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Abstract

Since its development on the cusp of the new
millennium, automated patch clamp (APC)
technology has matured over the last two
decades. The increased throughput it afforded
promised a new paradigm in ion channel
recordings: It offered the potential to over-
come the time-consuming, low-throughput
bottleneck arising from manual patch clamp
(MPC) investigations. This chapter highlights
the advances in technology, showing how
APC platforms have ‘democratised’ ion chan-
nel recordings, lowering the technical bar
whilst substantially raising throughput. It will
describe the background of the seminal first-
generation and updates on advances in second-
generation platforms. Furthermore, the chapter
summarises the advances APC has made in ion
channel studies, including finding new tool
compounds and medicines. New functionality
and applications on APC platforms give ion
channel researchers flexible tools to study ion
channels with high quality and high
throughput.
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Abbreviations

APC Automated patch clamp

CHO Chinese hamster ovary

CRO Contract research organisation
d.p. Data points

HEK293 Human embryonic kidney 293
hERG Human ether-a-go-go-related gene
HTS High throughput screen

MPC Manual patch clamp

MTS Medium throughput screen
2.1 Introduction

The biggest advances in recording ion channel
currents occurred in the 1970-1980s, a decade
in which the godfathers of electrophysiology
formalized the methods and recording hardware
that allowed measurement of ion currents from
single cells via a technique dubbed whole-cell
patch clamp [1, 2], subsequently referred to as
manual patch clamp (MPC). MPC has maintained
its place in the electrophysiologists’ armoury and
continues to contribute to our understanding of
ion channels but does have downsides. It requires
substantial technical training and teaching
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resources to become competent, a growing prob-
lem in the competitive and time-starved modern-
day academia [3]. As an highly labour-intensive
and very low-throughput technique (~10-30 data
points, d.p./day, where a d.p. is defined as a
current recording under different test conditions
e.g. a four-point consecutive drug concentration
response would be five d.p., a control current,
plus four drug concentration tested currents),
MPC is not an efficient method and thus
hamstrings ion channel research and drug
development.

Since 1999, automated patch clamp (APC)
technologies were developed to make ion channel
recordings easier and more efficient by lowering
the technical requirements whilst increasing
throughput (for reviews on the early
developments of APC technology see [4-7]).
The main breakthrough in making ion channel
recordings easier and faster was planar patch
clamp: whilst MPC used a microscope and micro-
manipulator to locate and place a recording glass
electrode pipette on an adherent cell, APC used
robots to apply suspensions of ion channel
expressing cells onto planar arrays of recording
sites (or planar recording chips; see [8]) — see
Fig. 2.1. In APC, a combination of gravity and
negative pressure enables high electrical resis-
tance seals (100 s MQ — several GQ) to form
between the cell membrane and the recording
site hole.

This chapter will discuss a number of APC
platforms, describing key developments that
have deepened our understanding of ion channels
and advanced our ability to discover novel ion
channel therapeutics.

2.2  APC Platforms: Key
Developments Over Two

Decades

Developments of APC technologies have grown
apace since the first Apatchi-1 (Sophion Biosci-
ence) and AutoPatch (CeNes/Xention) were made
in 1999 — see Fig. 2.2. In brief, the initial
technologies in APC developments used three
main types of recording:
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1. A robotic visualisation and movement of
recording electrode to an adherent cell, essen-
tially replicating what a researcher would do
in MPC;

2. Inverted pipettes that were ‘backfilled with cell
suspensions’, allowing trapping and sealing of
a single cell in the pipette tip; and

3. Planar patch clamp where robotics applies a
cell suspension to a planar array of recording
sites.

After these initial format developments, the
planar patch clamp quickly evolved to be the
clear winner. Planar arrays of recording sites, or
planar recording chips, gave the simplest and
most consistent method of robotic cell application
and sealing and vastly increased the recording
capacity of APC by as much as >100-fold over
MPC. In gaining the highest throughput capabil-
ity of thousands of d.p./day, compromises were
made; these compromises, it is argued, may have
reduced the early adoption of the technology. One
such compromise was that the early APC
platforms used a ‘loose-seal’ (typically
~100 MQ) configuration, which differed from
the more accurate and giga-ohm (GQ2) seals rou-
tinely attained in MPC recordings [1]. The
PatchXpress compromised on having lower
throughput (limited to 16 simultaneous
recordings) but was the first APC with the ability
to achieve the favoured, accurate GQ seal forma-
tion. Another compromise that allowed higher
throughput platforms to achieve GQ seals was
the use of ‘seal enhancer’ in recording solutions
(e.g. PatchLiner [10] and the SyncroPatch96 [11],
Nanion). The high Ca** content of this ‘seal
enchancer’ (e.g. 40 mM) has an impact on
recordings that are sensitive and/or modulated
by Ca®*. The need to use such high divalent ion
‘seal enhancer’ supplements has been reduced
over time, with developments in cell lines, cultur-
ing and understanding of the chemistry of glass/
lipid interactions. Finally, the fixed well format
used on a number of platforms (see Table 2.1) can
also cause problems: the lack of wash through of
cells or test compounds can have knock-on
effects to later elements of the recording
(e.g. desensitisation of ligand-gated ion channels
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Fig. 2.1 Manual and automated patch clamp
methodologies. (a) (Left panel) Manual patch clamp
(MPC) involves the use of a glass pipette, filled with an
internal recording buffer, containing a silver-chloride elec-
trode in circuit with a patch clamp amplifier. Adherent
cells on coverslips are maintained in an external recording
buffer. (Right panel) Automated patch clamp (APC; also
referred to as planar patch clamp) involves the use of
recording chips with planar arrays of recording sites
(four recording sites are shown); each site contains an
internal buffer and an electrode in circuit with an amplifier.
A suspension of cells in an external buffer is applied to the
recording sites via an automated pipettor. (b) (Top panel)
To obtain recordings in MPC the glass pipette is
manoeuvred using a micro-manipulator onto an adherent
cell (‘Approach’). The glass pipette then makes contact
with the cell and then through the application of negative
pressure forms an electrical seal, in the order of GQ

due to incomplete or inefficient washout of
applied ligand). Another documented example
was that when cell suspension applications were
made to a fixed recording well: Surplus cells
(i.e. all the cells added but not sealed on the

magnitude (‘Attach’). Via the application of negative pres-
sure a hole is made in the patch of membrane patch under
the glass pipette: this allows the electrode, the recording
solution (shaded blue) in the pipette and cell to become
one compartment and electrically contiguous (‘Record’).
(Bottom panel) APC, uses cells in suspension that are
applied to planar arrays of recording sites on the recording
chip (for clarity only a single recording site is shown;
‘Approach’). Under gravity and negative pressure a GQ
electrical seal forms between cell membrane and the
recording site (‘Attach’). Further negative pressure is
applied to form a hole in the cell membrane to give the
whole cell configuration, whereby the electrode and inter-
nal recording solution (shaded blue) situated beneath the
recording site are made electrically contiguous with the
cytosol (‘Record’). Adapted from Perkel et al. [8] and Bell
and Dallas [9]

recording site or sites of a recording well) acted
as ‘lipid sinks’, whereby lipophilic compounds
(e.g. terfenadine) were absorbed into the surplus
cell lipid membranes. This lipid absorption
lowered the free concentration of the compounds
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and resulted in lower potencies being measured example, [onWorks, the first 384-recording capa-
for these lipophilic compounds [12]. ble APC platform, only allowed two compound

A number of reviews describe the key additions, whilst its improved, later sibling, the
developments between the first and the second IonWorks Barracuda, had multiple additions by
generation of APC platforms [9, 13— wusing an add-dilute-remove solution addition
15]. Table 2.1 summarises the main capabilities cycle [16, 17]. Further improvements in fluidics
of the second generation of APC platforms. For followed in other platforms, Nanion’s

Table 2.1 A comparison of key features of the second generation of APC platforms (2013 onwards)

TonWorks Qube TonFlux QPatch II SyncroPatch
Barracuda (Sophion, HT/Mercury/Ultra | (Sophion, 384PE/384i
Feature (MDC, USA) Denmark) (Fluxion, USA) Denmark) (Nanion, Germany)
Recording sites 384 384 16/64/256 48 384 (768) (+2nd
module)
Throughput (d.p./day) |~8 k ~16 k ~1.5k/5 kK/18 k ~3-5k ~18 k (36 k)
Substrate Planar, plastic Planar, Lateral, PDMS Planar, Planar, glass
polymer silicon/glass
Seal resistances ~100-300 MQ | >1 GQ >1 GQ >1GQ >1 GQ
Amplifier No Yes Yes Yes Yes
compensation
Internal perfusion No Yes (offline) | No No Yes (online)
External Format | Fixed well Microfluidics | Microfluidics Microfluidics | Fixed well
solution Cycle | Add-dilute- Add- Continuous Add- Add-dilute-remove
exchange remove displace- displace-
replace replace
Current clamp No Yes Yes Yes Yes
Temperature control | No Yes — BoN Yes — ambient Yes - BoN Yes - ambient

d.p./day data points per day, PDMS poly-dimethyl-siloxane, BoN bed-of-nails. Copied with permission from Bell &
Fermini, J. Pharm. Tox. Methods, 2021
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SyncroPatch 384 PatchEngine (384PE) and 384i
[15, 18], use low-volume pipettor additions and
recording site wells, whilst Sophion’s QPatch II
[19], Qube [20, 21] and Fluxion’s HT, Mercury
and Ultra platforms all have planar patch clamp
recording plates with built-in micro-fluidics
channels allowing low-volume, efficient and
rapid exchange of solutions into and through the
cell recording sites. The second-generation APC
platforms maintain high throughput whilst
achieving high-quality GQ seals. With the excep-
tion of the lonWorks Barracuda, all of the second-
generation APC platforms have current-clamp
and temperature control modes, adding further
functionality. Finally, developments made from
first to second generation have seen the estimated
cost per d.p. fall some 3- to 10-fold [9].

2.3  Early APC Adoption: lon

Channels in Drug Discovery

With such automation and vastly increased
throughput, a clear application was in drug dis-
covery safety pharmacology. To this end, cardiac
ion channel safety testing researchers were early
adopters and advanced the assay capabilities of
APC platforms. For example, in some of the
earliest APC screening campaigns, drug libraries
were tested against the hERG (Kv11.1) ion chan-
nel using lonWorks HT [22, 23]. More recently, a
wide range of industry and academic cardiac
safety researchers have worked together to define
a standardized hERG liability definition
[24]. Although much of the focus of cardiac
safety APC assays has been on the chemotype
promiscuous hERG channel, other critical cardiac
sodium, potassium, and calcium ion channel
currents have seen increasing attention using
these platforms [25-28]. This work has
culminated in a broader scope of cardiac safety
pharmacology: The comprehensive in vitro
pro-arrhythmia assay (CiPA) is a strategy aimed
at standardising assays on key cardiac ionic
currents (Ixy, Ixs» Ix1, INaFasts INaLate» IcaL), ACTOSS
different labs and various APC platform
assays [29].

Alongside the early adoption in cardiac safety
pharmacology, an early application of APC tech-
nology was the secondary screening of high-
throughput primary screening, checking that
‘hits’ arising in the primary screen were actually
modulating the ion channel target and not an
artefactual response observed in the primary
screen (e.g. fluorescent screens can give false
positive hits due to compound auto-fluorescence).
After using a large, first (primary) fluorescence-
based HTS, drug discovery researchers might
follow-up with a secondary, smaller medium-
throughput screen (MTS) to validate the primary
HTS compound ‘hits’ (e.g. [30]); [7], provide a
good summary of such a screening cascade). A
number of drug discovery ion channel
programmes have followed this screening cas-
cade format, with APC routinely used to deter-
mine and verify compound activity in a ‘hit’
focused, limited secondary screen: for example,
HCN channels [31]; Nav channels [32-35], Cav3
(T-type) calcium channels [36] and Cav2
(N-type) calcium channels [37].

However, more recently, the high-throughput
and high-quality recordings afforded by the sec-
ond generation of APC (see Table 2.1) have given
drug discovery researchers the tools to make
APC-driven HTS possible earlier in the cascade.
A screening model being adopted is that the HTS
primary and hit-validation secondary screens are
being combined into a single mid-to-high
throughput screen with the rationale that the
improved, data-rich read-out of APC gives stron-
ger, more robust data earlier. One such single
APC 158 k compound screen was made by
Chambers et al. [20] in a drug discovery
programme versus the Navl.7 ion channel, a
chronic pain target, using the Qube. Along these
lines, Danahay et al. [38] adopted a mixed
fluorescence-based assay and mid-throughput
QPatch APC screening model, running the two
assay formats in parallel to find compounds that
potentiated TMEM16A chloride currents for the
development to treat cystic fibrosis [38]. In these
APC screens. the traditional primary and second-
ary screens are driven by a single APC HTS
screen, making ion channel drug discovery faster,
more efficient and consequently cheaper.



26

24  APC: Advancing lon Channel
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Apart from the higher throughput and lowered
user technical hurdles, the most obvious advan-
tage that APC brings is in the name: automation.
Unlike MPC, APC allows full walk-away record-
ing capability: Most APC platforms have fully
automated cell preparation (onboard centrifuga-
tion of cell suspensions and resuspension in exter-
nal recording solution); membrane seal and whole
cell formation; and voltage (or current) clamp and
test/drug solution exchange protocols. Conse-
quently, as long as sufficient cell suspension vol-
ume, solutions, recording and compound plates
(both often queued in automated elevator stacks)
are provided, several hours (e.g. overnight) of
unattended recordings are readily achievable.
Add to this the capability that the second-
generation APC platforms (see Table 2.1) all
have remote access and control which allows
monitoring of experimental progress, writing
and execution of voltage and test solution appli-
cation protocols and analysis of completed exper-
imental data. With the growing trend of working
remotely — accelerated by the Covid-19
pandemic — such remote access and control of
APC platforms will become increasingly advan-
tageous and routinely adopted in ion channel labs.

Earlier, when describing the development of
the first generation of APC platforms, the
sacrifices that APC R&D adopted were defined
that allowed a broader user base by lowering the
technical ability needed to make ion channel
recordings whilst vastly increasing throughput.
However, the most efficient and widely adopted
solution, that of planar patch clamp (i.e. arrays of
recording sites in a planar recording plate), in the
design and development of APC technology
provided advantages, giving researchers addi-
tional capabilities as standard, not readily achiev-
able in MPC.

Table 2.1 summarises these additional
capabilities that APC technology allows, further
described here:
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Control of Internal Cell Solution
Dialysis or Exchange

24.1

SyncroPatch 96/384PE/384i APC platforms
allow the exchange of the internal cell solution:
On these platforms, internal solution exchange
can be performed ‘online’ during ongoing
recordings, with the experimental protocol set to
exchange the internal solution, i.e. allowing con-
tinuous recording throughout and following
exchange. Using the Patchliner and Qube, the
internal solution can be changed ‘off-line’:
recordings can be paused and internal solution
changed manually before continuing with
recordings. A number of labs have used APC
platforms to study internal solution exchange:
TREK-1 channel modulation via intracellular
pH was demonstrated using the 384PE [39];
direct PIP2 modulation of human EAG channels
was shown on the Patchliner [40]; activation of
TRPCS or TMEMI16A channels was shown on
the SyncroPatch 384PE via Ca®* containing inter-
nal solutions [41].

In MPC recordings, the internal solution
exchange is limited to the internal pipette solution
dialyzing the intracellular environment: Conse-
quently, the timing of cell dialysis is diffusion
dependent and a one-time event after achieving
whole-cell access to the recording cell.

24.2 Control of Experimental

Temperature

APC platforms use two formats to control experi-
mental temperature (see Table 2.1):

(a) control by the ambient environment,
whereby the platform cabinet temperature
and/or recording solutions can be heated or
cooled [e.g. TRPV1 and TPRV3 studies on
the Patchliner platform [11, 42].

(b) control by bed-of-nails (BoN; an array of
amplifier electrode connectors), whereby
temperature measured at the BoN controls
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the recording site temperature by heating/
cooling fluid that flows via tubes that snake
in and out of the BoN. This format takes into
account the significant heat generated by the
BoN, which can alter the recording site tem-
perature by over +3 °C [43].

Of particular importance in ion channel, safety
testing is the biophysical and pharmacological
effects of temperature [44]. The cardiac safety
implications of temperature on compound modu-
lation of hERG (Kv11.1) ion channels have been
studied using IonFlux [45, 46]. An examination
of the effects of temperature on kinetics was
performed across 40 different Kv channels using
the Patchliner [47].

Temperature-controlled experiments though
possible on MPC would require specialised
add-on temperature control equipment.

24.3 Recording Site Fluid
Applications: Microfluidics

and Fixed-Well

The use of microfluidic channels (e.g. IonFlux
HT, Mercury and Ultra; QPatch, QPatch II and
Qube) or fixed-well formats (IonWorks Barra-
cuda, Patchliner, SyncroPatch PE384 and 384i;
see Table 2.1) allows expensive, limited quantity
molecules (e.g. crude venom fraction
purifications, synthesized peptides or antibodies)
to be tested in low-volume (2-20 pl) applications
[48-56].

Microfluidic channels or pipettor robot
‘stacking’ (where a liquid column ‘stacks’ differ-
ent test solutions in the pipettor to be applied
sequentially) also provide rapid external solution
exchange rates (with complete solution exchange
in 10-50 ms), fast enough to allow fast
desensitising ligand-gated ion channel recordings
[57-63].

Such perfusion is possible in MPC; however, it
requires specific add-on fast perfusion microin-
jection units.

2.4.4 Planar Patch Clamp Recording

Plates

In MPC, using a long, glass micropipette as the
recording electrode introduces mechanical noise
to the recording. Although this mechanical noise
is abrogated by the use of vibration-dampening
air tables, mechanical noise is still picked up by
the glass electrode acting as a mechanical
‘antenna’. Planar patch clamp does not have this
problem, so anti-vibrational air tables are not
needed on APC platforms. Furthermore, this
reduced mechanical noise in APC is best seen in
the greater success rates for longer recordings
(>30 min) that are possible on APC
platforms [5].

24.5 Multi-Hole Patch Clamp

APC recording plates can employ more than one
recording site per recording well. With multiple
recording sites per well, multiple cells can seal
and be recorded from in a single recording well.
This multi-hole patch clamp (also known as pop-
ulation or ensemble) allows multiple whole-cell
currents to be averaged in a single recording well.
Consequently, by recording currents across mul-
tiple cells, multi-hole patch clamp gives improved
recording success rates and averages variable ion
channel expression across several cells [64, 65].

2.4.6 Pressure Control

To position, seal and attain whole-cell electrical
access on cells landing on recording sites in pla-
nar arrays, APC platforms have the ability to
control pressure at each recording site. This pres-
sure control has been extended beyond its original
role in seal and whole-cell formation to apply
different pressures to cells during recordings,
allowing pressure protocols to be applied to
mechanosensitive channels. For instance, QPatch



28

was used for cell volume and membrane stretch
pressure studies on cells expressing the
mechanosensitive BK and KCNQ channels [66].

2.4.7 Optogenetics and Optical

Stimulation

Both Sophion and Nanion have adapted their
Qube and SyncroPatch 384PE APC platforms to
have a fully integrated LED-based optogenetics
unit allowing simultaneous optical and voltage
stimulation. Using these specially modified APC
platforms, they have shown that optogenetically
modified cell lines (i.e. cell lines expressing
optically activated channelrhodopsins — for an
optogenetics review see [67]) can be simulta-
neously optically stimulated and voltage-clamped
with the resulting currents recorded [68, 69]. Addi-
tional functionality is possible with these
LED-capable APC, such as releasing caged
compounds and in light-based actuation studies
of intracellular events [68] and investigating
photoswitchable compounds in the modulation
of ion channels [69]. These LED-modified APC
platforms to date are in-house R&D proof-of-
concept platforms and as such are currently not
on the market. However, researchers interested in
using the optogenetically capable Qube 384-Opto
or SyncroPatch 384 PE should contact the
manufacturers (personal communications
Dr. Sandra Wilson, Sophion or Dr. Alison
Obergrussberger, Nanion).

Optopatch spiking HEK cells, an optogenetics
assay-ready cell line has been developed by
researchers at Harvard University [70, 71],
allowing an optogenetics approach to high-
throughput screening of Navl.7 ion channel
modulators. Recently, this optogenetics screening
cell line was used to generate data in a pilot screen
of Navl.7 blockers: these optogenetics screen
data were compared to data generated on the
IonWorks Barracuda APC (MDC) with the two
sets of data showing good correlation
[72]. Another example where optogentically
modified ion channel cell lines have been used
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to good effect in combination with APC are in
human-induced pluripotent stem cell-derived
cardiomyocytes  (Cor.4U  cells, NCardia)
expressing the light-activated channel
channelrhodopsin-2 (ChR2). Using the LED
capable SyncroPatch 384PE action potentials in
Cor.4U-ChR?2 cells can be elicited via 1 ms pulses
of blue light [69]. These examples of
optogenetically modified ion channel cell lines
provide further evidence that combining APC
with optogenetic screens and experimentation is
likely to become increasingly viable assay
formats in the future.

These advancements in APC were initially
based on what was capable in MPC recordings.
However, APC R&D has made significant
improvements in ion channel recordings, and in
many respects surpasses existing MPC
capabilities (e.g. microfluidics channels, internal
perfusion and planar patch clamp). In other
capabilities where MPC has traditionally held a
clear advantage, in recent years, APC
developments are making good progress to catch
up, allowing far higher throughput in these
capabilities typically dominated by MPC. For
instance, due to low numbers and potentially
mixed, heterogeneous populations of native cells
in acutely isolated cell preparations, ion channel
recordings on primary cells have often been chal-
lenging on APC platforms. However, there are
now several labs that have successfully employed
APC to make recordings on primary cells [5], and
specific examples include pancreatic cells [73],
T-cells [74, 75], red blood cells [76] and cortical
neurons [77]. An area of research that better lends
itself to APC is induced pluripotent stem cells
(iPSC), which allow greater numbers and homo-
geneity of these pseudo-native cells [11, 73,
78]. A potential improvement in human iPSC
cardiomyocyte APC recordings is ‘dynamic
clamp’: In Patchliner recordings, an electronic
adjustment of the resting membrane potential is
made by adding an [g;-modelled current,
resulting in a more negative resting membrane
potential, redolent of native and mature
cardiomyocytes [25, 26, 79].
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2.5 Concluding Remarks

APC technology has made ion channel recordings
easier, faster and more efficient, widening the
potential user base for a previously technically
challenging technique. The ‘democratisation’ of
ion channel recordings by APC is arguably the
biggest advancement in our ability to study ion
channels, since Neher and Sakmann’s [80] semi-
nal publication ushered a golden era in patch
clamp techniques [1, 2, 80]. Understandably,
biotechs, pharmas and CROs were early adopters
of APC technology, but more academic labs are
accessing and adopting the technology via
collaborations, consortia and shared, core
facilities. For example, a recent publication
highlights the democratizing advantages of APC
(fostering collaborations, higher throughput,
lower technical hurdles and rapid advancement
of the field): in a collaboration between
Washington University and Genentech, Wandi
Zhu, a summer internship student, completed an
impressively thorough biophysical and pharma-
cological analysis of 39 compounds against the
bacterial NaChBac and human Navl.7 ion
channels [81].

With APC technology becoming common-
place, the future of ion channel research looks to
be in fine fettle. Indeed, this APC-enabled explo-
sion in ion channel research is likely to lead to
significant breakthroughs in our understanding of
ion channel physiology and pathophysiology. For
instance, the improved capabilities provide the
potential for greater definition of selected patient
cohorts, channelopathies and rare diseases, giving
more scope to treat individuals with increasingly
personalised (or stratified) medicinal regimes. For
instance, the application of APC allowed
researchers to test gain or loss of function
mutations in Nav and Cav channels — these
mutant channel data will inform potential future
precision medicine treatments in patients carrying
these channelopathies [82]. Consequently, on the
back of this accelerated research, ion channel
treatments will be found helping patients across
a wide range of diseases, and the first blockbuster
drug is imminent.
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