
Despite billions of dollars of research spend,
the pharmaceuticals industry has been
unable to replicate the early success of com-

pounds such as the calcium antagonists, sulphony-
lureas and local anaesthetics. Indeed, since the
approval of Posicor (mibefradil) in 1997, and its sub-
sequent withdrawal, a paucity of ion channel thera-
peutics have been approved by the US Food and
Drug Administration (FDA). Despite this poor suc-
cess the pharmaceutical industry continues to invest
vast resources in ion channel research. This research
targets many different therapeutic indications with a
combined market value of more than $24 billion and
also provides a key filter in safety pharmacology. In
addition to the fully integrated pharmaceutical com-
panies, a number of biotechnology companies are
also active in this field (see Table 1).

In light of the significant historical success of ion
channel therapeutics, that were largely identified
prior to the genomic bubble of the early 1990s, the
global scientific community has generated huge
quantities of biological data in relation to ion

channels as therapeutic targets. Indeed 400+ ion
channel genes have been identified. The potential
validation of these as drug targets provides an
enormous market opportunity for the re-emer-
gence of ion channels as key targets in drug dis-
covery. However, to realise the potential of this tar-
get class, an understanding of the validation of
these targets as well as development of suitable
screening technologies that reflect the complexity
of ion channel structure and function remain key
drivers for exploitation of this opportunity. 

Ion channel therapeutics
A history of success
Historically, drugs targeting ion channels have
been well represented as important therapeutics
for a number of key indications including cardio-
vascular disorders such as angina, hypertension
and cardiac arrhythmias; metabolic disorders such
as type II diabetes; and neurological disorders
such as pain and stroke; in addition to their use as
local anaesthetics. 
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ION CHANNEL
DRUG TARGETS
unlocking the potential
A striking number of drugs targeting ion channels have reached blockbuster
status, generating $ billion revenues. In spite of the historical success of ion
channels as therapeutic targets and the considerable investment in this target
class by the industry, not a single novel, small molecule ion channel drug has
been approved by the FDA in the past 10 years.This article will provide an
overview of the current status of ion channel drug discovery and the
technologies currently available to the industry for undertaking ion channel
R&D programmes. In addition, this review will highlight emerging discovery
approaches to this valuable target class that may initiate a paradigm shift in ion
channel drug discovery.
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A number of these ion channel drugs have
reached blockbuster status such as Pfizer’s calcium
channel blocker Norvasc® (amlodipine besylate).
Indeed, the L-type calcium channel as a target for
antihypertensive and/or anti-anginal therapies has
been the subject of intense interest which is direct-
ly reflected in the number of calcium channel
antagonists that have been approved by the FDA.
These can be broadly divided into three distinct
classes: the dihydropyridine calcium channel
blockers (eg, Plendil®, AstraZeneca; Norvasc®,
Pfizer; and Adalat®, Bayer), the phenylalkylamine
calcium channel blockers (eg, Calan®, Pfizer;
Verelan®, Elan) and the benzothiazepine calcium
channel blockers (eg, Cardizem®, Aventis/Biovail;
Tiazac®, Forest Laboratories). Calcium channel
antagonists still form a significant proportion of
the global cardiovascular market and as a target
class, despite the expiry of key patents currently
generate ~$6.5 billion in annual sales.

Anti-epileptic drugs (AEDs) also include a signif-
icant number of blockers of sodium ion channels
such as Novartis’ Tegretol® (carbamazepine) indi-
cated for control of partial seizures. The 1990s saw
the introduction of newer ion channel AEDs such
as Ortho-McNeil Pharmaceuticals’ Topamax®
(topiramate), a sodium channel blocker which
received FDA approval in 1997 as an adjunctive
therapy for control of partial onset seizures. More
recently in 2005, Topamax® also received FDA
approval as initial monotherapy in people aged
>10 with partial onset or primary generalised
tonic-clonic seizures. Lamotrigine (marketed as
Lamictal® by GlaxoSmithKline) a different sodi-
um channel blocker, is also currently used in the

treatment of partial seizures, primary and second-
ary tonic-clonic seizures, and seizures associated
with Lennox-Gastaut syndrome. 

An ion channel blocker with an entirely novel
mode of action, Pfizer’s Neurontin® (gabapentin),
was approved by the FDA in 1993 for adjunctive
therapy in the treatment of partial seizures in
adults and paediatric patients. Gabapentin is a
compound that was originally designed as a GABA
mimetic, however, it has since been shown that
gabapentin may exert its efficacy through a novel
mechanism of action; through binding to an acces-
sory protein of a calcium channel (see below for
further details). Gabapentin has also more recently
(2002) been approved for pain management of
postherpetic neuralgia in adults. However, off-
label use of gabapentin for indications such as
panic disorder, migraine prophylaxis, social pho-
bia, mania, bipolar disorder and alcohol with-
drawal may have also significantly contributed to
the commercial success of this drug1-3.

In addition to L-type calcium channels and volt-
age-gated sodium channels, ATP-regulated potassi-
um channels have also received focus as key ion
channel therapeutic targets for the treatment of
type II diabetes4. The sulphonylurea potassium
channel blockers exemplify this success. These
include Aventis’s Amaryl® (glimepiride), which
binds to sulphonylurea receptor-1. This receptor
forms a multimeric complex with the Kir6.2 potas-
sium channel on pancreatic beta cells that regulate
insulin release.

Ligand-activated anion channels such as the
GABAA-receptor chloride channel complex have
also been successfully targeted for the treatment of
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COMPANY LOCATION WEBSITE

Cardiome Pharma Corp Vancouver, BC, Canada www.cardiome.com

Icagen, Inc Durham, NC, USA www.icagen.com

Lectus Therapeutics Ltd Cambridge, UK www.lectustherapeutics.com

Neurion Pharmaceuticals, Inc Pasadena, CA, USA www.neurionpharma.com

NeuroMed Pharmaceuticals, Inc Vancouver, BC, Canada www.neuronmed.com

NeuroSearch A/S Ballerup, Denmark www.neurosearch.com

Newron Pharmaceuticals SpA Milan, Italy www.newron.com

Xention Discovery Ltd Cambridge, UK www.xention.com

Table 1: Ion channel focused biotechnology companies
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Insomnia. In 1999, Wyeth received approval of
Sonata® (zaleplon), for short-term treatment (7-10
days) of insomnia in adults.

Thus, the pharmaceutical industry has success-
fully developed a wealth of therapeutics targeted at
selected calcium, potassium, sodium and chloride
channel targets. Given the number of genes identi-
fied in the human genome project it would appear
that there remains a significant pool of unexploit-
ed space within the ion channel field for this clear-
ly pharmacologically tractable target class. 

Recent developments
Given the historical success of targeting ion chan-
nels in drug discovery, the development of new
screening technologies and a greater understanding
of the genetics, structure and function of ion chan-
nels, expectations of ion channel drugs have
remained high. It is therefore interesting to note
that since 1997, the number of entirely ion channel
drugs approved by the FDA has been limited.
However, in this period, discounting new formula-
tion and incremental improvements to existing
therapies, there have been a few notable develop-
ments that expand the diversity of clinically vali-
dated therapeutic ion channel targets.

Recent approvals include Prialt® (ziconotide)
from Elan Corporation in 2004. Prialt® is a syn-
thetic equivalent of a naturally occurring
conopeptide found in a marine snail known as
Conus magus, which selectively blocks N-type cal-
cium channels on sensory neurones. This drug is
administered intrathecally via a surgically
implanted catheter, and is indicated for the man-
agement of severe chronic pain in patients for
whom intrathecal therapy is warranted, and who
are intolerant of or refractory to other treatment,
such as systemic analgesics, adjunctive therapies
or intratheal morphine. Prialt® represents devel-
opment of the first clinically approved N-type cal-
cium channel blocker and provides a clinical
exemplification of a new mechanistic approach
for this target for the treatment of serve pain syn-
dromes. However, given the limitations afforded
by a peptide-based drug and intrathecal adminis-
tration, significant opportunities for the next-gen-
eration of orally available small molecule N-type
calcium channel blockers exist. Indeed these
opportunities can be can be further exemplified by
the recent research and in-licensing deal signed
between Neuromed, Inc and Merck which
includes Neuromed’s lead drug candidate,
NMED-160, an N-type calcium channel blocker
which is in midstage testing for chronic pain.
Under the terms of the agreement, Merck has

made an initial payment of $25 million to
Neuromed and will pay an additional $450 mil-
lion in milestone payments based on the success of
its experimental products for pain and other neu-
rological disorders. Thus considerable commercial
opportunities exist for the novel modulators of ion
channels in areas of unmet medical need. 

In a further significant advancement in ion chan-
nel drug discovery, FDA approval has also been
given for the first therapeutic use of a selective
chloride channel activator (non-ligand gated chlo-
ride channel). Anionic channels, which appear rel-
atively underexploited compared with their cation-
ic channel counterparts are emerging as key thera-
peutic targets as their role in physiological and
pathophysiological functions advances5. In early
2006, Sucampo Pharmaceuticals, Inc announced
that the FDA had approved the new drug applica-
tion for AMITIZA™ (lubiprostone), a CLC-2
chloride channel activator capsules, for chronic
idiopathic constipation in adults.

An example of an ion channel drug which exerts
its effects through a novel mechanism of action
(through binding to ion channel accessory proteins)
Pfizer’s Neurontin® (gabapentin), lost its product
exclusivity in mid-2005. Consequently, Pfizer intro-
duced Lyrica® (pregabalin), an analogue of
gabapentin, which gained FDA approval in late 2004
for use in neuropathic pain associated with diabetic
peripheral neuropathy and postherpetic neuralgia;
making it the first FDA-approved treatment for both
of these neuropathic pain states and further exempli-
fying the role of calcium channels as important ther-
apeutic targets in neuropathic pain states.

Additional recent developments have also seen
Novartis receive FDA approval in 2001 for its oral
therapeutic agent Starlix® (nateglinide) for the
management of type II diabetes. Nateglinide is a
non-sulphonylurea ATP-regulated potassium chan-
nel blocker.

Noticeably, since 2000, only Prialt® and
Amitiza™ address ‘new’ ion channel targets indi-
cating perhaps an underlying difficulty in progress-
ing ion channel modulators though development
and on to the market and also highlighting a void
of new ion channel drugs.

Ion channel discovery
Multimeric ion channel complexes as 
therapeutic targets
Ion channels are a complex scaffold of multimeric
proteins which display differential cellular and tis-
sue specific expression patterns. The core mem-
brane spanning domains of ion channels form the
channel ‘pore’. These pore-forming domains
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(PFDs) control the flow of sodium, calcium, potas-
sium or chloride ions in response to a number of
stimuli such as voltage, ligand binding and pH
which subsequently regulate the conformational
state of ion channels (eg, open state, closed state
and inactivated state)6.
Ion channel screening
Electrophysiology is the ‘gold standard’ methodol-
ogy for ion channels research, which allows
detailed kinetic and pharmacological analysis of
potential drug molecules in real time. This infor-
mation is of critical importance in attempts to opti-
mise compounds as they progress though the hit to
lead stages of a drug discovery programme.
However, the key limitation of classical resource-
intensive electrophysiology is throughput. To
address these limitations, a number of high-
throughput assays have been developed for ion
channel screening. These include radioactive flux
assays and also non-radioactive flux assays such as
atomic absorption spectroscopy, fluorescence
assays and colorimetric assays. This area has been
reviewed recently6,7 and provides key tools for
screening large compound collections in hit identi-
fication programmes. However, such methodolo-
gies possess some limitations associated with phys-
iological correlation and temporal resolution6,7

which are central to driving medicinal chemistry
programmes though the hit to lead process.

More recently, advances in high-throughput elec-
trophysiological techniques have been introduced
which go some way to circumventing these prob-
lems. Key providers of currently available high-

throughput electrophysiology systems are sum-
marised in Table 2. Nanion Technologies GmbH
has successfully established its entry level device for
automated patch clamp, the NPC©-1 port-a-patch©,
and is now launching its second generation instru-
mentation, the NPC©-16 patchliner©. The patchlin-
er© is a robotic multi-channel patch clamp worksta-
tion for high quality cellular electrophysiology with
increased throughput capabilities. Nanion claims
good success with gigaseal formation (60-80%).
Molecular Devices Corp has incorporated popula-
tion patch clamp technology™ in its IonWorks®
Quattro™. This uses multiple recording sites within
each well to improve success rate and thus reduce
the need for sampling in quadruplicate which was a
requirement for its original IonWorks® HT. Seal
resistances are still only in the order of a hundred
megaohm at best, however, and one group from
Glaxosmithkline reported that the seal resistance
using population patch clamp technology™ was
actually worse than that for the single hole system in
its studies of KCNQ2/3 activators8. The technology
clearly is now able to provide a greater degree of
quantification and reproducibility than with the ear-
lier high-throughput electrophysiology systems but
it is still the case that the methodology is best suited
at present to screening strategies based around
cloned ion channel targets expressed in cell lines
rather than study of native cell systems.

Given the limitations of these systems for use
with native cells, compared with cell-lines or
cloned ion channels expressed in cell systems, the
issues of physiological relevance need to be clearly
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Table 2: Key high-throughput electrophysiology providers

INSTRUMENT SUPPLIER WEBSITE

CytoPatch™ Automat Cytocentrics AG www.cytocentrics.com

Dynaflow 16 Cellectricon AB www.cellectricon.com

Flyscreen® 8500 Flyion GmbH www.flyion.com

Ion Works® HT Molecular Devices Corp www.moleculardevices.com

IonWorks® Quattro™ Molecular Devices Corp www.moleculardevices.com

OpusExpress® 6000A Molecular Devices Corp www.moleculardevices.com

PatchExpress® 7000A Molecular Devices Corp www.moleculardevices.com

NPC-1 Port-a-Patch Nanion Technologies GmbH www.nanion.de

QPatch 16 Sophion Bioscience A/S www.sophion.dk
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understood. Cloning efforts have identified a
diverse range of ion channels with further diversity
being apparent as a consequence of alternative
spicing of gene products and/or heteromeric assem-
bly. Such genetic variation occurs both with the
principal pore-forming subunits and their accesso-
ry proteins. Despite this diversity, it has been pos-
sible to use molecular correlates of native channels
to identify compounds that bind to the pore-form-
ing domains of ion channels. Compounds identi-
fied using such models have been shown to retain
predictable activity in native tissues and, as such,
high-throughput screening utilising these technolo-
gies offers a significant opportunity. However, to
identify compounds that interact at modulatory
sites of ion channels, or their accessory proteins, an
enhanced temporal resolution of channel kinetics
and a good understanding of their molecular phys-
iology in native tissues is required. The develop-
ment of new screening strategies for the identifica-
tion of ion channel modulators therefore requires
development of a strategy for understanding the
selectivity of potential ion channel drugs across
related target channels. This strategy must encap-
sulate (i) an understanding of the mode of com-
pound binding to ion channels (open state, closed
state, inactivated state); and (ii) an understanding
of the physiological correlation between the com-
position of ion channel protein-complexes and
their cytoplasmic signalling pathways in the
desired target tissue.

Such factors are particularly important to
achieve channel-specific or sub-type selective mod-
ulators when working with ion channels that pos-
sess a high degree of homology between pore-
forming domains. The homologous nature of pore-
forming domains of ion channels9 – the region
which retains the binding site for many ion chan-
nel blockers10 – is perhaps one of the key hurdles
that has contributed to the recent failings in dis-
covery of selective ion channel drugs (see Figure 1).
As a consequence of this, alternative mechanisms
for modulating ion channel function are being
exploited in order to increase the subtype selectivi-
ty of potential ion channel drugs.

Emerging screening strategies – ion
channel accessory protein drug
discovery
Given the paucity of new drugs arising from tar-
geting of the pore-forming domain of ion channels,
strategies have been developed to consider modu-
latory sites on the ion channel complex. There is a
plethora of accessory proteins whose role is to fine
tune the total current flowing through the ion

channel and this is achieved predominantly by reg-
ulation of either the kinetics of the current or the
chaperoning of pore-forming subunits to the cell
membrane11. To illustrate this further, two exam-
ples will be considered. 

Calcium channels
Voltage-activated calcium channels are modulated
by a number of accessory proteins which include
the �2, �, �, and � subunits12. Cav� subunits mod-
ulate the biophysical characteristics of Cav cur-
rents13. The Cav� subunits of voltage-dependent
calcium channels also play an important role in
controlling the surface expression of �1 subunits in
mammalian cells by binding to a site known as the
alpha interaction domain (AID) present in the intra-
cellular linker between domains I and II of the �1
subunits13. Interestingly, trafficking of Cav�1 sub-
units is also under the control of the �2� subunit14

and this appears to be the binding site for Pfizer’s
Neurontin® (gabapentin)15.

Gabapentin was originally designed as a GABA
mimetic and found to be useful as an adjunct for par-
tial seizures. It has now been shown to have efficacy
in a wide range of disease states including posther-
petic neuralgia16 and painful diabetic neuropathy17.
Four members of the �2� subunit have been identi-
fied so far and gabapentin binds with the highest
affinity to the �2�-1 subunit18. This subunit is also
up-regulated in gabapentin-sensitive animal models
of neuropathy19.

Given the important roles accessory proteins
play in regulating ion channel function, Lectus
Therapeutics Limited (Lectus) has developed a pro-
teomics-based approach to identifying ion channel
modulators that exhibits its pharmacological
effects through such proteins. Lectus uses its LEP-
TICS® technology to immobilise folded, function-
al ion channel accessory proteins on screening sub-
strates. These are then interrogated with fluores-
cently labelled interaction domains of the pore-
forming domain of the ion channels themselves in
the presence of test compounds. LEPTICS® has
already been used to identify novel Cav channel
modulators following immobilisation of Cav‚
accessory protein subunits which were interrogat-
ed with the alpha interaction domain (AID) of the
�1 subunit of the Cav2.2 channel20. Older less effi-
cient technologies have also been used to similar
effect. Young et al21 developed a counterselection
yeast-two hybrid assay, based on the intracellular
linker between domain I and II of the �1 subunit of
Cav2.2 and the Cav�3 subunit, to detect com-
pounds that would inhibit this interaction.
Subsequently, hit compounds were also shown to
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inhibit N-type calcium channels in superior cervi-
cal ganglion (SCG) neurones and display selectivi-
ty over structurally-related sodium channels in
SCG neurones and cloned Kv1.2 and Kv2.1 potas-
sium channels expressed in mammalian cells, sug-
gestive of channel selectivity. 

The modulatory nature of compounds which act
by disrupting the interaction between the pore-
forming domain and accessory proteins may
indeed provide the basis for an enhanced selectivi-
ty profile. However the additional complexity
introduced by the protein-protein interaction
necessitates the use of native cells in conjunction
with classical electrophysiology for detailed analy-
sis of the often subtle effects mediated via ion
channel accessory proteins. 

Potassium channels
The second example is one of the most widely
studied ion channel accessory proteins, the Kv�

subunit of the delayed rectifier (Kv1.x) potassium
channels. Currents measured through the � sub-
unit Kv1.x channels show an increased rate of
inactivation when co-expressed with the Kv�1 sub-
units in Xenopus22,23. These alterations in the

kinetics of the potassium currents would appear to
be Kv�-subunit specific. For example, co-expres-
sion of either the Kv�2 or Kv�3 subunits with Kv�

pore forming domain does not alter inactivation
rates24. On this basis, Lectus, using LEPTICS®,
has immobilised Kv� accessory protein subunits on
a screening substrate and interrogated them with
different T1 domains (the corresponding Kv1.x
channel interaction sites located on the N-terminus
of the � subunit25) to identify novel inhibitors of
this interaction26.

In an alternative approach to this same target,
using a high-throughput yeast-two-hybrid screen,
Zhang et al27 have also identified small molecules
which inhibit the interaction domain between the
inactivation region of either Kv�1 subunits or the
intrinsic inactivation region of Kv1.4 channels
with a putative acceptor site located on the S4-S5
intracellular loop of the channel � subunit. 

These approaches demonstrate significant
advancement in developing alternative strategies
for modulation of ion channel function and collec-
tively offer a differentiated approach to existing
screening technologies for the identification of new
classes of ion channel modulators. 
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Figure 1: Homology of the K+ channel pore region presents a hurdle in the design of channel-specific blockers
a) Typical structure of the pore region of a voltage-gated K+ (Kv) channel elucidated by the X-ray crystal structure of
KcsA3 (Only two of the four identical subunits are shown.) The pore helices are labelled P, and the central cavity is
indicated by a red asterisk.The green triangle points to the position of the two threonine residues located at the base
of the pore helix.The side chains of these threonine residues and a few residues (red triangles) of the S6 helices face
the central cavity and are common sites of interaction with pore blockers
b) The sequence alignment of key regions near the selectivity filter and S6 domains of several Kv channels are shown.
Residues that face the central cavity of the channel are shaded in red. Blockers of Kv1.528, KCNQ129 and human ether-
a-go-go-related gene HERG30 channels have been reported to interact with these residues.The key residues of Kv1-
Kv4 channels are identical, illustrating the difficulty in discovering specific drugs for these channels. Drugs that effect
channel gating or block through alternative mechanisms, such as (i) binding to variable domains of the outer pore
region of the channel, (for example, the turret structure in part a) or (ii) binding to ion channel accessory proteins;
may lead to greater selectivity for target channels
© (2003) Macmillan Magazines Ltd. Part a) modified, with permission, from Jiang et al31
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Conclusions
Advancements in structural and molecular biology
coupled with those in screening technology should
help overcome the present hiatus in development of
novel ion channel therapeutics. Additionally, alter-
native approaches to the targeting of ion channels,
via modulation of their accessory proteins, will also
add to the repertoire of strategies available for iden-
tifying compounds differentiated from those that
have so far experienced limited success in develop-
ment. Given the current investment in this field, the
next decade has the potential to yield therapeutics
targeting ion channels in a broad range of disease
indications that remain ineffectively treated includ-
ing overactive bladder, pain, autoimmune disor-
ders, osteoporosis and COPD. DDW
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