voltage-dependence of Nav1.6 current
activation (G/Gmax) in Ins1 (black; n=18) and HEK cells (red; n=10). D, I-V relationship of Nav1.6
currents in Ins1 (black; n=18) and HEK cells (red; n=9). ***P<0.001, one way ANOVA for Na*

current density at -40mV to 40mV between Ins1 and HEK cells.

3.2.8 Characterisation of Nav1.5 in Ins1 and HEK cells

To investigate whether other Nav channels that are not normally expressed in

B-cells, also display hyperpolarised inactivation in f-cells compared to
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non-f-cells, the activation and inactivation properties of the cardiac Nav channel,
Nav1.5, was assessed in Ins1 and HEK cells. Families of voltage-clamp current
traces for Nav1.5 in Ins1 cells and HEK cells are shown in Figure 3.2.8.1A and B,
respectively. As observed for the other channels, Nav1.5 currents inactivate at a
significantly more negative Vi in Ins1 cells compared to HEK cells, -99+2mV (n=9)
and -77+1 mV (n=10), respectively (P<0.001, t-test). Inactivation of Navl.5
currents in Insl cells was invariably monophasic. The significant difference in
inactivation between the two cell types is observed with no significant difference
in the Vos of Navl.5 currents between Ins1 and HEK cells, -34+2mV (n=4) and
-35+1mV (n=6), respectively. The I-V relationship of Nav1.5 is similar between the

two cell types, with peak current density at OmV (data not shown).
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Figure 3.2.8.1- Voltage-dependence of activation and inactivation of Nav1.5 currents in Ins1

and HEK cells

A, family of voltage-clamp Nav1.5 currents evoked by depolarisations from a holding potential of
-150to-20,-10 and OmV when the a-subunit is co-expressed with f1- and z2-subunits in Ins1 cells.
B, same as in 4, but with Nav1.5 expressed in HEK cells. C, voltage-dependence of Nav1.5 current
inactivation (h) in Ins1 and HEK cells. The curves represents a single Boltzmann fit to the data in
Ins1 cells (black; n= 9) and HEK cells (red; n=10). D, voltage-dependence of Nav1l.5 current

activation (G/Gmax) in Ins1 (black; n=4) and HEK cells (red; n=6).

76



3.2.9 Summary of Navl.7, Navl.3 and Navl.6 activation and inactivation

properties in Ins1 and HEK cells

Figure 3.2.9.1 and Supplementary Table 1 and 2 summarise the
voltage-dependence of Navl.7, Navl.3 and Navl.6 current activation and
inactivation in Ins1 and HEK cells. Despite the unexpected hyperpolarising shift
in inactivation exhibited by Nav1.3 and Nav1.6 expressed in Ins1 cells compared
to HEK cells, Nav1.7 still inactivated more negatively than both other channels
(Figure 3.2.9.1A), in good agreement with studies in KO mice (Zhang et al., 2014).
The average Vh and slope factor, k, of Navl.7, Navl.3 and Navl.6 current
inactivation in Ins1 and HEK cells are summarised in Table 3.2.9.1. Similar to Ins1
cells, there is also a significant difference in the Vh between the three Nav channel
a-subunits recorded in HEK cells (P < 0.001, one way ANOVA) and again the
inactivation curve of Nav1.7 was shifted in a hyperpolarising direction compared
to Nav1.3 and Nav1.6 in HEK cells, as shown in Figure 3.2.9.1B. However, unlike
Ins1 cells, all of the channels expressed in HEK cells still inactivate at

physiologically relevant membrane potentials (Table 3.2.9.1).

Unexpectedly, all of the a-subunits (with the exception of Nav1.5) expressed in
Ins1 cells exhibited a biphasic inactivation (i.e. a Vh at positive and negative
membrane potentials ranging between -55 to -67mV and -86 to -97mV,
respectively). The frequency of cells inactivating with a biphasic inactivation was
significantly higher when the cells expressed Nav1.3 (26/34) and Nav1.6 (25/34)

compared to Nav1.7 (9/47) (P<0.001; chi-squared test).

The voltage-dependence of activation of Nav1.7, Nav1l.3 and Navl.6 currents in

Ins1 is shown in Figure 3.2.9.1C and Vos and k values are summarised in Table
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3.2.9.2. All three Nav channels displayed a similar voltage-dependence of
activation in Ins1 cells, with no significant difference between the Vos (P=0.157,
one way ANOVA) or k (p = 0.167, one way ANOVA). However, there is a significant
difference between the Vos of Navl.7, Navl.3 and Nav1.6 currents in HEK cells
(P<0.001, one way ANOVA on ranks), as activation of Nav1.6 is shifted to a more
depolarised membrane potential. There is also a significant difference in the
voltage-dependence of activation slope factor, k, between the three Nav channels

expressed in HEK cells (P < 0.05, one way ANOVA).
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Figure 3.2.9.1- Summary of Nav1.7, Nav1.3 and Nav1.6 Voltage-dependence of inactivation

and activation in Ins1 and HEK cells

A, voltage-dependence of Navl.7 (same data as in Figure 3.2.3.3), Nav1.3 (same data as in Figure
3.2.4.1) and Nav1.6 (same data as in Figure 3.2.7.1) current inactivation (h«) in Ins1 cells. B, same
as in A but for HEK cells. C, voltage-dependence of activation of Nav1.7 (same data as in Figure
3.2.3.2), Nav1.3 (same data as in Figure 3.2.6.1) and Nav1.6 (same data as in Figure 3.2.7.2) in Ins1

cells. D, same as in C but for HEK cells.
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Nav Monophasic K Biphasic k1 Biphasic k2
current Vh (mV) Vh-1 (mV) Vh-2 (mV)

Ins1 Nav1.3 -79+6 (8) 9+1(8) -87+2 (26) 9+1 (26) -55+2 (26) 7+1 (26)
Ins1 Nav1.5 -99+2 (9) 8+1(9) N/A N/A N/A N/A
Ins1 Nav1.6 -73+4 (10) 8+1(10) -86+1 (25) 8+1 (25) -56+1 (25) 6+1 (25)
Ins1 Nav1.7 -94+2 (38) 9+1 (38) -97+4 (9) 8+1(9) -67+4 (9) 10+2 (9)
HEK Nav1.3 -48+1 (7) 10+2 (7) N/A N/A N/A N/A
HEK Nav1.5 -77+1 (10) 6+1(10) N/A N/A N/A N/A
HEK Nav1.6 -53+1 (10) 7+1 (10) N/A N/A N/A N/A
HEK Nav1.7 -66+2 (9) 8+1(9) N/A N/A N/A N/A

Table 3.2.9.1 - Vi values of Nav1.3, Nav1.5, Nav1.6 and Nav1.7 in Ins1 and HEK cells

Cells are divided between those that exhibited Nav current inactivation that were best described
using a single Boltzmann function (monophasic) and those that were best described using a double
Boltzmann function (biphasic) (AIC test). Values represent mean values +SEM of indicated number
of cells (n). Vn represents membrane potential at which inactivation is half-maximal in cells with
monophasic inactivation and k represents the slope factor. In cells with biphasic inactivation, Vi-1
and Vh-2 represent the membrane potential at which inactivation is half-maximal for the current
components inactivating at negative and positive membrane potentials, respectively. k1 and k2,

represent the respective slope factors for the currents inactivating with V-1 and Vi-2.
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«a-subunit + B1B2 Vo.s (mV) K
Ins1 Nav1.3 -12+1 (31) 8+1 (31)
Ins1 Nay1.5 -35+2 (4) 8+1 (4)
Ins1 Nav1.6 -16+1 (18) 7+1 (18)
Ins1 Nav1.7 -13+1 (39) 8+1(39)
HEK Nav1.3 -14+1 (5) 7+1 (5)
HEK Nav1.5 -35+1 (6) 8+1 (6)
HEK Nav1.6 -5+2 (9) 9+1 (9)
HEK Nav1.7 -12+1 (8) 8+1 (8)

Table 3.2.9.2 - Activation values of Nav1.3, Nav1.5, Nav1l.6 and Nav1.7 in Ins1 and HEK cells

Values represent MEAN + SEM (n).

3.2.10 Characterisation of Nav1.7, Nav1.3 and Nav1.6 in human EndoC-BhZ2 cell line

As previously summarised, the voltage-dependence of Nav channel inactivation
can vary dramatically depending on the (-cell species. Thus far, the literature
suggests that negative inactivation of Nav currents is limited to rodent (-cells
(Gopel et al., 1999, Plant, 1988, Lou et al., 2003, Hiriart and Matteson, 1988). Nav
currents in human -cells inactivate ata Vi of ~-40 mV (Barnett et al., 1995, Braun
etal.,, 2008). However, recent characterisation of Nav inactivation in human 3-cells
revealed that some (4/9) cells display a biphasic inactivation with a component
that inactivates at a hyperpolarised potential of approximately -105mV (Zhang et
al,, 2014). Thus, human -cell Nav currents can also inactivate at a hyperpolarised
membrane potential and can exhibit biphasic inactivation. In order to investigate
the species differences of Nav current inactivation, Nav1.7, Nav1.3 and Nav1.6

channels were co-expressed with f31- and (2-subunits in a human (-cell-line,
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EndoC-Bh2, and current inactivation was characterised, as shown in Figure

3.2.10.1.

All three Nav current inactivation curves exhibited a significant depolarising shift
when expressed in EndoC-h2 cells compared to their inactivation in Ins1 cells
(Figure 3.2.10.1A-C and Supplemetary Table 1). All three Nav currents expressed
in EndoC-Bh2 cells inactivated with a single component of inactivation with an
average Vn of Nav1.7, Nav1l.3 and Nav1.6 is -71+1mV (n=10), -61 + 1 (n=10) and
-56+2mV (n=9). The shift in inactivation of Nav1.7 and Nav1.6 currents between
the Ins1 and EndoC-Bh2 cell is similar to the shift in Vh between Ins1 and HEK
cells. Although Nav1.3 currents also produced a depolarising shift in inactivation
between Ins1 and EndoC-Bh2 cells, the shift in Vh was less than that observed for
Nav1.6 and Nav1.7 (Supplementary Table 1). This reflects different modulation of

Nav channel a-subunits in EndoC-fh2 compared to HEK cells.

The average slope factor, k, of Nav1.7, Nav1l.3 and Navl.6 is 6+1, 6+1 and 7+1,
respectively. Interestingly, the inactivation slopes for Nav currents were steeper
when expressed in EndoC-fh2 cells compared to Ins1 cells (Supplementary Table

1), suggesting a greater sensitivity to the voltage-dependence of inactivation.

A comparison of Navl.7, Navl.3 and Navl.6 reveals a significant difference
between the Vh values of the a-subunits expressed in EndoC-Bh2 cells (Figure
3.2.10.1D; P<0.001, one way ANOVA). However, all three a-subunits have a Vh
value that falls within a physiological range. Similar to Ins1 and HEK cells, Nav1.7
expressed in EndoC-Bh2 cells inactivated at the most hyperpolarised potential.
Meanwhile, Nav1.6 inactivated at the most depolarised membrane potential,

which is perhaps not surprising given that it is the predominant a-subunit
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expressed in human (-cells (Nica et al., 2013, Braun et al., 2008), which contain
Nav currents that inactivate at approximately -40mV. Taken together these results
suggest that the hyperpolarised and biphasic voltage-dependence of inactivation

of Nav currents is specific to rodent 3-cells.
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Figure 3.2.10.1- Characterisation of Nav1.7, Nav1.3 and Nav1.6 in EndoC-Bh2 cells

A, voltage-dependence of inactivation (he) of Navl.7 co-expressed with Bi- and B2-subunit in

EndoC-Bh2 cells (black; n=10). The curve represents a single Boltzmann fit to the data. Dashed red

curve represents inactivation of Nav1.7 co-expressed with 31- and Bz-subunits in Ins1 cells for

comparison (same data as in Figure 3.2.3.3). B, same as in A but for Nav1.3 (black, n=10; dashed

red curve same data as in Figure 3.2.4.1). C, same as in A but for Nav1.6 (black, n=9; dashed red

curve same data as in Figure 3.2.7.1). D, voltage-dependence of inactivation of Nav1.7, Nav1.3 and

Nav1.6 in EndoC-Bh2 cells (same data as in Figure 3.2.10.1A, B and C to facilitate comparison

between a-subunits expressed in EndoC-fh2 cells).

84



3.2.11 Characterisation of Nav1.7, Nav1.3 and Nav1.6 in rodent non-§-cell lines

Given the apparent species difference associated with Nav channel inactivation, it
was important to determine whether the depolarised and monophasic
inactivation observed in HEK cells, is not due to the variation in species, but rather
the difference in cell-type. In order to assess this the inactivation properties of
Nav1.3 and Nav1.7 were characterised in non-§-cells of rodent origin. The two cell
lines are a Chinese Hamster Ovary (CHO) cell line and a mouse glucagon-secreting
a-cell line, called aTC1-6 cells. Inactivation properties of both Nav1.3 and Nav1.7
expressed in CHO cells were similar to that observed in HEK cells and inactivated
at significantly more depolarised membrane potentials compared to Ins1 cells
(Figure 3.2.11.1, Table 3.2.11.1 and Supplementary Table 1). In the
glucagon-secreting cell line aTC1-6, inactivation of both Nav1.3 and Nav1.7 was
more similar to that found in HEK and CHO cells than in the insulin-secreting cells

(Figure 3.2.11.1 and Table 3.2.11.1).
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Figure 3.2.11.1 - Characterisation of Nav1.7 and Nav1.3 in aTC1-6 and CHO cells

A, voltage-dependence of inactivation of Nav1.7 currents when the a-subunit is co-expressed with
B1- and f2- subunits in aTC1-6 (red; n=10) and CHO (black; n=10) cells. The curve represents a
single Boltzmann fit to the data and the grey dashed line represents the inactivation of Nav1.7
expressed in Ins1 cells (same as in Figure 3.2.3.3). B, same as in 4, but experiments were conducted
with Nav1.3 in aTC1-6 (red; n=10), CHO (black; n=13) and Ins1 cells (grey dashed line; same as in

Figure 3.2.4.1).

Cell type Nav1.7 Vi (mV) k Nav1.3 Vi (mV) K
CHO -61 +3 (10) 9+1(10) -50 + 2 (13) 7+0.4(13)
aTC1-6 -68 + 3 (10) 7 +1(10) -59+4(9) 6+0.5(9)

Table 3.2.11.1- Vi and k values of Nav channel inactivation in CHO and «TC1-6 cells

The Vi and k values of Nav a-subunits co-expressed with 1- and (2-subunits. Values represent

mean + SEM of indicated number of cells (n).
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3.3 Discussion

To explore the obscure voltage-dependence of inactivation and to understand the
contribution of Nav channel a-subunits, it was important to characterise the
current properties of individual a-subunits expressed in -cells. To this end,
TTX-resistant versions of Nav1.7, Nav1l.3 and Nav1.6 were generated. Addition of
TTX blocked endogenous currents and thus allowed the isolation of expressed

TTX-resistant Nav channels.

3.3.1 Navchannels inactivate at more negative membrane potentials in Ins1 cells

Ablation of Scn9a and Scn3a and subsequent characterisation of Nav currents in
B-cells suggested that whilst Navl.3 inactivates at physiologically relevant
membrane potentials in -cells, similar to other cell types, Nav1.7 is modulated in
a B-cell specific manner and inactivates at a more hyperpolarised membrane
potentials compared to other cell types (Zhang et al., 2014). However, contrary
to expectation, all of the Nav channel a-subunits expressed in (-cells (Navl.7,
Nav1.3 and Nav1.6) inactivated at a significantly more hyperpolarised potential in
Ins1 cells compared to HEK cells. Indeed, an early indication that Nav1.7 is not the
only a-subunit that inactivates at hyperpolarised membrane potentials was
shown when endogenous Nav currents in Ins1 cells exhibited a hyperpolarised

inactivation without endogenous expression of Nav1.7.

All a-subunits exhibited a 20-30mV hyperpolarising shift in their inactivation
between Insl and HEK cells, without a significant change in their

voltage-dependence of activation. Navl.6 was an exception and displayed a
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significant difference in Vos between Ins1 and HEK cells. However the 11mV
hyperpolarising shift in the Vo.sis much smaller than the ~30mV hyperpolarising
shift in the Vh of Nav1.6 between Ins1 cells and HEK cells. Interestingly, the Nay
channel a-subunit, Nav1.5, which is not expressed in 3-cells and is amongst the
a-subunits that share the least homology with Navl.7 (Table 1.3.1.1) also
exhibited a ~22mV hyperpolarising shift in the voltage-dependence of
inactivation between Insl and HEK cells with no significant difference in the
voltage-dependence of activation. This therefore suggests that the hyperpolarised
inactivation of Nav channels is mainly due to modulation by the [-cell

environment rather than to sequence variation between a-subunits.

3.3.2 Individual Nav subtypes exhibit two distinct inactivation behaviours

The biphasic inactivation of Nav currents in primary rodent 3-cells was previously
postulated to reflect the expression and different inactivation of Nav channel
a-subunits in B-cells (Vignali et al., 2006, Zhang et al., 2014). However biphasic
inactivation of Nav currents that represent a single type of a-subunit (Navl.7,
Nav1.3 and Navl.6 expressed individually) also inactivates at both depolarised
and hyperpolarised membrane potentials. Interestingly, the depolarised Vi values
recorded from Ins1 cells were very similar to that recorded from HEK cells. In Ins1
cells biphasic inactivation of Nav1.7 was significantly less frequent (19%) than
found for Nav1.3 (76%) and Nav1.6 (71%), which in addition to it consistently
inactivating at significantly more hyperpolarised potentials compared to Nav1.3
and Navl.6 in all cell types could be the reason why Navl.7 is the less

physiologically relevant a-subunit in -cells (Zhang et al., 2014).
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The biphasic inactivation of individual Nav a-subunits can be extended to primary
rodent 3-cells. Net Nav1.3 current from primary -cells calculated by subtracting
the Nav currents recorded from Scn3a*/- and Scn3a-/- B-cells likewise revealed a
biphasic voltage-dependence of inactivation. Thus, it appears that although
different a-subunits can contribute to the biphasic inactivation of Nav currents, an
additional cell-specific modulation occurs whereby individual a-subunits exhibit

two distinct voltage-dependences of inactivation.

Biphasic inactivation of Nav1.6 has previously been reported in TsA201 cells, a
human embryonic kidney cell line, (Shirahata et al., 2006). The biphasic
inactivation was attributed to large persistent currents that became undetectable
upon co-expression of ankyrin-G, a member of the ankyrin family of adaptor
proteins that facilitate the attachment of integral membrane proteins to the
cytoskeleton. However, Navl.7, Navl.3 and Nav1l.6 did not exhibit persistent
currents in Insl cells, as shown by families of voltage clamp current traces.
Moreover, ankyrin-G, which abolished the persistent current of Navl.6, is
expressed in pancreatic islet cells (Komada and Soriano, 2002). It is therefore
unlikely that the biphasic inactivation is due to persistent Nav currents in Ins1

cells.

It is also unlikely that the biphasic inactivation of Nav currents observed in Ins1
cells reflects the saturation of a limited pool of a specific factor that modulates the
Nav channels to inactivate negatively because the current density of Navl.7,
Nav1l.3 and Navl.6, had no bearing on the Vi or the monophasic/biphasic

inactivation of the current.
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A plausible explanation for the biphasic inactivation of Nav currents in -cells is
that the multiple B-subunits expressed in Ins1 cells, including the transfected {31-
and B2-subunits and the endogenous [33-subunit, can modulate inactivation of Nav
a-subunits differentially. Therefore, it is possible that the formation of different
heterodimers, and the subsequent variation of channel gating between different
heterodimers causes biphasic inactivation of Nav currents in [-cells. This

possibility will be explored in Chapter 4.

3.3.3 Species- and cell-specific regulation of Nav channels

We investigated whether the hyperpolarised and biphasic inactivation of Nav
currents in rodent 3-cells can be extended to human (3-cells by characterising the
inactivation properties of Nav1.7, Nav1.3 and Nav1.6 expressed in a human 3-cell
line EndoC-Bh2 cells. All three a-subunits displayed a monophasic inactivation
over physiologically relevant membrane potentials in the EndoC-Bh2 cell and
exhibited a depolarising shift compared to their inactivation in Ins1 cells,
suggesting that the hyperpolarised and biphasic inactivation of Nav currents is

specific to rodent (-cells.

It was ascertained that the hyperpolarised inactivation in the Ins1 cell (rat)
compared to the HEK cell (human) is not due to the species difference between
the two cell types. This is because the difference in the Vi of Nav1.3 and Nav1.7
was present between Insl cells and non-B-cells of rodent origin: CHO cells
(hamster) and aTC1-6 cells (mouse). Nav currents in CHO and glucagon-secreting
aTC1-6 cells did not exhibit biphasic inactivation, suggesting that this is also

specific to rodent (-cells. Indeed, the appearance of biphasic Nav current
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inactivation has been described upon conversion of mouse a-cells to (-cells

(Chakravarthy et al., 2017).

Characterisation of Nav currents from aTC1-6 cells, also revealed important
information on the properties of Nav currents in a-cells. Unlike B-cells, the
importance of Nav channels in the regulation of glucagon secretion has been
recognised in both human and mouse a-cells (Zhang et al., 2013, MacDonald et al,,
2007). In both species, a-cells evoke large inward Na* currents in response to a
depolarisation from a physiological membrane potential (Ramracheyaetal., 2010,
Barg et al,, 2000). Nav current is crucial to stimulation of glucagon secretion at
low glucose and inhibition of the current by TTX (and high glucose
concentrations) significantly reduces glucagon secretion (Zhang et al, 2013,
Ramracheya et al.,, 2010, MacDonald et al., 2007). In both species, a-cells have
shown to inactivate within the normal physiological range, with a Vi of
approximately -45mV (Ramracheya et al., 2010, Zhang et al., 2013, Gopel et al,,

2000, Barg et al., 2000).

However characterisation of Nav current from primary mouse a-cells has
previously shown both hyperpolarised inactivation (-106 mv) and biphasic
inactivation of the current (Vignali et al., 2006, Zhang et al., 2014). In the paper by
Zhang et al,, all a-cells displayed a biphasic inactivation. The more negative
component had a Vh of -84+5mV and accounted for only 26+3% of the total Na*
current. Meanwhile, the principal component, comprising of 74+3% of the total
current had a Vh of =47+1mV (Zhang et al., 2014). Genetic ablation of Scn3a and
Scn9a, resulted in a single component of inactivation, with an average Vi of

-94+7mV and a Vi of ~-35mV, respectively. This would suggest that Navl.7
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inactivates at a hyperpolarised membrane potential in a-cells, whilst Nav1.3
inactivates at a depolarised membrane potential. It was reasoned that because
Nav1.3 is the predominant Nav channel expressed in a-cells (ablation of Scn3a
reduced the Na* current density by 80%), Nav currents are able to contribute to
the regulation of glucagon secretion, despite expressing Nav1.7, which inactivates

negatively.

Contrary to the data by Zhang et al. the results from this chapter demonstrate that
Nav1.7 inactivates at a depolarised potential (-68 mV), which is significantly
depolarised compared to its inactivation in Ins1l cells. However, the results
support previous findings that Nav currents inactivate with a single component of
inactivation, within a physiological range (Ramracheya et al., 2010, Zhang et al,,
2013, Gopel et al.,, 2000, Barg et al., 2000), which is not surprising given the
importance of Nav currents to the regulation of glucagon secretion (Zhang et al.,

2013, MacDonald et al., 2007, Ramracheya et al., 2010).

3.2.4 Biphasic and hyperpolarised inactivation of Nav currents in Ins1 cells

In this chapter we investigated the contribution of different Nav channel
a-subunits to the hyperpolarised inactivation of Nav currents in Insl cells
compared to other cell types. We have identified that all Nav channels expressed
in B-cells can exhibit two distinct inactivation behaviours at positive and negative
membrane potentials. The hyperpolarised and biphasic inactivation in Ins1 cells
was specific to rodent (-cells, as these characteristic features were not observed
in EndoC-Bh2, HEK, CHO or aTC1-6 cells. However, in order to further investigate

the regulation of Nav channels it important to understand the contribution of Nav
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channel B-subunits to the hyperpolarised and biphasic inactivation of Nav

currents.
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Chapter 4

Contribution of Nayv channel
B-subunits to the biphasic

inactivation of Nay currents in rodent

B-cells.
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4.1 Introduction

Nav channel 3-subunits were the first auxiliary proteins identified to modulate the
voltage-dependence of Nav current activation and inactivation (Isom et al.,, 1992,
Kruger and Isom, 2016). Co-expression of Nav channel a-subunit with the
Bi-subunit was sufficient to shift the voltage-dependence of inactivation by
~20mV in a hyperpolarising direction compared to a-subunits expressed alone

(Isom et al., 1992, Patton et al., 1994).

B-subunits are endogenously expressed in primary rodent (3-cells (Adriaenssens
et al, 2016, DiGruccio et al, 2016, Benner et al., 2014). However, their
contribution to the hyperpolarised inactivation of Nav currents has received much
less attention compared to the pore-forming a-subunits. This is in part due to data
in which ablation of Scn3a resulted in the remaining Na* current (representing
Nav1l.7) inactivating at a Vah of ~-100mV in both «o- and [-cells, despite
predominant expression of 33- and B1-subunits, respectively (Zhang et al., 2014).
Moreover, the hyperpolarised inactivation presented by all Nav channel a-
subunits in Ins1 cells in Chapter 3, despite co-expression with 31- and [32-subunits
(the B-subunits expressed in DRG neurones (Black et al., 1996)) also militates
against the idea that -subunits have a role in the inactivation behaviour of Nav

channels in -cells.

However, this reasoning does not take into consideration that modulation of Nav
currents by 3-subunits may critically depend on the cell type and/or experimental
system in which they are expressed (Meadows and Isom, 2005, Moran et al., 2000,
[som et al, 1992). Cell-specific variation can arise because [-subunits are

cell-adhesion molecules (CAMs), which can interact with other CAMs, the
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extracellular matrix and the cytoskeleton (Isom, 2002, Malhotra et al., 2000, Wood
and Slater, 1998); as such, they can recruit various signalling proteins to the Nav
channel complex that can alter channel behaviour, (Kruger and Isom, 2016,
Malhotra et al., 2000). With different cell types, the presence of partner proteins
vary and naturally the influence of the 3-subunit on Nav current behaviour also
varies (Komada and Soriano, 2002). In addition, mature $-subunits contain three
to four N-linked glycosylation sites (McCormick et al., 1998, Isom et al., 1992) and
the negative charge of sialic acid residues at these sites can affect Nav current
gating properties (Johnson et al, 2004, Johnson and Bennett, 2006). As
glycosylation varies during the course of development and among cell types, it
introduces heterogeneity in B-subunit mediated modulation of Nav currents
(Stocker and Bennett, 2006). Finally, phosphorylation of B-subunits and
recruitment of cytoskeletal proteins (Malhotra et al., 2002, Malhotra et al., 2004)
known to regulate Nav current inactivation (Shirahata et al., 2006) can also serve

as another mechanism for the cell-dependent effects associated with (3-subunits.

Therefore, that modulation of Nav channels is mediated by [-cell specific
post-translational modification of (-subunits or their recruitment of different
partner proteins to the Nav complex still remains a possibility. Accordingly the
biphasic Nav inactivation presented in Ins1 cells may be due to the formation of
heterodimers or heterotrimers consisting of a single type of a-subunit with
different 3-subunits, which have different effects on the voltage-dependence of
inactivation. Here we explore the possible regulation of Nav current inactivation

in Ins1 cells by Nav channel (3-subunits.
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4.2 Results

4.2.1 Effect of endogenous [3-subunit knockdown on Nav channel current
properties in Ins1 cells

To test the possibility that B-subunits mediate the inactivation properties of
a-subunits, it was essential to characterise Nav currents in Insl cells in the
absence of [3-subunit expression. However, as Ins1 cells express the 3-subunit
(Figure 4.2.1.1A), siRNA mediated knockdown was required. A 71% knockdown
of Scn3b was achieved at the mRNA level without a compensatory change in the
gene expression of Scn1b, Scn2b and Scn4b. However, the inactivation curve of
endogenous Ins1 Nav currents after knockdown of the 33-subunit was essentially
superimposable with control Ins1 cells (Figure 4.2.1.1B). The Vi and k values are
summarised in Table 4.2.1.1. There was no significant difference in the Vi of
currents transfected with scrambled control and 33 siRNA. Nor was there was a
significant difference in the number of cells displaying monophasic or biphasic
inactivation and amongst cells that exhibited biphasic inactivation there was no
significant difference in the proportion of the current inactivating at

hyperpolarised or depolarised membrane potentials.

There was also no significant difference in the voltage-dependence of activation,
the I-V relationship or current density after knockdown of the 3-subunit (Figure

4.2.1.1Cand D).

These results suggest that B-subunits, and indeed the [B3-subunit, does not
contribute to the hyperpolarised inactivation of Nav currents in Ins1 cells. In order
to conclusively confirm this the expression of the 3-subunit at the protein level

(using western blot), after knockdown would be required. However, with the
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finding that 71% knockdown was not associated with any significant changes to
inactivation, it seems justified to conclude that 3-subunits do not contribute to the

hyperpolarised inactivation of Nav currents in Ins1 cells.
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Figure 4.2.1.1 - Effect of 3 knockdown on endogenous Nav current in Ins1 cells

A, relative mRNA expression of Scn1b, Scn2b, Scn3b and Scn4b in control Ins1 cells transfected with
a scramble siRNA or 33 siRNA (n= 3 preparations). B, voltage-dependence of inactivation (h«) of
endogenous Nav currents from control (black; n=22, from 3 preparations) and 33 siRNA treated
Ins1 cells (red; n=26 from 3 preparations). The curves represent a double Boltzmann fit to the
data. C, voltage-dependence of activation (G/Gmax) of endogenous Nav currents from control (black;
n=19, from 3 preparations) and (33 siRNA treated Ins1 cells (red; n=24 from 3 preparations). The
curves represent a single Boltzmann fit to the data. D, I-V relationship of endogenous Nav currents
from control (black; n=19, from 3 preparations) and (33 siRNA treated Ins1 cells (red; n=24 from 3

preparations).
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Nay Monophasic k Biphasic % k1 Biphasic | % Vh- k2
current Vh (mV) -1 (mV) | Vn-1 Vh-2 (mV) 2

Control -81+2 11+1 -81+1 6745 9+1 -43+3 33+6 | 6+2

(11) (11) (11) (11 | @ (11) (11 | (11

B3 -82+3 10+1 -83+2 60+5 10+1 -47+2 4045 | 6+1

siRNA 9) 9) (17) 17) | @7 (17) 17) | a7

Table 4.2.1.1-Effect of 3 knockdown on endogenous Nav current inactivation in Ins1 cells

Values represent mean values + SEM of indicated number of cells (n). See Figure 4.2.1.1. W
represents membrane potential at which inactivation is half-maximal in cells with monophasic
inactivation and k represents the slope factor. In cells with biphasic inactivation, V-1 and Vu-2
represent the membrane potential at which inactivation is half-maximal for the current
components inactivating at negative and positive membrane potentials, respectively. k1, k2, and
%Vh-1, %Vh-2, represent the slope factor and proportion of the current inactivating with Vx-1 and

Vh-2, respectively.

4.2.2 Effect of single [-subunit expression on the biphasic inactivation of Nav
currents in Ins1 cells

Since different -subunits can modulate Nav current inactivation differently, it
could be possible that a-subunit formation of heterotrimers with different
B-subunits is responsible for the biphasic inactivation observed in (-cells. To test
this possibility, the 3-subunit was co-expressed with Nav1.7, Nav1.3 and Nav1.6
in Ins1 cells, so that all Nav channel a-subunits would form heterotrimers with

only a single type of B-subunit.

The inactivation of Nav1.7, Nav1.3 and Nav1.6 currents co-expressed with the
B3-subunit in Ins1 cells is shown in Figure 4.2.2.1A-C and summarised in Table

4.2.2.1. The dashed red line represents the inactivation curves of the a-subunits
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co-expressed with B1- and [2- subunits for comparison (see also Supplementary
Table 1). It is clear from the inactivation curves that expression of Nav channel a-
subunits with a single 3-subunit (33) does not abolish the biphasic inactivation of
Nav currents, suggesting that formation of heterotrimers with different $-subunits
does not underpin the biphasic inactivation observed in -cells. In fact biphasic
inactivation was even more prominent when Nav1.3 and Nav1.6 was co-expressed
with the B3-subunit. Moreover, amongst the three cells in which Nav1.3 currents
inactivated with a monophasic inactivation the Vh proceeded at negative (-80 and

-84mV) and more positive (-52mV) membrane potentials.

The voltage-dependence of activation of Navl.3 and Navl.6 subunits when
co-expressed with the B3-subunit was essentially identical to when co-expressed
with the [31- and B2-subunit (Supplementary Table 2). However, co-expression of
Nav1.7 with the (3-subunit produced a significant 5mV depolarising shift in Vos

(Figure 4.2.2.1D and Supplementary Table 2).
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Figure 4.2.2.1- Characterisation of Nav1.7, Nav1.3 and Nav1.6 currents co-expressed with

the f3-subunit

A, voltage-dependence of Nav1.7 current inactivation when the a-subunit is co-expressed with
B3-subunit (black; n=9) in Ins1 cells. Dashed red curve represents voltage-dependence of Nav1.7
current inactivation when the a-subunit is co-expressed with 31-and 2-subunits in Ins1 cells (data
shown in Figure 3.2.3.3). The curves represent a double Boltzmann fit to the data. Arrow indicates
a component of inactivation occurring at positive membrane potentials. B, same as in A but for
Nav1.3 (black, n=11; dashed red line Figure 3.2.4.1). C, same as in A but for Nav1.6 (black, n=18;
dashed red line Figure 3.2.7.1). D, voltage-dependence of activation (G/Gmax) of Navl.7
co-expressed with 83-subunit (black; n=5). The curve represents a single Boltzmann fit to the data.
Dashed red curve represents voltage-dependence of Nav1.7 current activation when the a-subunit

is co-expressed with 1-and Bz-subunits in Ins1 cells (data shown in Figure 3.2.3.2).
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Nay Monophasic K Biphasic | % Vn-1 k1 Biphasic | % Vn-2 k2
current Vh (mV) Vh-1 (mV) Vh-2 (mV)

Nav1.7 -89+2 11+1 -86 28% 6 -68 72% 14

(8) (8) (1) (1) (1) (1) (1) (1)

Nav1.3 -72+10 9+2 -84+2 66+5% | 11+1 -46+2 34+4% | 5%1

(3) (3) (8) (8) (8) (8) (8) (8)

Nav1.6 -86+1 9+1 -87+2 59+9% 9+1 -54+2 4149% | 5+1

(11) (11) (7) (7) (7) (7) (7) (7)

Table 4.2.2.1 - Vhand kvalues of Nav1.7, Nav1.3 and Nav1.6 co-expressed with the 33-subunit

in Ins1 cells

Values represent mean values + SEM of indicated number of cells (n). See Figure 4.2.2.1. Vh
represents membrane potential at which inactivation is half-maximal in cells with monophasic
inactivation and k represents the slope factor. In cells with biphasic inactivation, V-1 and Vu-2
represent the membrane potential at which inactivation is half-maximal for the current
components inactivating at negative and positive membrane potentials, respectively. k1, k2, and
%Vh-1, %Vh-2, represent the slope factor and proportion of the current inactivating with V»-1 and

Vh-2, respectively.

4.2.3 Effect of B3-subunit expression on Nav current in HEK cells

Despite a more prominent biphasic inactivation upon overexpression of the
B3-subunits, it is unlikely that the B3-subunit contributes to the biphasic
inactivation of Nav currents because knockdown of Scn3b did not decrease the
number of cells exhibiting biphasic inactivation nor did it change the proportion
of currents inactivating at different membrane potentials. However, in order to
confirm that monophasic inactivation of Nav currents in HEK cells is not due to a

lack of B3-subunit expression (endogenously expressed in Ins1 cells), Nav channel
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a-subunits were co-expressed with the (3-subunit and were compared to
co-expression with GFP. It was ascertained that HEK cells do not express any

endogenous (3-subunits (data not shown).

The voltage-dependence of Nav1.7 and Nav1.3 current inactivation and activation
when co-expressed with GFP or 33, is shown in Figure 4.2.3.1. Nav1.7 currents
inactivated with a single component of inactivation with a Vi of -66+2mV (n=12)
and -70+3mV (n=9), when co-expressed with GFP or the 3-subunit, respectively
(Figure 4.2.3.1A). The Vi values were not significantly different from each other
nor were they significantly different from the Vh of Nav1.7 co-expressed with (1-
and B2-subunits. Unlike Nav1.7, Nav1.3 demonstrated a significant difference in
the inactivation when expressed with GFP compared to 33 subunits, as shown in
Figure 4.2.3.1C and summarised in Table 4.2.3.1. Nav1.3 co-expressed with GFP,
inactivated at ~10 mV more hyperpolarised potential compared to Navl.3
co-expressed with 33-subunit. The inactivation of Nav1.3 co-expressed with GFP
is also significantly more hyperpolarised (~10mV) compared to Navl.3
co-expressed with 132, thus demonstrating the importance of (-subunits to the
regulation of Navl.3 currents. It is important to note, however, that the
hyperpolarising shift obtained without co-expression of [(-subunits is still

significantly less than when the channel is expressed in Ins1 cells.

There was a significant difference in the voltage-dependence of activation of
Nav1.7 and Navl.3 when co-expressed with the B3-subunit compared to GFP.
Co-expression of Navl.7 and Nav1.3 currents with the 3-subunit compared to
co-expression with GFP produced a (~6mV) hyperpolarising and depolarising

shiftin the voltage-dependence of activation, respectively (Figure 4.2.3.1B and D).
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Moreover co-expression of Nav1.3 with the 3-subunit significantly decreased the
peak current density to -43+14pApF-1 (n=9) from -125+28pApF-1 (n=11) when

co-expressed with GFP (P<0.05, one way ANOVA, data not shown).
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Figure 4.2.3.1- Characterisation of Nav1.7 and Nav1.3 co-expressed with the 3-subunit and

GFP in HEK cells

A, voltage-dependence of inactivation (h«) of Navl.7 co-expressed with the (3-subunit (black;
n=9), GFP (red; n=12) and the 1- and Bz-subunits (dashed curve; same data as in Figure 3.2.3.2)
in HEK cells. The curves represent a single Boltzmann fit to the data. B, voltage-dependence of
activation (G/Gmax) of Nav1.7 co-expressed with the B3-subunit (black; n=6) and GFP (red; n=11)
currents in HEK cells. The curves represent a single Boltzmann fit to the data. C, same as in A but
for Nav1.3 (black, n=12; red, n=10; dashed curve, same data as in Figure 3.2.6.1). D, same as in B

but for Nav1.3 (black, n=11; red, n=9).
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Nay current Vh (mV) K

Nav1.7 + GFP -66+2 (12) 9+1 (12)
Nav1.7 + B3 -70+3 (9) 8+1(9)
Nav1.3 + GFP -59+3 (10) 8+1 (10)
Nav1.3 + 33 -48+2 (12) 7+1 (12)

Table 4.2.3.1- Inactivation Vih and k values of Nav1.7 and Nav1.3 co-expressed with the

B3-subunit or GFP in HEK cells

Values represent mean + SEM of indicated number of cells (n). See Figure 4.2.3.1 . Vi represents
membrane potential at which inactivation is half-maximal in cells with monophasic inactivation

and k represents the slope factor.

4.3 Discussion

Although, a-subunits are capable of conducting current independently, B-subunits
can affect the voltage-dependence of activation and inactivation depending on the
a/B-subunits expressed and the host cell in which they are expressed in. In this
chapter we investigated the contribution of [-subunits to biphasic and
hyperpolarised voltage-dependence of Nav current inactivation in Ins1 cells. The
data indicate that the hyperpolarised and biphasic inactivation exhibited in Ins1
cells is unlikely to be due to cell-specific modulation of B-subunits or the

formation of heterodimers/trimers with different combinations of 3-subunits.

Knockdown of the 33-subunits had no effect on the hyperpolarised and biphasic
inactivation of endogenous Nav currents in Ins1 cells. This confirmed that the
characteristic features of Nav current inactivation observed in rodent 3-cells is not
regulated by B-cell-specific modulation of B-subunits. Moreover, knockdown of
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the B3-subunit also had no effect on the activation or peak Na* current density of
endogenous Ins1 Nav currents, which according to mRNA expression primarily
represents Navl.3 current. In contrast, Nav1.3 inactivation, activation and peak
Na* current density in HEK cells was significantly different when Nav1.3 was
co-expressed with GFP compared to the 3-subunit. The contrasting effect of the
B3-subunit between Ins1 and HEK cells on the same Nav channel a-subunit,
demonstrates the variable cell-dependent effects that 33-subunits can have on Nav

channel gating and cell surface expression.

As mentioned, in HEK cells the voltage-dependence of inactivation of Nav1.3
shifted to hyperpolarised membrane potentials when co-expressed with GFP
compared to its co-expression with the 3 subunit or the 31- and B2-subunits,
which could suggest that modulation of the [3-subunits are essential for the
depolarised inactivation of Nav currents in non-3-cells. However, this is unlikely,
as Nav1.7 current inactivation was unaffected by the lack of 3-subunit expression.
Moreover, the ~10mV shift observed in Nav1.3 inactivation in the absence of
B-subunit expression in HEK cells is significantly less than the ~30 mV shift
observed when Navl.3 is expressed in Insl cells. Furthermore, the
hyperpolarising shift of Navl.3 co-expressed with GFP, occurred with a
simultaneous hyperpolarising shift in the voltage-dependence of activation. This
is different to the modulation of Nav1.3 in Ins1 cells, where a hyperpolarising shift
in the voltage-dependence of inactivation occurred without a significant change
to the voltage-dependence of activation. Together, this suggests that the
regulation of Nav1.3 in the absence of 3-subunits in HEK cells is not similar to the

regulation of Nav1.3 in Ins1 cells, despite the hyperpolarising shift in inactivation.
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In Chapter 3, the effect of the endogenously expressed 33-subunits in Ins1 cells on
the inactivation properties of Nav channel a-subunits was not taken into
consideration. The biphasic inactivation of Nav currents in Ins1 cells could have
been due to the different combinations of heterodimers and/or heterotrimers
formed with different B-subunits or due to expression of the 3-subunit, which is
not endogenously expressed in HEK cells. However, co-expression of only the
B3-subunit still exhibited a biphasic voltage-dependence of inactivation for all Nav
channel a-subunits in Ins1 cells. Moreover, knockdown of the 33-subunit did not
abolish the biphasic inactivation of endogenous Ins1 currents, suggesting that the
[3-subunit does not modulate the hyperpolarised or biphasic inactivation of Nav
currents in Ins1 cells. In support of this, co-expression of Nav1.7 and Nav1.3 with
the B3-subunit in HEK cells did not shift the inactivation curve in a hyperpolarising

direction nor did it cause a biphasic voltage-dependence of inactivation.

The results from this chapter confirm that the inactivation of Nav currents in
B-cells is due to cell-specific modulation of a-subunits, rather than the -subunits.
The kinetics and voltage-dependence of Nav currents are subject to modulation by
various mechanisms which provide a means for altering cell excitability to meet
the physiological demands of the cell. We next explored the involvement of some

of these mechanisms in the regulation of Nav inactivation in Ins1 cells.
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Chapter 5

Factors modulating voltage-
dependence of Nay  channel

inactivation in rodent (3-cells
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5.1 Introduction

The voltage-dependence of Nav channel inactivation is subject to cell- and
subtype-specific modulation in rodent B-cells. Nav1.7, Navl.3 and Nav1.6 all
exhibited a 20-30mV hyperpolarising shift in the voltage-dependence of
inactivation in Insl cells compared to expression in HEK cells. Differences in
a-subunit regulation were apparent as Nav1.3 and Nav1.6 inactivated at more
depolarised membrane potentials and principally exhibited biphasic inactivation,
whereas, Nav1.7 inactivated at more hyperpolarised membrane potentials and
predominantly inactivated with a monophasic inactivation. It is possible that the
cell- and subtype-specific modulation is mediated via post-translational
modifications (PTMs) (Pei et al, 2017), protein-protein interactions (Abriel,
2010) and/or Ca?*-dependent regulation mediated directly by binding of
intracellular free Ca?* to an EF-hand domain in the C-terminus (Wingo et al., 2004)
or indirectly via phosphorylation by Ca2*-dependent protein kinases (Maltsev et
al,, 2008). We explored the contribution of these factors to the behaviour of Nav

current inactivation in insulin-secreting cells.

5.2 Results

5.2.1 Regulation of Nav channels is unlikely to be mediated through the

cytoplasmic domains

Human Nav1.7 and Nav1.3 channels share 77% amino acid sequence similarity
(Table 1.3.1.1), yet their inactivation in Ins1 cells is significantly different. As

mentioned, Nav1.7 predominantly displays a single component of inactivation at

111



a hyperpolarised potential, whereas, Navl.3 predominantly displays two
components of inactivation at both negative and positive membrane potentials in
Ins1 cells. It is tempting to speculate that the hyperpolarised Vh of Nav1.7 and
Nav1.3 is regulated by the same mechanism. However, due to differences in the
amino acid sequence between the two «-subunits, Nav1.7 is more prone to
inactivate at hyperpolarised membrane potentials than Nav1.3. Hence a single
component of inactivation is observed rather than the predominantly biphasic
inactivation observed with Nav1.3. Therefore, the sequence dissimilarities
between Nav1.7 and Nav1.3 could be used to identify a site at which Nav channels
are modulated. Regions of considerable sequence dissimilarity are found in the

intracellular loops and termini of the protein.

Chimeric channel constructs were generated based on the Nav1.7 backbone by
replacing the N-terminal domain, L1 and L2, the C-terminal domain or L3
sequences with the corresponding sequences of Nav1.3 (Figure 5.2.1.1, see also
appendix). The chimeras were expressed in Insl and HEK cells and the
voltage-dependence of inactivation was compared to control Nav1.7. If Nav1.7
modulation occurs at a particular intracellular domain, it would be expected that
replacement with the equivalent sequence of Nav1.3 would either (1) cause a
depolarising shift in Vh (which would be absent in HEK cells), (2) change the
proportion of current inactivating with a biphasic inactivation, or (3) change the
proportion of currents inactivating at hyperpolarised and depolarised membrane
potentials. However, no significant difference could be observed in any of the
given parameters (shown in Figure 5.2.1.1A-D and summarised in Table 5.2.1.1)
suggesting that modulation of Nav channels does not occur at the cytoplasmic

domain.
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Figure 5.2.1.1- Nav1.7 and Nav1.3 chimera hybrids

A, schematic representation of the N-terminal chimera. Regions of Nav1.7 are depicted in grey, and

those of Nav1.3 in red. Below is the voltage-dependence of inactivation of the N-terminal chimera

currents when the a-subunit is co-expressed with 1- and z-subunits in Ins1 (black; n=9) and HEK

cells (red; n=6); and control TTX-resistant Nav1.7 currents when the a-subunit is co-expressed

with B1 and (2 -subunits in Ins1 (dashed black line; n=37) and HEK cells (dashed red line; n=6). B,

as in 4, but for L1L2 chimera currents (black, n=15; red, n=9); and the same controls as in A. C, as

in 4, but for L3 chimera currents (black, n=16; red, n=11) and the same controls as in A. D, asin 4,
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but for C-terminal chimera currents (black, n=7; red, n=8) and the same controls as in A. Vhand k

values are given in the Table 5.2.1.1 and Supplementary Table 3. See appendix

generation of Nav1.7 and Nav1.3 chimera hybrids.

for details on

Cell Nav Monophasic | Biphasic Biphasic | % Va-1 | % Va-2 % of cells
type | current of Vh (mV) Vh-1 (mV) | Vu-2 (mV) with
Nav1.7/1.3 biphasic

chimeras inactivation

Ins1 Navl.7 -90+2 (28) | -94+4 (9) | -63+5(9) | 62+7% | 38+7% 25%
Control

Ins1 | N-terminal | -95+1 (7) -98+1 (2) | -67+1(2) | 63+1% | 37+3% 28%
domain

Ins1 L1L2 -88+1(12) | -86+1(3) | -49+5(3) | 71+6% | 29+4% 20%

Ins1 L3 -96+3 (12) | -98+3 (4) | -50+5(4) | 64+8% | 36+7% 25%

Ins1 | C-terminal | -86+1 (5) -84+1 (2) | -50+6 (2) | 69+6% | 31+3% 28%
domain

HEK Nav1.7 -60+1 (6) n/a n/a n/a n/a n/a
Control

HEK | N-terminal | -61+4 (6) n/a n/a n/a n/a n/a
domain

HEK L1L2 -66+2 (9) n/a n/a n/a n/a n/a

HEK L3 -67+3 (11) n/a n/a n/a n/a n/a

HEK | C-terminal | -60+2 (8) n/a n/a n/a n/a n/a
domain

Table 5.2.1.1 - Nav1.7 /Nav1.3 chimeras expressed in Ins1 and HEK cells

Vh and k value for the indicated Nav currents. Values represent mean values + SEM of indicated

number of cells (n). Inactivation curves are presented in Figure 5.2.1.1. Vi represents membrane

potential at which inactivation is half-maximal in cells with monophasic inactivation. In cells with

biphasic inactivation, Vh-1 and Vu-2 represent the membrane potential at which inactivation is

half-maximal for the current components inactivating at negative and positive membrane

potentials, respectively. %Vh-1 and %Vh-2 represent the proportion of current inactivating with

Vi-1 and Vir-2.
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5.2.2 Regulation of Nav current inactivation by cytosolic factors present in rodent

B-cells

It is possible that the arcane inactivation observed in rodent 3-cells is due to the
presence of a cytosolic factor present only in -cells that interacts with the
channels to modulate channel behaviour. To test this possibility, the
voltage-dependence of inactivation of Nav1.7 and Nav1.3 expressed in Ins1 and
CHO cells was measured in a cell-attached configuration where the channels
remain in an intact cell environment. Subsequent recordings were made in the
inside-out configuration at various time points after patch excision to promote

‘washout’ of cytosolic factors that may interact with the channels.

In order to obtain detectable Nav1.7 and Nav1.3 currents in the cell-attached and
inside-out configuration the experiments required a high level of channel
expression. The currents recorded in Ins1 cells are shown in Figure 5.2.2.1A and
B. The corresponding I-V curves of Nav currents recorded in Ins1 cells are shown
in Figure 5.2.2.1C and D, respectively. The shape of the [-V curve indicates good

voltage clamp in the cell-attached and inside-out configuration.
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Figure 5.2.2.1 - Nav1.7 and Nav1.3 currents in cell-attached and inside-out configuration

A, Nav1.7 currents when the a subunit is co-expressed with 1 and 2 in Ins1 cells in response to a
step depolarisation from -150mV to OmV in cell-attached (CA), inside-out (I10) patch immediately
after excision and 2 and 5 minutes after excision. B, same as in 4, but with Nav1.3 currents in Ins1
cells. C, I-V relationship of Nav1.7 currents recorded from Ins1 cells in CA (black; n=14), IO patch
immediately after excision (red; n=6), 2 minutes after excision (grey; n=6) and 5 minutes after
excision (blue; n=5). D, same as in C, but for Nav1.3 currents recorded in CA (black; n=16), IO patch
immediately after excision (red; n=11), 2 minutes after excision (grey; n=7) and 5 minutes after

excision (blue; n=7).

Unlike the inactivation curves recorded in whole-cell configuration, inactivation

of Navl.3 and Navl.7 was invariably monophasic in both cell-attached and
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inside-out patches (Figure 5.2.2.2A). The cumulative distribution of Vh measured
in cell-attached membrane patches (each represented by a single data point) in
Ins1 cells expressing Nav1.7 and Nav1.3 are shown in Figure 5.2.2.2B. Whereas
the cumulative distribution of Nav1.7 in cell-attached patches is monophasic with
a Vn of -93mV, the distribution of Nav1.3 is biphasic and consists of two
components of inactivation with Vi values of -74mV and -58mV. Therefore,
although biphasic inactivation was not observed in individual cell-attached and
inside-out recordings, the distribution of Vi reflects the predominant monophasic
and biphasic inactivation of Navl.7 and Navl.3 recorded in whole-cell
configuration, respectively. Five of the 18 (28%) membrane patches expressing
Nav1.3 had Vh values more positive than -60mV and 2/23 cells (9%) expressing
Nav1.7 inactivated at membrane potentials more positive than -65mV. Again, this
reflects the capacity of individual Nav channel a-subunits to undergo inactivation

at vastly different membrane potentials in Ins1 cells.

The Vi of Navl.7 measured in the cell-attached configuration proceeded at
-93+3mV (n=23) and -74+4mV (n=15) in Ins1 and CHO cells, respectively (Figure
5.2.2.2D). The corresponding values for Navl.3 were -69+2mV (n=18) and
-56+5mV (n=6) in Ins1 and CHO cells, respectively (Figure 5.2.2.2C). These values
are not identical to those recorded in whole-cell configuration and may reflect an
improper cancellation of the membrane potential to OmV when the cells were
immersed in high [K*]o medium. This idea is supported by the observation that
following excision of the patches, there was an immediate ~5-10mV
hyperpolarising shift in the voltage-dependence of inactivation and activation
(shown in Figure 5.2.2.2E and F). Regardless of the possible voltage errors, Nav1.7

and Nav1.3 maintained a hyperpolarised Vi in Ins1 cells compared to CHO cells
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and the inactivation of Navl.7 was still significantly more hyperpolarised
compared to Nav1.3 in Ins1 and CHO cells consistent with data obtained from

whole-cell recordings.

As the membrane patches were maintained in the extracellular medium following
patch excision and inside-out patch formation, the Vi of Navl.7 and Navl.3
channels expressed in both cell types displayed a hyperpolarising shift in the
voltage-dependence of activation (Figure 5.2.2.2E and F). This shift in the
voltage-dependence of activation may contribute to the reduction in Na* current
amplitude as observed when the cells are maintained in an inside-out

configuration (Figure 5.2.2.1).

The reason for the time-dependent shift in the voltage-dependence of inactivation
in the inside-out configuration is not known(Figure 5.2.2.2C and D). However a
time-dependent shift has been previously described for endogenous Nav currents
expressed in cardiac cells and Nav1.7 expressed in HEK cells (Cachelin et al., 1983,
Jo and Bean, 2014). Since Nav channels expressed in all cell types appear to exhibit
the hyperpolarising shift in inactivation, one would expect that if Nav channel
behaviour in Ins1 cells is regulated by a diffusible cytosolic factor, the Vi of
channels expressed in Ins1 and CHO cells would converge, as an additional factor
contributing to the hyperpolarised inactivation is displaced. However, a ~10-
20mV difference is maintained between the Vh values of the channels expressed
in Ins1 and CHO cells, which suggests that Nav inactivation behaviour in Ins1 cells

is not regulated by a diffusible cytosolic factor in Ins1 cells.
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Figure 5.2.2.2- Voltage-dependence of Navl.7 and Nav1l.3 current inactivation and
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activation in the cell-attached and inside-out configuration.

A, voltage-dependence of inactivation of Nav1.3 currents recorded from Ins1 cells in CA, 10 patch
immediately after excision and 2 and 5 minutes after excision. Inactivation curves have been fit to
a single Boltzmann function. B, cumulative distribution of Nav1.3 (red) and Nav1.7 (black) Vi
recorded in cell-attached patches from the Ins1 cell. Data have been normalized (n/):n) to the total
number of patches (n=18 patches for Nav1.3 and n=23 patches for Nav1.7). For display and to

facilitate comparison with inactivation curves, data are shown as (1-[n/¥n]). The cumulative
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distributions have been fit to a double Boltzmann for Nav1.3 and a single Boltzmann for Nav1.7.
Arrows indicate the cells inactivating at potentials more positive than -65mV. €, summarized
voltage-dependence of inactivation of Nav1.3 currents in Insl (black) and CHO cells (red) of
indicated number of patches/cells (n). D, same as in C but for Navl.7. E, summarized
voltage-dependence of activation of Nav1.3 currents co-expressed with $1- and z-subunits in Ins1

(black) and CHO cells (red) of indicated number of patches/cells (n). F, same as in E but for Nay1.7.

5.2.3 Hyperpolarised inactivation of Nav currents due to absence of cytosolic

factors in rodent B-cells

The alternative hypothesis that inactivation of Nav currents is more negative in
Ins1 cells due to the absence of a factor was also tested. Nav1.7 currents were
again recorded in a cell-attached patch configuration in Ins1 cells. The patch was
subsequently excised and inside-out patches were formed before ‘cramming’ the
membrane into neighbouring HEK cells (Figure 5.2.3.1A). The ‘macroscopic’
currents and the corresponding inactivation curves recorded in cell-attached
patch and immediately after insertion into HEK cells is shown in Figure 5.2.3.1B
and C. However a similar time-dependent shift in the voltage-dependence of
inactivation (Figure 5.2.3.1D) and activation (Figure 5.2.3.1E) could be observed
to when the membrane patch was left in the extracellular medium, suggesting that
the modulation of Nav channel inactivation in Ins1 cells is not due to a diffusible

intracellular factor absent in Ins1 cells and present in HEK cells.
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Figure 5.2.3.1- Patch cramming of Nav1.7 channels expressed in Ins1 into HEK cells

A, schematic of patch cramming procedure. Nay1.7 channels were expressed in Ins1 cells and a
cell-attached patch was formed ((1)); the patch of membrane was excised ((2)) and immediately
crammed into HEK cells ((3)). B, represents Nav1.7 currents when the a-subunit is co-expressed
with B1- and B2-subunits in response to a step depolarisation from -150mV to OmV in cell-attached
(CA) configuration in Ins1 cells, immediately after excision and cramming into HEK cells (0 min)

and 5 and 11 minutes after insertion of the membrane into HEK cells. C, voltage-dependence of

121



inactivation for Navl.7 currents shown in B with same colour coding. D, summarised
voltage-dependence of inactivation of Nav1.7 currents in cell-attached configuration and after
cramming into HEK cells (n=4). ***P<0.001 for each time point compared to CA, using a one-way
ANOVA. E, same as in D but voltage-dependence of activation. *P<0.05 or **P<0.01 for each time

point compared to CA, using a one-way ANOVA.

5.2.4 Ca?*- and PKC dependent regulation of Nav channels in rodent -cells

The results from Figure 5.2.3.1 and Figure 5.2.2.2 suggest that modulation of Nav
channels is not due to a diffusible factor but rather a more permanent
modification that still results in a hyperpolarised inactivation even when the
channel is removed from the cell environment. Modulation of Nav channels
directly by intracellular free Ca2*, in addition to its effects on the conventional
subfamily of PKC, could provide a dynamic mechanism for regulation of cell
excitability in insulin-secreting cells. The binding of Ca2* to an EF-hand domain in
the C-terminus of Navl.5 shifts inactivation to more positive membrane
potentials, thus providing a positive feedback mechanism for increasing cardiac

cell excitability (Wingo et al.,, 2004).

To test Ca2*-dependent regulation of Nav channels in B-cells, Ins1 cells were
incubated with 20uM BAPTA-AM (a Ca2*chelator) for 20min in a Ca?*-free
extracellular medium prior to whole-cell voltage clamp recordings of endogenous
Nav currents in Ins1 cells. If the channels are modulated in a Ca2*-dependent
manner to inactivate at a hyperpolarised potential, incubation with BAPTA-AM
should reverse this, and therefore produce a depolarising shift compared to the
control. However as shown in Figure 5.2.4.1 and summarised in Supplementary

Table 3, treatment with BAPTA-AM had no significant effect on Nav current
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inactivation. In the control and BAPTA-AM treated group 5/11 cells and 8/13
cells, respectively, inactivated with a single component with an average Vi of -
84+5mV and -92+3mV. The remaining 6/11 control cells and 5/13 BAPTA-AM
treated cells exhibited a biphasic inactivation with an average Vi of -86+5mV and
-46+4mV, comprising 59+9% and 41+9% of the total current and -89+3mV and -
46+2mV, comprising 73+6% and 27+6% of the total current, respectively.
Moreover, the voltage-dependence of activation was also not significantly
different between control and BAPTA-AM treated endogenous Nav currents,

which had a Vo5 -14+3mV (n=11) and -18+2mV (n=13), respectively.
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Figure 5.2.4.1- Effect of 20uM BAPTA-AM on endogenous Nav currents in Ins1 cells

A, voltage-dependence of endogenous Nav current inactivation (hw) in control (red; n=11) and
20uM BAPTA-AM treated (black; n=13) Ins1 cells. The curves represent a double Boltzmann fit to
the data. B, voltage-dependence of endogenous Nav current activation (G/Gmax) in control (red;
n=11) and 20pM BAPTA-AM treated (black; n=13) Ins1 cells. The curves represent a single

Boltzmann fit to the data.
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We also investigated the effect of downregulation of protein kinase C (PKC) by
long-term exposure to PMA (Srivastava et al., 2002, Johnson et al., 1995) on Nav
current inactivation. Chronic (48h) treatment with 10nM PMA reduced Na*
current density with no effect on Ca2* current density in insulin-producing
RINmSF cells (Rorsman et al.,, 1986), which was also replicated in Ins1 cells
(Figure 5.2.4.2A-D). Whether the reduction in Nav current density is due to
reduced expression of Nav channels or a hyperpolarising shift in inactivation has
yet to be determined. The voltage-dependence of endogenous Nav current
inactivation when cells were chronically treated with 10nM PMA was essentially
superimposable with control Insl cells (Figure 5.2.4.2E), suggesting that the
reduction in current density is not due to a hyperpolarining shift in the
voltage-dependence of inactivation. Of the control and PMA treated Ins1 cells, 2/4
and 6/11 Nav currents inactivated with a single component of inactivation with
an average Vhof -94+6mV and -91+2mV, respectively. The average Vi of control
cells inactivating with two components of inactivation (2/4 cells) is -94+1mV and
-45+5mV, comprising 75+12% and 25+13% of the total current, respectively.
Meanwhile, the average Vh of PMA treated cells inactivating with two components
of inactivation (5/11 cells) is -92+2mV and -46+2mV, comprising 79+6% and
21+5% of the total current, respectively. There was also no significant difference

in the voltage-dependence of activation (data not shown).

PKC phosphorylation of Navl.7 exhibits a depolarising effect on the
voltage-dependence of inactivation in some (Tan et al., 2014) but not all cell types
(Vijayaragavan et al.,, 2004). Moreover, Nav1.3 and Nav1.6 contain a putative PKC
phosphorylation site in the same L3 region. We therefore tested the effect of acute

activation or inhibition of PKC by application of PMA (10nM) or the inhibitor
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BIM23056 (100nM) on Nav1.7 inactivation. However, neither compound affected
Nav1.7 inactivation (Figure 5.2.4.2F). The Vi of Nav1.7 in control, BIM and PMA
treated Insl cells is -96+1mV (n=5), -90+2mV (n=5) and -96+4mV (n=5),

respectively.

125



OmV

| L_-70mv

Control

100pA |

0mV

| -70mV

100pA|

5ms 5ms
C Voltage (mV) D Voltage (mV)
-80 -60 -40 20 0 20 40 60 80 -80 -60 -40 20 0 20 40 60 80
0+ (] . 0+
s -20] ':Ia -5-
3 e s
= 40 Control ~
> Y 2 -10]
2 =
(= 1 C
g 6o 8 -15]
g -8 2 20
5 i
B-100] 2
© ‘o -251
zZ
120 . ©
-304
E F
1.04 1.0
0.8 0.8
BIM23056
0.6 ]
g g0-6
Ky <
0.44 0.4
0.2
Control/ 0.1
0.0 0.0 S tvseveraow
-160 -140 -120 -100 -80 -60 -40 20 0 20 -160 -140 -120 -100 -80 -60 -40 20 0 20

Conditioning Voltage (mV)

Conditioning Voltage (mV)

Figure 5.2.4.2 - PKC-dependent regulation of Nav current inactivation

A, endogenous current from Ins1 cells in response to a step depolarisation from -150mV to OmV

in the presence of extracellular Ca2*, which was subsequently replaced with CoCl; (Ca2* channel

blocker). The sustained current represents Ca%* current, which is abolished upon addition of CoCl2

The rapid activating and inactivating current represent Nav, which is maintained after the addition
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of CoClz. B, same as in A but for Ins1 cells treated with 10nM PMA for 48h. Note the reduction in
Nav current compared to control Ins1 cells in A. C, I-V relationship of Nav currents from control
Ins1 (red; n=4) and 10nM PMA treated Ins1 cells (black; n=10). *P<0.05, one way ANOVA between
Na* current density of control and 10nM PMA treated Ins1 cells at -20, -10, 0 and 10mV. D, I-V
relationship of voltage-dependent Ca%* currents from control Ins1 (red; n=9) and 10nM PMA
treated Ins1 cells (black; n=13). E, voltage-dependence of inactivation (he) of Nav currents in
control Ins1 (red; n=4) and 10nM PMA treated Ins1 cells (black; n=11). The curves represent a
double Boltzmann fit to the data. F, voltage-dependence of inactivation of Nav1.7 channels co-
expressed with B1- and 2-subunis in control Ins 1 cells (red; n=4) or Ins1 cells acutely (1h) treated
with 100nM BIM23056 (black; n=5), or 10nM PMA (grey; n=5). The curves represent a single

Boltzmann fit to the data.

5.2.5 Regulation of Nav channels via the insulin receptor signalling pathway

Insulin-secreting cells are naturally exposed to high levels of insulin. Insulin acts
on receptor tyrosine kinases which are known to be potent modulators of ion
channels (Davis et al, 2001). Indeed, insulin has been shown to alter the
voltage-dependence of steady state inactivation without altering the
voltage-dependence of activation in HEK cells (Ahern et al, 2005). We
investigated the possibility that Nav channels are modulated by a process
downstream of the insulin signalling pathway by measuring the Vi of Nav1l.7
expressed in Insl cells that were chronically (48h) incubated with 100uM
diazoxide (a Karp channel activator) to prevent insulin secretion. However, there
was no significant difference between the control and the diazoxide treated group
(Figure 5.2.5.1A). Five out of 6 control cells and 7/9 cells treated with diazoxide
inactivated with a monophasic inactivation with an average Vh of -97+7mV and

-106+3mV, respectively. In the control group one cell inactivated at a positive
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membrane potential with a Vh of -67mV hence the large variation. The remaining
control cell had a biphasic inactivation with a Vh of -106mV and -75mV comprising
30% and 70% of the current, respectively, and the remaining 2/9 diazoxide
treated cells inactivated with a Vh of -99+6mV and -72+6mV comprising 83+1%

and 17+1%mV of the current, respectively.

In the previous experiments, we did not measure the concentration of insulin in
the medium after treatment with diazoxide. Therefore we also tested whether
inhibition of insulin action using the insulin receptor antagonist, S961, would
affect Navl.7 inactivation. We observed no effect (Figure 5.2.5.1B and
Supplementary Table 3). The Vi of control and S961 treated Ins1 cells is -97+1mV

(n=2) and -97+1mV (n=3), respectively.
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Figure 5.2.5.1- Effect of diazoxide and S961 on Nay inactivation

A, voltage-dependence of inactivation of Nav1.7 a-subunit co-expressed with $1- and Bz-subunits
in control Ins1 cells (red; n=6) and Ins1 cells chronically (48h) treated with 100uM diazoxide
(black; n=9). The curves represent a double Boltzmann fit to the data. B, same as in 4 but for control
Ins1 cells (red; n=2) and Ins1 cells treated with 10uM S961 for 24h (black; n=3). ). The curves

represent a single Boltzmann fit to the data.

5.2.6 Effect of phosphatidylinositol 4,5-bisphosphate (PIPz) on Nav channel
Inactivation

Karp channels are more active in [3-cells than other cell types (Ashcroft and
Rorsman, 2013). It is possible that this may be due to higher levels of PIP2 in
B-cells, which reduces the sensitivity of Karp channels to ATP (Baukrowitz et al.,
1998, Shyng and Nichols, 1998). We therefore explored the possibility that
differences in PIP2 content could underlie the differences in Nav1.7 inactivation
between Ins1 and HEK cells. However inclusion of 50uM diC8 in the intracellular
pipette solution had no significant effect on Nav1.7 inactivation in Ins1 cells
(Figure 5.2.6.1A). The Vh of Nav1.7 in control and diC8 treated cells is -99+1mV
and -97+2mV, respectively. Inclusion of 50uM neomycin (a polycation), which

would shield the negative charges of PIP2 also had no effect on Nav1.7 expressed
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in Ins1 cells (Figure 5.2.6.1B). The Vi of Nav1.7 in control and Neomycin treated
cells is -98+3mV and -98+1mV, respectively. Likewise, addition of 50uM diC8 in
the intracellular pipette solution had no effect on inactivation in HEK cells, which
according to our hypothesis may have low levels of PIP2 than Ins1 cells (Figure
5.2.6.1B and Supplementary Table 3). The Vih of Nav1.7 in control and PIP2 diC8
treated cells is -57+1mV and -59+1mV, respectively. We can thus discard the
possibility that differences in PIP2 concentrations underpin the different Nav
current inactivation properties in Insl and HEK cells. Moreover, as PIP: is
downstream of the insulin signalling pathway, these results support the lack of

effect observed by the insulin receptor antagonist S961.
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Figure 5.2.6.1- Effect of 50 pM PIP2 diC8 on Nav current inactivation and activation in Ins1

cells

A, voltage-dependence of inactivation of Nav1.7 a-subunit co-expressed with $1- and Bz-subunits
in control (red; n=5) and 50uM PIP; diC8 treated (black; n=5) Ins1 cells. The curves represent a
single Boltzmann fit to the data. B, same as in A but for control (red; n=7) and 50pM neomycin

treated (black; n=7). C, same as in A but for HEK cells (red, n=8; black, n=7).
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5.2.7 Effect of chronic and acute differences in the extracellular glucose

concentration on the voltage-dependence of Nav channel inactivation

Rat pancreatic -cells demonstrate a more significant reduction in insulin
secretion in response to TTX as the glucose concentration increases (Hiriart and
Matteson, 1988). Although insulin secretion increases with increased glucose
concentration, this is still surprising, given that most of the Nav channels are
inactivated at low glucose concentrations in rat $-cells and a greater proportion
of them should become inactivated as an increase in glucose concentration
depolarises the membrane potential further. One possible explanation for this is
that an increase in glucose concentration modifies the voltage-dependence of
inactivation to inactivate at more depolarised membrane potentials. Indeed, Nav
current inactivation has been reported to be regulated by the intracellular ATP
concentration (Zou et al, 2013) suggestive of metabolic regulation. From a
physiological perspective, this would provide an intuitive mechanism for
increasing cell excitability and thus insulin secretion upon increases in glucose

concentration.

To test this hypothesis, the inactivation of Nav1.7 and Nav1.3 was measured at 1
and 20mM extracellular glucose in Ins1 cells. The perforated patch configuration
was used to allow the cell to remain metabolically intact. The inactivation curves
of Nav1l.7 and Nav1.3 at 1 and 20mM glucose are shown in Figure 5.2.7.1A and B,
respectively, and summarisised in Supplementary Table 3. Acute changes in the
extracellular glucose concentration had no effect on the inactivation of Nav1.7 or
Nav1.3. The average Vhof Nav1l.7 at 1 and 20mM glucose is -91+3mV (n=8) and -

92+2mV (n=8), respectively. Similar to the whole-cell configuration, 3/7 Nav1.3
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currents in the perforated patch configuration inactivated with two components,
with Nav1.3 currents in the remaining 4 cells inactivating with a single component
of inactivation. The average Vi of cells with a single component of inactivation at
1 and 20mM glucose is -46+4mV (n=4) and -49+5mV (n=4), respectively. The Vn
of cells inactivating with two components of inactivation at 1mM glucose is -
84+2mV and -56+2mV (n=3), comprising of 44+9% and 56+8% of the total
current, respectively. At 20mM glucose, the average Vhis -83+1mV and -58+1mV

(n=3), comprising 58+11% and 42+10% of the total current, respectively.

As the recordings were done in perforated patch configuration, the series
resistance of the recordings were high. However, the voltage error caused by the
high series-resistance in this configuration would be the same at 1 and 20 mM
glucose as there is no difference between the Na* current density (data not

shown).
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Figure 5.2.7.1 - Effect of acute changes in extracellular glucose concentration on the

voltage-dependence of Nav1.7 and Nav1.3 channel inactivation.

A, voltage-dependence of inactivation (he) of Nav1.7 at 1mM (black; n=8) and 20mM glucose (red;
n=8) in Ins1 cells. The curve represents a single Boltzmann fit to the data. B, same as in 4 but with
Nav1.3 at ImM (black; n=7) and 20mM glucose (red; n=7) in Ins1 cells. The curve represents a
double Boltzmann fit to the data. C, I-V relationship of Nav1.7 at 1mM (black; n=6) and 20mM
glucose (red; n=6) in Ins1 cells. D, same as in C but with experiments done with Nay1.3 at 1mM

(black; n=5) and 20mM glucose (red; n=5).

Nav1l.3 is the major channel expressed during embryogenesis in neurones
(Waxman et al., 1994). Its expression is significantly reduced in neonates and
undetectable in adult DRG neurones (Waxman et al, 1994). However, in
axotomised peripheral DRG neurones, the expression of Nav1.3 is upregulated and
is associated with ectopic firing and spontaneous pain (Dib-Hajj et al., 2010,
Waxman et al,, 1994). We hypothesised that 3-cell damage through exposure to
chronic high glucose concentrations may also lead to an increased expression of
Nav1.3, which could have a beneficial effect on increasing insulin secretion (Zhang

et al.,, 2014). We tested this hypothesis by culturing Ins1 cells at 5mM, 11mM and
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25mM extracellular glucose concentrations for 48h, followed by measurements of
Nav channel a- and B-subunit gene expression. Contrary to expectation, a
significant glucose-induced and concentration-dependent reduction in the mRNA
expression of Scn3a could be observed (Figure 5.2.7.2A). However, the reduction
of Scn3a mRNA expression did not translate into a reduction in Na* current
density (Figure 5.2.7.2D). of Scn3a Ins1 cells do not express Nav1.7 and changes
in chronic extracellular glucose had no effect on Scn9a gene expression. The
inactivation curves of endogenous Nav currents recorded from Ins1 cells cultured
in 5mM, 11mM and 25mM glucose were essentially superimposable (Figure
5.2.7.2B and summarised in Table 5.2.7.1). There was also no significant

difference in the voltage-dependence of activation (Figure 5.2.7.2C).

Interestingly, the relative expression of Scn3b was also significantly reduced by
increasing concentrations of glucose. Thus confirming results from Chapter 4,
which show that modulation of Nav current inactivation in (-cells is not regulated
by Nav channel -subunits, as again the reduction in Scn3b expression was not

associated with changes in Nav current inactivation.

It is well known that glucose increases the intracellular NAD(P)H/NAD(P)-ratio,
which would suggest that the redox state does not influence Nav current
inactivation. Although, direct redox sensitivity via cysteine oxidation is still
possible and would have to be investigated. Interestingly, intracellular application
of pyridine nucleotides such as NADH reduced Nav currents via a mechanism
mediated by PKC and mitochondrial production of reactive oxygen species (Liu et
al, 2009, Liu et al, 2010). A similar reduction in Na* current density with

increased glucose concentration could be observed at 10, 20 and 30mV (Figure

134



5.2.7.2D), suggesting that despite an increase in NADH there was no significant

effect on Nav current inactivation.
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Figure 5.2.7.2 - Effect of chronic changes in glucose on channel inactivation

A, relative gene expression of Scn3a, Scn8a, Scn1b and Scn3b in Ins1 cells cultured at 5, 11 and
25mM glucose for 48h (n=3 preparations). **P<0.01, one way ANOVA, for relative Scn3a mRNA
expression between Ins1 cells incubated at 5, 11 and 25mM glucose. ***P <0.001, one way ANOVA
of Scn3b mRNA expression between Insl cells incubated at 5, 11 and 25mM glucose. B,
voltage-dependence of endogenous Nav current inactivation (h«) recorded at 5mM glucose from
Ins1 cells cultured at 5mM (black; n=22), 11mM (grey; n=22) and 25mM glucose (red; n=18). The
curves represent a double Boltzmann fit to the data. C, voltage-dependence of endogenous Nav
current activation (G/Gmax) recorded at 5mM glucose from Insl cells cultured at 5mM (black;
n=21), 11mM (grey; n=22) and 25mM glucose (red; n=16). The curves represent a single
Boltzmann fit to the data. D, I-V relationship of endogenous Nav currents recorded at 5mM glucose
from Ins1 cells cultured at 5mM (black; n=21), 11mM (grey; n=22) and 25mM glucose (red; n=16).
*P<0.05, one way ANOVA, for Na* current density at 10, 20 and 30mV between Ins1 cells incubated
at5,11 and 25mM glucose.
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Glucose Monophasic cells Biphasic cells Biphasic cells
concentration (mM) Vh(mV) Vh-1 (mV) Vi-2 (mV)
5 -70 + 3 (16) -80 + 4 (6) -41+3(6)
11 -74 +2(13) -73+5(9) -43+4(9)
25 -72+4(7) -78 +2(11) -39+2(11)

Table 5.2.7.1 - Inactivation of endogenous Nav currents after chronic exposure to 5,11 and

25mM glucose

Values represent mean + SEM (n). Vi represents membrane potential at which inactivation is
half-maximal in cells with monophasic inactivation. In cells with biphasic inactivation, Vx-1 and
Vht2 represent the membrane potential at which inactivation is half-maximal for the current

components inactivating at negative and positive membrane potentials, respectively.

5.2.8 Surface charge effect of Nav current inactivation in Ins1 and HEK cells

Next we tested whether there was a difference in surface charge between Ins1 and
HEK cells that might influence Nav channel inactivation. One major source of
negative charge is due to glycosylation of extracellular Nav channel domains that
consist of the carbohydrate derivative N-acetylneuraminic acid or sialic acid
(Ednie and Bennett, 2012). To explore differences in surface charge we generated
inactivation curves for Nav1.3 in the presence of 0.2, 2 and 10mM extracellular
Co?*in Ins1 and HEK cells (Bennett et al., 1997; Bennett, 2002). The rationale was
to reverse the effect of surface charge by increasing the extracellular
concentration of divalent ions. Hypothetically, Nav channels expressed in Ins1
cells might carry more negative charges than channels expressed in HEK cells (for
example due to increased sialylation of the extracellular domains). Accordingly,

the voltage difference sensed by the inactivation gate would be reduced and this
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might explain the shift in inactivation towards more negative voltages. Figure
5.2.8.1A shows the relationship between the extracellular Co%* concentration and
Ih in Ins1 and HEK cells (see also Supplementary Table 3). However increasing
the Co2* concentration exhibited the same ~25mV shift in Ins1 and HEK cells and
the difference between the two cells persisted. It is also evident that both the
positive and negative components of Nav1.3 inactivation in Ins1 cells are both
shifted by ~25mV and that Vh values for the positive components superimpose on

those obtained in HEK cells for all Co2* concentrations.

The voltage-dependence of activation is the same for Nav1.3 expressed in Ins1 and
HEK cells at all extracellular Co2* concentrations and (similar to inactivation)
revealed an ~25mV depolarising shift with increasing extracellular cationic
strength (Figure 5.2.8.1B). Thus illustrating that differences in extracellular
surface charge should shift both the voltage-dependence of inactivation and

activation by a similar magnitude.

Collectively, these data suggest that it is unlikely that differences in extracellular
surface charges account for the negative Nav current inactivation in Ins1 cells
because (1) increasing the extracellular cationic strength shifted the
voltage-dependence of inactivation of Nav1.3 expressed in Ins1 and HEK cells by
a similar magnitude and (2) there is no difference between the Vos of channels

expressed between Ins1 and HEK cells.
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Figure 5.2.8.1- Effect of surface charge on the voltage-dependence of inactivation and
activation of Nav1.3 expressed in Ins1 cells

A, summarized voltage-dependence of inactivation of Nav1.3 currents in Ins1 (red, grey and black)
and HEK cells (blue) of indicated number of cells (n) at increasing concentrations of extracellular
Co?* (0.2, 2 and 10mM). The lines represent a linear regression fit to the data. B, same as in 4 but

for voltage-dependence of activation of Nav1.3 currents in Ins1 (red) and HEK cells (blue).

5.3 Discussion

Here we aimed to identify factors that regulate the hyperpolarised and/or

biphasic voltage-dependence of Nav channel inactivation in rodent 3-cells.

5.3.1 Post-translational modification of Nav channels in Ins1 cells

PTMs are protein modifications that can occur either after ribosome-mediated
translation of mRNA or later in the secretory pathway. Modifications can include
attachment of biochemical groups (phosphorylation), polypeptides
(SUMOylation) or complex molecules (glycosylation) or cleavage of a protein’s
specific amino acid sequence. The overall effect of PTMs can lead to a modulation
of the structure, function or localisation of the protein (Laedermann et al., 2015).

Given that Nav channels maintained their hyperpolarised inactivation properties
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upon excision of the membrane, it is possible that the cell-specific regulation of

Nav channel inactivation in insulin-secreting cells is regulated by a PTM.

Nav channel a-subunits are highly phosphorylated proteins. As an example, 33 in
vivo phosphorylation sites were identified on Nav1.2 purified from rat brain (Baek
et al, 2014). Phosphate groups each carry 2 negative charges at a physiological
pH, which can alter the gating of the channel via an electrostatic effect and can
also disrupt binding sites for interaction with other regulatory proteins
(Narayanan and Jacobson, 2009). The protein kinases involved in the
phosphorylation of Nav channels include cAMP-dependent protein kinase A (PKA)
(Costaetal., 1982, Aromolaran et al., 2017, Laedermann et al., 2015) , PKC (Tan et
al,, 2014, Vijayaragavan et al., 2004), mitogen-activated protein kinases (MAPKs)
(Stamboulian et al., 2010, Wittmack et al., 2005), the Src family of non-receptor
tyrosine kinases (Ahern et al, 2005, Francis et al, 2015) and
CaZ+/calmodulin-dependent protein kinase Il (CAMKII) (Young and Caldwell,

2005, Ben-Johny et al., 2015, Xu et al., 2013).

We investigated a possible involvement of PKC in the hyperpolarised and biphasic
inactivation of Nav currents in Ins1 cells, but observed no significant change to the
voltage-dependence of inactivation. Moreover the Ca2* chelator, BAPTA-AM, also
produced no significant effect on the voltage-dependence of inactivation,
suggesting no involvement of Ca2*-dependent protein kinases, which include the
conventional subfamily of PKC and CAMKII. The lack of effect produced by
BAPTA-AM also suggests that inactivation is not regulated by a direct action of

intracellular free Ca?* binding to an EF-hand domain in the C-terminal of Nav
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channels, an effect described for Navl.5 that modulated the steady state

inactivation of the current (Wingo et al., 2004).

We also explored the possibility that insulin modulates Nav inactivation
downstream of the insulin receptor, however, inhibition of insulin secretion by a
Karp channel activator (diazoxide) and inhibition of insulin action by an insulin
receptor antagonist (S961) had no effect on the voltage-dependence of
inactivation in Ins1 cells. Moreover, altering the availability of PIP2, which is
downstream of the insulin signalling pathway also had no effect on Nav

inactivation in Ins1 cells.

In addition to phosphorylation, Nav channels can undergo extensive glycosylation
that can account for a remarkable 5% to 30% of the a-subunit’s molecular weight
(Cohen and Barchi, 1993, Messner and Catterall, 1985). Nav channels undergo
glycosylation steps in the endoplasmic reticulum and Golgi apparatus (Waechter
et al., 1983, Schmidt and Catterall, 1987), a process that involves sequential
addition of N-acteylglucosamines capped by sialic acid residues (Ednie and
Bennett, 2012). At a physiological pH, the sialic acid residues are negatively
charged and may thus interfere with the transmembrane potential difference
detected by the voltage sensor domains. We tested whether a difference in surface
charge between Ins1 and HEK cells might influence Nav channel inactivation by
increasing the cationic strength of the extracellular medium to mask the negative
charges associated with sialylation. However, we can discard this possibility given
that varying the extracellular cationic strength had the same effect in both cell

types. In support of this, a difference in cell surface charge between Ins1 and HEK
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cells should also produce a simultaneous shift in the voltage-dependence of

activation between Ins1 and HEK cells which is not observed.

To specifically confirm that differential glycosylation between Nav channels
expressed in Ins1 and HEK cells does not underlie the difference in inactivation in
these cell types, Nav current inactivation could be compared after application of
neuraminidase (Bennett et al,, 1997), an enzyme that cleaves sialic acid residues,
or after exposure to compounds that inhibit glycosylation, such as

castanospermine, and swainsonine (Zhang et al,, 1999).

SUMOylation, involving the covalent attachment of small ubiquitin-like modifier
(SUMO) proteins has shown to influence the inactivation of voltage sensitive K*
channel Kv1.5 (Benson et al, 2007) and have an indirect effect on Navl.7
trafficking via axonal collapsin response mediator protein 2 (CRMP2) (Dustrude
et al,, 2013). Although Nav channel isoforms contain putative SUMOylation motifs,
regulation of channel gating by this PTM remains to be investigated and could
potentially underlie the hyperpolarised inactivation of Nav channels in

insulin-secreting cells.

From the experiments that we carried out, we do not have any evidence to show
that PTMs are involved in the regulation of Nav channels in Ins1 cells. However,
given the extensive PTMs that Nav channels undergo, perhaps the best approach
to explore differences in PTM between - and non-f§-cells is to conduct mass

spectrometry analysis of Nav channels isolated from Ins1 and HEK cells.

5.3.2 Nav channels in Ins1 cells are not regulated by a diffusible intracellular
factor
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We tested whether modulation of Nav channels involves a diffusible intracellular
cytoplasmic factor present in Ins1 cells by measuring the Vi of Nav currents in an
intact cell environment (cell-attached patch) and when the channels were
removed from the cell environment (inside-out patch). Both Nav1.3 and Nav1.7
displayed a hyperpolarising shift in the voltage-dependence of inactivation in Ins1
and CHO cells. Since the hyperpolarising shift in Vi appears to be common to all
cell types in the inside-out configuration (Cachelin et al., 1983, Jo and Bean, 2014),
we would expect the Vh of Nav1.7 and Nav1.3 in Ins1 cells to converge with those
expressed in CHO cells, if Ins1 cells did contain a diffusible factor that modulates
the behaviour of Nav currents. However, a ~15-20mV difference in the Vi of
Nav1.7 and Nav1.3 persisted between Ins1 and CHO cells at different time points
after excision. We also tested the converse hypothesis that HEK cells contain an
intracellular factor that modulates the voltage-dependence of inactivation to
depolarised potentials. However, insertion of Nav channels expressed in Ins1 cells
into HEK cells produced the same hyperpolarising shift to when the membrane

was left in the extracellular solution.

It is possible, that a firmer interaction is maintained with Nav channels that is not
disrupted upon ‘wash-out’ of binding factors in the inside-out configuration. An
example of such interactions may be with other proteins. Nav channels can be part
of multi-protein complexes composed of several interacting proteins, which
regulate channel expression and function (Abriel, 2010). Interacting proteins
have largely been described for Nav1.5 due to their importance in inherited forms
of cardiac arrhythmias (Vatta et al., 2006, Ueda et al., 2008, Wu et al., 2008,
London et al.,, 2007, Valdivia et al., 2009). Proteins known to interact with Nav

channels that are also expressed in mouse [(3-cells (Benner et al., 2014) include
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fibroblast growth factor homologous factor 1B (FHF1B) (Liu et al, 2003),
cytosolic acid protein 14-3-3n (Allouis et al, 2006), glycerol-3-phosphate
dehydrogenase 1-like protein (London et al., 2007, Valdivia et al., 2009) and
plakophilin-2 (Sato et al,, 2009). FHF1B influences both the voltage-dependence
of activation and inactivation of Nav1.5 via interaction with a proximal acidic rich
domain of the C-terminus (Liu et al., 2003), a region of known importance to the
regulation of steady-state inactivation (Mantegazza et al., 2001). Meanwhile
14-3-3n demonstrated a hyperpolarising shift in the inactivation of Navl.5
without any effect on the voltage-dependence of activation (Allouis et al., 2006).
Indeed, our characterisation of Nav1.5 in Ins1 and HEK cells also produced a
hyperpolarising shift in inactivation without a change to the voltage-dependence
of activation. To investigate the differences in protein interaction between {3- and
non-fB-cells, immunoprecipitation of Nav channels expressed in Ins1 and HEK cells
followed by mass spectrometry analysis could be conducted. Yeast two-hybrid

screening could also be an efficient method for identifying interacting partners.

We hypothesised that the hyperpolarised and the biphasic inactivation observed
in Ins1 cells is regulated by the same mechanism but to different extents between
Navl.7 and Nav1l.3. Navl.7 current inactivation could be more prone to
modulation at hyperpolarised potentials than Nav1.3 and hence they exhibit a
predominant monophasic and biphasic voltage-dependence of inactivation,
respectively. Therefore, we expected that by exploring the apparent differences
between the biphasic voltage-dependence of inactivation between Nav1.7 and
Nav1.3 we could find a site for Nav channel modulation. Since the amino acid
sequence of Nav1.7 and Nav1.3 is so similar (77%), we expected that the site(s) in

which Nav channels are modulated would be in regions of sequence dissimilarity
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that predominantly exist in the cytosolic loops and termini. We generated
chimeric channels based on the Nav1.7 backbone by replacing the N-terminal
domain, L1 and L2, the C-terminal domain or L3 sequences with the
corresponding sequences of Nav1.3. However, we observed no difference in the
voltage-dependence of inactivation, the proportion of cells inactivating with a
monophasic/biphasic inactivation or the proportion of current inactivating at
negative and positive membrane potentials between the chimera and control
Nav1.7 channels. These results would suggest that the difference between Ins1
and other cell types is likely to reside within the plasma membrane itself and does

not involve cytoplasmic factors.
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Chapter 6

Discussion
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6.1 Properties of Nav inactivation in insulin-secreting cells

Pancreatic 3-cells are equipped with voltage-gated Nav channels that inactivate at
hyperpolarised membrane potentials, so characteristic that it can be used for
functional identification of 3-cells (Briant et al., 2017a, Chakravarthy et al.,, 2017).
However, a small Na* current component (10-15%) that inactivates over
physiological membrane potentials and contributes to action potential firing also
exists. The aim of this thesis was to understand the contribution of individual Nav
channel a-subunits to the behaviour of Nav current inactivation in rodent (3-cells
and to investigate the underlying mechanism(s) of channel regulation. We
generated mutant TTX-resistant Nav channels, which allowed us to isolate and
characterise the expressed channels by blocking the endogenous Nav channels

with TTX.

6.1.1 Hyperpolarised inactivation of Nav1.3, Nav1.5, Nav1.6 and Nav1.7 channels
in Ins1 cells vs non-f-cells

Characterisation of individual Nav channel a-subunits (Nav1.3, Nav1.6, Nav1.5 and
Nav1.7) in Ins1 cells compared to three other non-B-cell types (HEK, CHO and
aTC1-6 cells), revealed that all four channels inactivate at ~20-30mV more
negative membrane potentials when expressed in Ins1 cells. These results are in
contrast to that expected from genetic ablation studies in rodent (3-cells, in which
it was postulated that Nav1.7 is modulated in a rodent (3-cell-specific manner to
inactivate over hyperpolarised membrane potentials, whilst Nav1.3 inactivates
over physiological membrane potentials similar to that observed in other cell

types (Zhang et al, 2014). Despite the shift in the voltage-dependence of
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inactivation between Ins1 and non-f-cell types, we confirm that inactivation of
Nav1.7 occurs at more negative membrane potentials than Nav1.3 and Nav1.6 in
Ins1 cells, consistent with the previous study. However, the hyperpolarised
inactivation of Nav1.7 is not specific to Ins1 cells as a similar observation was
made in HEK, CHO, aTC1-6 and EndoC-fh2 cells. Thus, although the Nav a-subunit
expressed makes a significant difference to the voltage-dependence of
inactivation, it appears that there is also an additional cell-specific modulation in
Ins1 cells that shifts inactivation of Nav channels to functionally irrelevant

membrane potentials.

The 20-30mV shift in the voltage-dependence of inactivation between Ins1 and
HEK cells for all the Nav channels that we characterised (with the exception of
Nav1.6) occurred without a significant difference in the voltage-dependence of
activation. Since there is no overlap between the voltage-dependence of
inactivation and activation in Insl1 cells, our data does not favour the strict
coupling of inactivation to activation proposed by several models (Hille, 2001,
Armstrong, 2006). Amino acid substitutions in the voltage sensor which shift the
voltage-dependence of inactivation to a hyperpolarised potential and
simultaneously shift the voltage-dependence of activation to a depolarised
potential also militate against the dependence of inactivation on activation
(Kontis and Goldin, 1997, Ulbricht, 2005). Moreover introducing a short (1ms)
pre-pulse to -70mV in the inactivation protocol, after a conditioning voltage to
hyperpolarised potentials (-150mV) and prior to depolarisation to OmV, causes a
reduction in the peak current amplitude compared to the protocol in which the

-70mV pre-pulse is absent. As Nav currents are not activated at -70mV, it suggests
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that inactivation of the current occurs without activation of the channel. The vast
difference between the Vi and Vo5 (~60-80mV) of Nav channels expressed in Ins1
cells suggests an alternative mechanism for Nav inactivation that is independent

of activation.

6.1.2 Biphasic inactivation of individual Nav channel a-subunits

In addition to the different a-subunits contributing to the biphasic inactivation of
Nav currents in insulin-secreting cells, we unexpectedly found that individual Nav
subtypes exhibit two distinct inactivation behaviours. Thus, in >75% of the
experiments with Nav1.3 expressed in Ins1 cells, two distinct components of
inactivation (each accounting for - on average - ~50% of the total current)
separated by ~30mV were observed. Biphasic inactivation was also observed for
Nav1.7 (in 20% of experiments) and Nav1.6 (60%) expressed in Ins1 cells. In Ins1
cells that exhibited biphasic inactivation, the Vi for the component inactivating at
more depolarised membrane potentials is very similar to that found in HEK or
CHO cells, whilst the Vh for the more hyperpolarised component is ~-90mV. In
cells that displayed monophasic inactivation, inactivation proceeded within either

of the two distinct Vh ranges observed in cells that exhibited biphasic inactivation.

Likewise, primary mouse f-cells also appear to exhibit a biphasic
voltage-dependence of inactivation. The net Navl.3 current isolated by
subtracting the currents recorded from the Nav1.3-deficient cells from control
cells similarly displayed a biphasic voltage-dependence of inactivation.
Importantly, biphasic inactivation was not observed when these channels were

instead expressed in HEK, CHO, aTC1-6 or EndoC-Bh2 cells. Therefore, similar to
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the hyperpolarised inactivation of Nav currents in Insl cells, the biphasic
voltage-dependence of inactivation also demonstrates both species and cell-

specific modulation.

6.2 Navinactivation in Ins1 cells: a possible model

An explanation of these data would have to account both for the fact that
inactivation of all studied Nav subtypes is shifted by 20-30 mV in Ins1 cells relative
to that seen in other cell types (HEK, CHO etc.) and the finding that biphasic Na*
current inactivation is observed also when a single Nav subtype is expressed. We
speculate that the mechanism that underlies the hyperpolarised inactivation of
Nav1.7 and the biphasic inactivation of Nav1.3 are the same. However Nav1.7
channels are more prone to modulation at hyperpolarised potentials than Nav1.3
and hence they exhibit a predominant monophasic and biphasic

voltage-dependence of inactivation, respectively.

Given that the chimeric channels showed no significant difference compared to
Nav1l.7 channels and that there was no difference in the change of Vh in the
inside-out configuration we speculate that the differences in Nav channel
inactivation between Ins1 and HEK cells is likely to reside within the plasma

membrane.

The plasma membrane lipidome is extremely complex and contains >2000 lipid
subtypes (Galbiati et al., 2001, Simons and Ehehalt, 2002). The distribution of
lipids within the plasma membrane is not uniform but shows considerable
regional differences. Indeed, the plasma membrane has been described as a
‘patchwork of different lipid environments’ (Edidin, 1993). Perhaps the best

known example of such lipid aggregates are the lipid rafts that are enriched in
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cholesterol. There are many examples that lipid microdomains and cholesterol
affect ion channel function (Dart, 2010). For example, depletion of membrane
cholesterol in HEK cells results in a ~10mV hyperpolarising shift in Nav1.4
current inactivation, an effect that is partially reversible by subsequent
cholesterol enrichment (Lundbaek et al., 2004). Moreover, in 3-cells, cholesterol
depletion causes a hyperpolarizing shift in the inactivation curve of Kv2.1

channels (Xia et al,, 2004).

We therefore propose that the lipidome of the rodent [3-cell plasma membrane is
different from that of HEK and most other cells and that the rodent [-cell
membrane contains specialized lipid domains that shift inactivation into very
negative membrane potentials. Na* channels outside these domains behave
exactly as in other cell types. Indeed, in cells showing biphasic Nav current
inactivation, the positive component shows essentially the same

voltage-dependence as in non-fB-cells (see schematic in Figure 6.1.2.1).

The true nature of these specialised domains remains to be established but that
such domains exist is suggested by the cell-attached measurements in which a
small part of the cell (1um?) is isolated and where channel inactivation was
invariably monophasic but with Vh values varying between -80 and -55mV. We
speculate that this is because all channels within an individual patch reside in a
uniform membrane environment, which may differ between patches. It is
interesting that the ‘inactivation curve’ for Nav1.3 channels reconstructed from
the cumulative distribution of Vi in cell-attached patches was biphasic (with Vi
values of -75mV and -55mV) and resembled that which can be recorded from

individual cells expressing this a-subunit. For Nav1.7, the cumulative distribution
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was monophasic with a Vh of ~-90 mV. Notably, 10% of the patches had Vi values
~30mV more positive. This is in agreement with the whole-cell data indicating
biphasic inactivation in <20% of the cells expressing Nav1.7. The idea that
negative and positive inactivation results from insertion of the a-subunits into
membrane domains of different composition might seem in conflict with
observation that the fraction of Nav channels inactivating at negative and positive
membrane potentials varied for Nav1.3, Navl.6 and Navl.7. However, it is
possible that the intracellular trafficking and their association with distinct

membrane domains is a-subunit-dependent.

We recognise that not all of our data fits the suggested model for modulation of
Nav channels in rodent (3-cells. For example the monophasic inactivation of Nav
currents at negative membrane potentials does not suggest that the rodent 3-cell
membrane contains ‘specialized lipid domains that shift inactivation into very
negative membrane potentials’. The model that we propose attempts to
consolidate the two observations observed in rodent [(-cells: (1) the
hyperpolarised voltage-dependence of inactivation of Nav currents and (2) the
biphasic inactivation of Nav currents. However, it possible that these two

observations are regulated by different mechanisms.

This hypothesis remains to be tested and we acknowledge that other mechanisms
of Nav channel modulation by PTM and protein-protein interactions remain
possible and can be explored by mass spectrometry and/or yeast-two hybrid

screening, respectively.
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Figure 6.1.2.1- Biphasic inactivation of Nav currents in Ins1 cells

Schematic of Nav channel inactivation in non-f-cells (A) and B-cells (B). In non-§-cells, the plasma
membrane is uniform in terms of impact on Nav current inactivation and the relationship between
membrane potential and the fraction of activatable Nav channels (h~). However, rodent 3-cells
contain specialised domains that differ from the rest of the plasma membrane. Nav channels within
these domains undergo inactivation at more negative membrane potentials whereas Nav channels
outside these regions inactivate with the same voltage-dependence as the corresponding Nav
channels when expressed in non-§-cells. Thus, the Ins1 cell will contain two electrophysiologically
distinct populations of Nav channels (@ and @), accounting for the biphasic Nav current

inactivation.

6.3 Physiological significance of Nav inactivation properties in rodent
B-cells

The physiological significance of the hyperpolarised inactivation in rodent (3-cells
remains to be established. To our knowledge the only other cell type in which Nay
currents inactivate at such hyperpolarised membrane potentials is mouse

olfactory sensory neurons (Ahn et al., 2011). These neurons predominantly
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express Navl.7 and the Vi of Nav currents recorded from this cell type are
~-100mV. Despite the negative inactivation of current, Nav channels still play a
significant role in olfaction as global knockout of Scn9a is responsible for
generating neonatally lethal mice, which are anosmic and consequently do not
feed (Nassar et al,, 2004, Goldberg et al,, 2007, Nilsen et al., 2009, Weiss et al,,
2011). It is possible that Nav channels have a non-canonical role (Black and
Waxman, 2013) in this cell type as they are unlikely to contribute to the
excitability of the cell due to their hyperpolarised inactivation. Unlike olfactory
sensory neurons, knockdown of Nav1.7 in mouse (-cells exhibited no phenotype

to suggest a physiological role of these channels in mouse (3-cells.

6.4 Nav channels in disease

Because of the crucial function of Nav channels in excitable cells and the
complexity of their structure, a large number of genetic diseases are caused by its
mutation (Catterall et al., 2008, Lehmann-Horn and Jurkat-Rott, 1999). More than
300 mutations in the SCN5A gene, which encodes the cardiac Nav1.5 channel, have
been described in association with Brugada syndrome (Meregalli et al., 2009). The
genetic disease is characterised by an abnormal electrocardiograph and leads to
arrhythmias, ventricular fibrillation and increased risk of sudden death (Brugada,
2016). Mutations in Nav1.1, Nav1.2 and Nav1.3 have been implicated in childhood

forms of epilepsy (Holland et al., 2008).
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6.4.1 Navchannels and diabetes

It has been hypothesised that diabetes and peripheral neuropathy (commonly
associated with diabetes) occur as a consequence of mutations in Nav1.7 that
confer increased susceptibility for both diseases, rather than the more commonly
assumed idea that peripheral neuropathy is a consequence of hyperglycaemia
associated with diabetes (Hoeijmakers et al., 2014). The mutations in Nav1.7 are
suggested to depolarise the membrane potential and lead to -cell and small nerve
fibres injury. However, this hypothesis remains to be tested and Nav channel
a-subunits have not yet been associated with diabetes according to genome-wide

association studies.

However, inhibition of the late Na* current by the antianginal drug, ranolazine has
shown to have anti-diabetic effects. In animal models of diabetes ranolazine
reduced postprandial and basal glucagon levels, which was associated with a
reduction in hyperglycaemia (Dhalla et al.,, 2014). The proposed mechanism of
action for this is that ranoloazine blocks Nav channels in pancreatic a-cells,
inhibiting their electrical activity and reducing glucagon secretion. However,
ranolazine only had an effect on glucose-stimulated insulin secretion when Nav
current was enhanced either pharmacologically by veratridine (a blocker of Nav
channel inactivation) or by long term incubation at high (33mM) glucose (Rizzetto

et al,, 2015).

6.4.2 Naychannels and pain

One of the striking examples of Nav channel mutations leading to disease, is the
nonsense mutation in the gene Scn9a, which results in a non-functional Nav1.7

channel, and causes a congenital inability to perceive any form of pain (Cox et al.,
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2006). Navl.7 channels are strongly expressed in the nerve terminals of
nociceptive DRG neurones (Dib-Hajj et al., 2010). Whilst the channel had already
been shown to be involved in nociception in both humans and rodents, this was
the first study to show that functional Navl.7 expression is an essential and
non-redundant requirement for nociception in humans (Cox et al., 2006). In
contrast, dominantly inherited gain-of-function mutations in Nav1.7 are linked to
hypersensitivity to pain, as found in individuals suffering from inherited
erythromelalgia (IEM) and paroxysmal extreme pain disorder (PEPD) (Yang et al.,
2004, Fertleman et al., 2006). Symptoms of [EM usually appear in childhood and
are characterised by severe episodic burning pain, localised to the feet and hands,
in response to warm stimuli and exercise (Dib-Hajj et al., 2013). PEPD is distinct
from IEM and typically starts in early infancy. It is associated with severe
perirectal pain, which is accompanied with skin flushing of the lower or upper

body or face, in a harlequin pattern (Dib-Hajj et al., 2013).

To date, functional characterisation of mutations in Nav1.7 that lead to IEM have
all shown a shift in the voltage-dependence of activation in a hyperpolarised
direction, increase ramp current and slow deactivation, all of which result in
enhanced DRG neuron hyperexcitability (Dib-Hajj et al., 2013). Mutations in
SCN9A that are linked to IEM can also impair slow inactivation, which again
enhances DRG neuron hyperexcitability (Sheets et al., 2007). Meanwhile other
IEM mutations enhance slow inactivation and therefore attenuate cell excitability

(Cheng et al., 2011).

PEPD-associated SCN9A mutations produce different effects on Nav1.7 channel

gating compared to IEM-linked mutations. PEPD-associated mutations shift the
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voltage-dependence of steady state fast inactivation towards a depolarising
direction (Fertleman et al., 2006). Since the Vi of most Nav channels are around
the resting membrane potential of a cell, slight depolarising shifts in Vi can cause
significant changes leading to a gain of cellular excitability. Furthermore,
depending on the specific mutations channel inactivation can be made
incomplete, resulting in a persistent Na* current (Dib-Hajj et al., 2013). PEPD
mutant Navl.7, can also manifest increased resurgent current (Jarecki et al,,
2010). Collectively, these alterations to channel gating in both IEM and PEPD
reduce the threshold for single action potentials and increase the frequency of
firing in DRG neurones (Dib-Hajj et al., 2013). Hence there is an increased cellular

excitability and hypersensitivity to pain as observed in these patients.

Navchannels also play an important role in non-inherited acquired pain disorders.
Nerve fibre damage or dysfunction, is usually accompanied by tissue injury, which
can be caused by axotomy of peripheral axons, inflammation and in some cases
longstanding hyperglycaemia associated with diabetic disease states. In
axotomised peripheral DRG neurones, the expression of Nav1.3 is upregulated and
is associated with ectopic firing and spontaneous pain (Dib-Hajj et al., 2010,
Waxman et al., 1994). In such cases, Nav1.7 also accumulates in nerve endings and
phosphorylation of the channel produces a graded hyperpolarisation of channel
activation, suggesting that Navl.7 also contributes to injury-mediated DRG
neuron hyperexcitability (Stamboulian et al, 2010, Dib-Hajj et al, 2013).
Moreover, Navl.7 expression is increased in DRG neurones of diabetic rats
(Chattopadhyay et al., 2008, Chattopadhyay et al, 2011). A change that is

predicted to contribute to hyperexcitabilty associated with pain, as knockdown of
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Nav1.7 attenuates pain in rats with painful diabetic neuropathy (Chattopadhyay

etal., 2012).

6.4 Concluding remarks

Rodent pancreatic B-cells present a fascinating environment in which the
voltage-dependence of Nav current inactivation is modified in a cell-specific
manner. If the negative shift of inactivation in rodent (3-cells could be harnessed,
it may provide a novel means of regulating Nav channel activity. As described
Nav1.7 channels play an important role in pain perception (Cox et al., 2006, Dib-
Hajj et al,, 2013). If the inactivation of the Nav1.7 channels in nociceptive neurons
became more like that in rodent (3-cells, then the channels would inactivate and
thus be unavailable for action potential propagation, which may represent a novel
means of pain relief, especially in disease states associated with Navl.7

hyperexcitability (Dib-Hajj et al., 2008).
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Appendix

Na,1.7 and Na,1.3 chimeras constructs.

CLUSTAL format alignment of Nav1.7 (NP_002968) and Na1.3 (NP_008853) amino acid sequences
was performed using MAFFT software. Corresponding residue numbers are labelled on the left.
Sequences of the generated chimeric alpha subunits are shown at the bottom. Only partial alignments
of the regions where changes were introduced are depicted. Na,1.3 sequences introduced into Nav1.7
backbone are highlighted in yellow.

N-terminal domain chimera

Navl.7 1 M--AMLPPPGPQSFVHFTKQSLALIEQRIAERKSKEPKEEKKDDDEEAPKPSSDLEAGKQ
Navl.3 1 MAQALLVPPGPESFRLFTRESLAAIEKRAAEEKAKKPKKEQDNDDENKPKPNSDLEAGKN

K kek kkkkakk  kksakkk kkek kk kekekkeks skkkas kkk Kkkokkkk.
N-term MAQALLVPPGPESFRLFTRESLAATIEKRAAEEKAKKPKKEQDNDDENKPKPNSDLEAGKN
Navl.7 59 LPFIYGDIPPGMVSEPLEDLDPYYADKKTFIVLNKGKTIFRFNATPALYMLSPFSPLRRI
Navl.3 61 LPFIYGDIPPEMVSEPLEDLDPYYINKKTFIVMNKGKAIFRFSATSALYILTPLNPVREI

Fr A A A A KK KA I KA hd kA K kAk :**k*‘k*:***k:****.‘k*.***:*:*:.*:*:‘k
N-term LPFIYGDIPPEMVSEPLEDLDPYYINKKTFIVMNKGKATFRFSATSALYILTPLNPVRKI
Navl.7 119 SIKILVHSLFSMLIMCTILTNCIFMTMNNPPDWTKNVEYTFTGIYTFESLVKILARGFCV
Navl.3 121 AIKILVHSLFSMLIMCTILTNCVFMTLSNPPDWTKNVEYTFTGIYTFESLIKILARGFCL

cA KKk Ak kAR KAk Ak kA kA kok s hk ks ok k AR KA AR A KA AR A A ARk Ak ok ko Ak kA kA Ak o
N-term AIKILVHSLESMLIMCTILTNCIFMTMNNPPDWTKNVEYTFTGIYTFESLVKILARGECV

L1L2 chimera

Navl.7 399 AVVAMAYEEQNQANIEEAKQKELEFQQOMLDRLKKEQEEAEAIAARAARAEYTSIRRSRIMGL
Navl.3 421 AVVAMAYEEQNQATLEEAEQKEAEFQOMLEQLKKQQEEAQAVAAASA--ASRDFSGIGGL
KEKKKKAK ARk Kk chk Ko hhhk Khkhkk s s hAk s xhkhh ke khk ok oK * ok Kk

L1L2 AVVAMAYEEQNQATLEEAEQKEAEFQOMLEQLKKQQEEAQAVAAASA--ASRDFSGIGGL
Navl.7 459 5---ESSSETSKLSSKSAKERRNRREKKKNQKKLSSGEEKGDAEKLSKSESEDSIRRKSFH
Navl.3 479 GELLESSSEASKLSSKSAKEWRNRRKKRRQREHLEGNNKGERDSEFPKSESEDSVKRSSFEL
k‘k*** kAhk Ak Ak hkAhkhkkhkh KAk khkhkk .‘)r-- *::*‘k .. ***‘k**‘k * *

L1L2 GELLESSSEASKLSSKSAKEWRNRRKKRRQREHLEGNNKGERDSFPKSESEDSVKRSSFL
Navl.7 516 LGVEGHRRAHEKRLSTPNQSPLSIRGSLESARRSSRTSLESFKGRGRDIGSETEFADDEH
Navl.3 539 FSMDGNRLTSDKKFCSPHQSLLSIRGSLFSPRRNSKTSIFSFRGRAKDVGSENDFADDEH
sakahk r skar  skrkk KAKKKEKRKA KK kekk e kKK hk skekkKk s KAEKKK

L1L2 FSMDGNRLTSDKKFCSPHQSLLSIRGSLFSPRRNSKTSIFSFRGRAKDVGSENDFADDEH
Navl.7 576 SIFGDNESRRGSLEFVPHRPQERRSSNISQASRSP---PMLPVNGKMHSAVDCNGVVSLVD
Navl.3 599 STFEDSESRRDSLEVPHRHGERRNSNVSQASMSSRMVPGLPANGKMHSTVDCNGVVSLVG
Kok ok kkkk  kkkkokkk KAk Kk sk kkk K Kok kok ok ok ok ks ok ok ok ok ok ok ok ok kK

L1L2 STFEDSESRRDSLFVPHRHGERRNSNVSQASMSSRMVPGLPANGKMHSTVDCNGVVSLVG
Navl.7 633 GRSALMLPNGQLLPEGTTNQIH-KKRRCSSYLLSEDMLNDPNLROQRAMSRASILTNTVEE
Navl.3 659 GPSALTSPTGQLPPEGTTTETEVRKRRLSSYQISMEMLEDSSGRQRAVSIASILTNTMEE
kokkk Kk kkk kkkkk 1 s kkk kkk sk s kk ek kKKK Kk kRAKKAK L AR

L1L2 GPSALTSPTGQLPPEGTTTETEVRKRRLSSYQISMEMLEDSSGRQRAVSIASILTNTMEE
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Navl.
Navl.

L1L2

Navl.
Navl.

L1L2

Navl.
Navl.

L1L2

Navl.
Navl.

L1L2

Navl.
Navl.

L1L2

Navl.
Navl.

L1L2

Navl.
Navl.

L1L2

Navl.
Navl.

L1L2

Navl.
Navl.

L1L2

692
719

752
779

812
839

872
898

932
958

992
1019

1050
1074

1109
1134

1169
1194

LEESRQKCPPWWYRFAHKFLIWNCSPYWIKFKKCIYFIVMDPFVDLAITICIVLNTLEMA
LEESRQKCPPCWYRFANVEFLIWDCCDAWLKVKHLVNLIVMDPEFVDLAITICIVLNTLEMA

HhkIk KA XA XA KRk AFxhkk . Kk kk e Kk ke Kk K. . s KA RA AT A AR AKX A XA R A KXk h*K

LEESRQKCPPCWYRFANVFLIWDCCDAWLKVKHLVNFIVMDPFVDLAITICIVLNTLFMA

MEHHPMTEEFKNVLAIGNLVFTGIFAAEMVLKLIAMDPYEYFQVGWNIEFDSLIVTLSLVE
MEHYPMTEQFSSVLTVGNLVEFTGIFTAEMVLKIIAMDPYYYFQEGWNIFDGIIVSLSLME

***-****-*_ khkoe ehkkhkhhhhdhhoshkhhkhrhhkohhhhhht khkkx hkdkhkkkhk :**-***:*

MEHHPMTEEFKNVLAIGNLVFTGIFAAEMVLKLIAMDPYEYFQVGWNIFDSLIVTLSLVE

LFLADVEGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVEFIFAV
LGLSNVEGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLATIIVEIFAV

I NS R RS R R R R R E R R SRR EEEEEEEEEEREEREEEERESEEEESEEEESEES.]

LFLADVEGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLATIIVFIFAV

VGMQLFGKSYKECVCKINDDCTLPRWHMNDFFHSFLIVFRVLCGEWIETMWDCMEVAGQA
VGMQLFGKSYKECVCKINDDCTLPRWHMNDFFHSFLIVEFRVLCGEWIETMWDCMEVAGQT

EEE R R EEEEEEEEEREEEEEEEEEEESEEEEEEESEEEESEEEEEEESEEREESEEEESE I

VGMQLFGKSYKECVCKINDDCTLPRWHMNDFFHSFLIVFRVLCGEWIETMWDCMEVAGQA

MCLIVYMMVMVIGNLVVLNLFLALLLSSESSDNLTAIEEDPDANNLOIAVTRIKKGINYV
MCLIVFMLVMVIGNLVVLNLFLALLLSSFSSDNLAATDDDNEMNNLOIAVGRMQKGIDYV

***** * KA KAX AR A AT AT A I A XTI A A AT AKX KK * -u* . rhkk AKX AKX k. *** **

MCLIVYMMVMVIGNLVVLNLFLALLLSSFSSDNLAATDDDNEMNNLQIAVGRMQKGIDYV

KQTLREFILKAFSKKPKISREIRQAFDLNTKKENY ISNHTLAEMSKGHNFLEEKDKIS-—
KNKMRECFQKAFFRKPKV-IEIHEG----NKIDSCMSNNTGIEISKELNYLRDGNGTTSG

*- ** - * kK -*** b * H ** * * * K * *

KNKMRECFQKAFFRKPKV IEIHEG————NKIDSCMSNNTGIEISKELNYLRDGNGTTSG

-GFGSSVDKHLMEDSDGQSFIHNPSLTVIVPIAPGESDLENMNAEELSSDSDSEYSKVRL
VGTGSSVEKYVIDENDYMSFINNPSLTVIVPIAVGESDFENLNTEEFSSESELEESKEKL

* ****-* ----- * khok . *********** * Kok ok ** * *hk . ** * * kK . K

VGTGSSVEKYVIDENDYMSFINNPSLTVTVPIAVGESDFENLNTEEFSSESELEESKEKL

NRSSSSECSTVDNPLPGEGEEAEAEPMNSDEPEACFTDGCVRREFSCCQVNIESGKGEIWW
NATSSSEGSTVDVVLPREGEQAETEPEEDLKPEACFTEGCIKKFPFCQVSTEEGKGKIWNW

* wkkk ok ok ok koK hk Kk Kk e kk . kK . akk kKKK« kk e e ek * KKk LR

NATSSSEGSTVDVVLPREGEQAETEPEEDLKPEACFTEGCIKKEFPFCQVSTEEGKGKIWW

NIRKTCYKIVEHSWFESFIVLMILLSSGALAFEDIYIERKKTIKITILEYADKIFTYIFIL
NLRKTCYSIVEHNWFETFIVFMILLSSGALAFEDIYIEQRKTIKTMLEYADKVFTYIFIL

hakkkhk hhkkh Kohkkehkhhkokkhhrbhrhrhhhkdhrhd oo kdihi vk ok ok ok ok ok e ok ke ok ok ok ok K

NLRKTCYSIVEHSWEFESFIVLMILLSSGALAFEDIYIERKKTIKIILEYADKIFTYIFIL
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L3 chimera

Navl.7
Navl.3

L3

Navl.7
Navl.3

L3

1409
1431

1409
1431

NVDKQPKYEYSLYMYIYFVVFITFGSFFTLNLFIGVIIDNFNQQKKKLGGQDIFMTEEQK
DVKLOPVYEENLYMYLYFVIFITIFGSFFTLNLFIGVIIDNENQOKKKFGGOQDIFMTEEQK

-* L **** * ok k . ***************************-************

NVDKQPKYEYSLYMYIYFVVFIIFGSFFTLNLFIGVIIDNFNQQKKKFGGQDIFMTEEQK

KYYNAMKKLGSKKPQKPIPRPGNKIQGCIFDLVTNQAFDISIMVLICLNMVTMMVEKEGQ
KYYNAMKKLGSKKPQKPIPRPANKFQGMVFDEFVTRQVFDISIMILICLNMVTMMVETDDQ

khkhkkhkAhkrkhhkAr A dhArhhhhohkhh ~k~k *‘k ** ** * ****** ************ . *

KYYNAMKKLGSKKPQKPIPRPANKFQGMVFDLVTNQAFDISIMVLICLNMVTMMVEKEGQ

C-terminal domain chimera

Navl.7
Navl.3

C-term

Navl.7
Navl.3
C-term
Navl.7

Navl.3

C-term

1829
1851

1889
1911

1948
1971

DILFAFTKRVLGESGEMDSLRSOQMEERFMSANPSKVSYEPITTTLKRKQEDVSATVIQRA
DILFAFTKRVLGESGEMDALRIQMEDRFMASNPSKVSYEPITTTLKRKQEEVSAATIQRN

hhkhkk kA AAI AT AT A A K s kk kkk e khk e s kdhdh A hArhd bbb kbbb hdk o khkd oo khK

DILFAFTKRVLGESGEMDALRIQMEDRFMASNPSKVSYEPITTTLKRKQEEVSAATIQRN

YRRYRLRONVENISSIYIKDGDRDD-DLLNKKDMAFDNVNENSSPEKTDATSSTTSPPSY
FRCYLLKQRLENISSNYNKEAIKGRIDLPIKQDMIIDKLNGNSTPEKTDGSSSTTSPPSY

sk ok Kaek ekkokkok ok ke e * K Kekhk ek ek kkakkkokk ehkorxkokAkohkxok

FRCYLLKQRLKNISSNYNKEAIKGRIDLPIKQDMIIDKLNGNSTPEKTDGSSSTTSPPSY

DSVTEKPDKEKYEQDRTEKEDKGKDSKESKK

DSVTKPDKEKFEKDKPEKESKGKEVRENQK
Kk kkokkkhk ks ksks hkk kkks sk sk

DSVTKPDKEKFEKDKPEKESKGKEVRENQK
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Cell a- B1- and B2- k B1- and ki1 B1- and k2 B3- k B3- ki1 B3- k2 | GFP W k
subunit subunit Vp [2-subunit B2-subunit subunit Vi subunit subunit (mV)
(mV) Vh-1 Vh-2 (mV) Vh-1 Vh-2
(mV) (mV) (mV) (mV)
Ins1 Navl.3 -79+6 (8) 9+1 | -87+2(26) | 9+1 | -55+2(26) | 7+1 -72+10 9+2 -84+2 11+1 -4642 5+1
(8) (26) (26) (3) (3) (8) (8) (8) (8)
Ins1 Nav1.5 -99+2 (9) 8+1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/
(9) A
Ins1 Navl.6 -73+4 (10) 8+1 | -86+1(25) | 8+1 | -56+1(25) | 6+1 | -86+1(11) | 9+1 -87+2 9+1 -54+2 5+1
(10) (25) (25) (11) (7) (7) (7) (7)
Ins1 Navl.7 -94+2 (38) 9+1 -97+4 (9) 8+1 | -67+4(9) | 10+2 | -89+2(8) | 11+1 -86 6 -68 14
(38) 9) €) (8) (1) (1) (1) (1)
HEK Nav1.3 -50+2 (14) 8+1
WT (14)
HEK Navl.5 -77+1(10) 6+1
WT (10)
HEK Navl.6 -53+1 (13) 8+1
WT (13)
HEK Nav1.7 -67+2 (6) 8+1
WT (6)
HEK Nav1.3 -48+1 (7) 10+2 -48+2 7+1 -59+3 8+1
(7) (12) (12) (10) | (10)
HEK Navl.6 -53+1 (10) 7+1
(10)
HEK Navl.7 -66+2 (9) 8+1 -70+3 (9) 8+1 -66+2 9+1
9) €) (12) | (12)
EndoC- | Navl.3 -61+1(10) 6+1
Bh2 (10)
EndoC- | Navl.6 -56+2(9) 7+1
Bh2 9)
EndoC- | Navl.7 -71+1(10) 6+1
Bh2 (10)
CHO Navl.3 | -50+2(13) | 7+1
(13)
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Cell a- B1- and B2- k B1- and ki B1- and k2 Bs- Bs- ki1 (33- kz | GFP i
subunit subunit Vp [2-subunit B2-subunit subunit Vi subunit subunit (mV)
(mV) Vh-1 Vh-2 (mV) Vh-1 V-2
(mV) (mV) (mV) (mV)
CHO Nayl.7 | -61+3(10) | 9+1
(10)
aTC1- Nav1.3 -59+4(9) 6+
6 0.5
9)
aTC1- Navl.7 | -68+3(10) | 7+1
6 (109)

Supplementary Table 1- Summary of Vi and k values of wild-type and tetrodotoxin-resistant Nav channel a-subunits expressed in Ins1, HEK, EndoC-gh2,

CHO and aTC1-6 cells

Values represent mean + SEM of indicated number of cells (n). Note that Nav1.3, Nav1.6 and Navl.7 refer to the tetrodotoxin-resistant form of the channel. Vu
represents membrane potential at which inactivation is half-maximal in cells with monophasic inactivation and k represents the slope factor. In cells with biphasic
inactivation, Vh-1 and Vh-2 represent the membrane potential at which inactivation is half-maximal for the current components inactivating at negative and positive

membrane potentials, respectively. ki and kz, represent the respective slope factors for the currents inactivating with Vn-1 and Vu-2.
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Cell a-subunit B1- and B- k (33- subunit Vos k GFP Vos (mV) k
subunit Vos (mV) (mV)

Ins1 Nav1.3 -12+1 (31) 8+1 (31) -14+2 (6) 6+1 (6)

Insl Nav1.5 -35+2 (4) 8+1 (4)

Ins1 Nav1.6 -16+1 (18) 7+1 (18) -16+1 (13) 7+1 (13)

Ins1 Nav1.7 -13+1 (39) 8+1(39) -8+1 (5) 6+1 (5)

HEK Nav1.3 WT -18+1 (5) 5+1 (5)

HEK Nav1.5 WT -35+1 (6) 8+1 (6)

HEK Navl.6 WT -9+1 (5) 8+1 (5)

HEK Navl.7 WT -13+1 (7) 7+1 (7)

HEK Nav1.3 -14+1 (7) 7+1 (7) -8+2 (11) 7+1 (11) -14+2 (9) 9+1 (9)

HEK Navl.6 -5+1 (9) 9+1 (9)

HEK Nav1.7 -12+1 (9) 8+1 (9) -17+3 (6) 7+1 (6) -10+1 (11) 8+1 (11)
EndoC-h2 Navl.3 -17+1 (7) 6+1 (7)
EndoC-Bh2 Navl.6 -16+2 (8) 6+1 (8)
EndoC-Bh2 Nav1.7 -17+2 (9) 7+2 (9)

CHO Nav1.3 -2+1 (12) 7+1 (12)

CHO Nav1.7 -6+1 (7) 5+1 (7)

aTC1-6 Nav1.3 -16+2 (7) 5+1 (7)
aTC1-6 Nav1.7 -9+2 (3) 8+1 (3)

Supplementary Table 2- Summary of Vo5 and k values of wild-type and tetrodotoxin-resistant Nav channel a-subunits expressed in Ins1, HEK, EndoC-Bh2,

CHO and aTC1-6 cells

Values represent mean + SEM of indicated number of cells (n). Note that Nav1.3, Nav1.6 and Nav1.7 refer to the tetrodotoxin-resistant form of the channel. Vos

represents membrane potential at which activation is half-maximal.



Cell a-subunit | Treatment | Endogenous k Endogenous k1 Endogenous k2
condition | B-subunit Vu (3-subunit -subunit
(mV) h-1 V-2
(mV) (mV)
Ins1 | Endogenous | Bs-subunit | -81+2 (11) | 11+1 | -81+1 (11) 9+1 -43+3 (11) 6+2
Nay siRNA 11) (11) (11)
channels control
Ins1 | Endogenous | Bs-subunit | -82+3 (9) 10+1 | -83+2(17) | 10+1 | -47+2(17) 6+1
Nav siRNA
channels
Ins1 Nav1.7
Control
Ins1 | N-terminal
domain
Ins1 L1L2
Ins1 L3
Ins1 | C-terminal
domain
HEK Nav1.7
Control
HEK | N-terminal
domain
HEK L1L2
HEK L3
HEK | C-terminal
domain

165

B1- and
Ba-

subunit

Vh (mV)

B1- and
Bo-
subunit
Vh-1

B1- and
Bo-
subunit
Vh-2




Cell a-subunit | Treatment | Endogenous k Endogenous k1 Endogenous k2
condition | B-subunit Vu [-subunit -subunit
(mV) Vh-1 Vu-2
(mV) (mV)
Ins1 | Endogenous Control -84+5 (5) 9+1 -86+5 (6) 10+1 -46+4 (6) 5+1
Nav (5) (6) (6)
channels
Ins1 | Endogenous 20uM -92+3 (8) 9+1 -89+3 (5) 10+1 -46+2 (5) 5+1
Nav BAPTA- (8) (5) (5)
channels AM
Ins1 | Endogenous Control -94+6 (2) 10+1 -94 (2) 10 -45 (2) 4(2)
Nav (2) (2)
channels
Ins1 | Endogenous | Chronic -91+2 (6) -92+2 (5) -46+2 (5)
Nav 10nM
channels PMA
Ins1 Nav1.7 Control
Ins1 Nav1.7 Acute
10nMPMA
Ins1 Nav1.7 Acute
100M
BIM23056
Ins1 Navl1.7 Control -106 (1)
Ins1 Nav1.7 100uM -99 (2)
diazoxide
Ins1 Nav1l.7 Control
Ins1 Nav1.7 10uM
s961
Ins1 Nav1.7 Control
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Cell a-subunit | Treatment B1- and k
condition B2-
subunit
Vh (mV)
Ins1 Nav1.7 50uM PIP; -97+2 +
diC8 (5) (5)
Ins1 Nav1.7 Control -98+3 11+2
(7 (1)
Ins1 Navl.7 50uM -98+1 8+1
Neomycin (7) (7)
HEK Nav1.7 Control -57+42 7+1
(8)
HEK Nav1.7 50uM PIP; -59+1
diC8
Ins1 | Endogenous | Chronic -70 +3 (16) + -80 +4 (6) + -41 +3 (6) +
Nav 5mM (16) (6) (6)
channels glucose
Ins1 | Endogenous | Chronic -74+2(13) | 9+1 -73+5(9) 9+1 -43 +4 (9) 5+1
Nay 11mM (13) 9 9)
channels glucose
Ins1 | Endogenous Chronic -72+4(7) 9+1 -78+2(11) | 1141 | -39+2(11) 5+1
Nay 25mM (7) (11) (11)
channels glucose
Ins1 Nav1.3 0.2mM 95+2 (3) + -100 (2)
CoCl; (3)
Ins1 Nav1.3 2mM -79+46 9+1 -87+2 9+1 -55+2 7+1
CoClz (8) (8) (26) (26) (26) (26)
Ins1 Nav1.3 10mM -66+2 7+1 -73(2) 10 -37(2) | 5(2)
CoClz (6) (6)
HEK Nav1.3 0.2mM -55+2 8+1
CoClz (6) (6)
HEK Nav1.3 2mM -47+2 8+1
CoClz (6) (6)
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Cell a-subunit | Treatment | Endogenous Endogenous k1 Endogenous k2 B1- and k B1- and k1 B1- and k2
condition | B-subunit V4 -subunit B-subunit [32- B2- B2-
(mV) V-1 Vh-2 subunit subunit subunit
(mV) (mV) Vi (mV) Vh-1 Vh-2
(mV) (mV)
HEK Navl.3 10mM -28+2 7+1
CoClz (6) (6)

Supplementary Table 3- Summary of Vhand k values of endogenous, Nav1.3 and/or Nav1.7 currents for the indicated treatment conditions in Ins1 and HEK

cells

Values represent mean + SEM of indicated number of cells (n). Vi represents membrane potential at which inactivation is half-maximal in cells with monophasic

inactivation and k represents the slope factor. In cells with biphasic inactivation, Vh-1 and Vh-2 represent the membrane potential at which inactivation is half-maximal

for the current components inactivating at negative and positive membrane potentials, respectively. k: and kz, represent the respective slope factors for the currents

inactivating with Vu-1 and Vi-2.
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