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KCNQ potassium channels in sensory system and

neural circuits

Jing-jing WANG, Yang LI*

Key Laboratory of Receptor Research, Shanghai Institute of Materia Medical, Chinese Academy of Sciences, Shanghai 201203, China

M channels, an important regulator of neural excitability, are composed of four subunits of the Kv7 (KCNQ) K* channel family. M
channels were named as such because their activity was suppressed by stimulation of muscarinic acetylcholine receptors. These
channels are of particular interest because they are activated at the subthreshold membrane potentials. Furthermore, neural KCNQ
channels are drug targets for the treatments of epilepsy and a variety of neurological disorders, including chronic and neuropathic
pain, deafness, and mental illness. This review will update readers on the roles of KCNQ channels in the sensory system and neural
circuits as well as discuss their respective mechanisms and the implications for physiology and medicine. We will also consider future
perspectives and the development of additional pharmacological models, such as seizure, stroke, pain and mental iliness, which
work in combination with drug-design targeting of KCNQ channels. These models will hopefully deepen our understanding of KCNQ
channels and provide general therapeutic prospects of related channelopathies.
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Introduction

More than 70 potassium channel genes have been found in
human, and some of them have been shown to be associated
with diseases. One of the first neurotransmitter-regulated
channels to be identified, some 35 years ago, was the M chan-
nel. M channels are low-threshold K* channels that were orig-

inally identified in the early 1980s in frog™

and rat sympathetic
neurons. They were named as such because their activity was
inhibited through stimulation of muscarinic acetylcholine
receptors (MAChR)?. This time- and voltage-dependent cur-
rent regulates the firing rate of excitable cells after exposure
to an excitatory stimulus. M channels are now known to be
composed of subunits of the KCNQ (Kv7) K* channel family.
These channels are of particular interest in that they are acti-
vated by membrane potentials that are more negative than the
action-potential threshold. Furthermore, neural KCNQ chan-
nels are drug targets for epilepsy treatments and are potential
therapeutics that are used to treat a variety of neural disorders,
including chronic and neuropathic pain, deafness, and mental
illness.

Typically KCNQ channels consist of four subunits that
encircle a central pore, which enables the selective passage of
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potassium ions across the cell membrane. Each subunit con-
sists of six transmembrane segments (S1-56) with both N- and
C-termini on the intracellular side of the membrane. The S4
segment contains the voltage-sensor of the channel; and the
S5 and S6 segments, along with an intervening re-entrant loop
(P-loop domain), form the pore region. Four P-loops combine
to form the selectivity filter of the channel. All KCNQ channel
members have a large C-termini which may form ‘receptor-
somes’ or ‘channelosomes’™ for incorporation with multiple
signaling pathways.

Distribution and function of KCNQ channels

KCNQ genes encode a growing family of six trans-membrane
domains, which are single pore-loop, K* channel a-subunits
that have a wide range of physiological correlates. KCNQ1
(KvLTQ1) is co-assembled with the product of the KCNE1
(minimal K'-channel protein) gene in the heart to form a car-
diac-delayed rectifier-like K" current. Mutations in this channel
can cause one form of inherited long QT syndrome (LQT1)™
as well as be associated with a form of deafness, thereby indi-
cating that KCNQI1 has a role in K" recycling in the inner earll,
KCNQI1 can also co-assemble with KCNE3, and may be the
molecular correlate of the cyclic AMP-regulated K* current
that is present in colonic crypt cells. KCNQ2 and KCNQ3 have
40% homology with KCNQI1, and KCNQ2 and KCNQ3 hetero-
multimers are thought to underlie the M-current”; mutations
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in these genes may cause benign familial neonatal convulsions
57 The
KCNQ#4 gene is thought to encode the molecular correlate of

(BENC), a rare form of neonatal epilepsy in humans

Ik in outer hair cells (OHCs) of the cochlea and I, in Type I
hair cells of the vestibular apparatus'®, mutations that lead to
a form of inherited deafness. The expression of KCNQ4 in the
CNS is restricted to certain structures in the brainstem, most
notably to nuclei and tracts of the central auditory pathway
and to trigeminal ganglia®. The recently identified KCNQ4,
which is also present in sensory neurons of the DRG as well as
in the peripheral lanceolate endings and circular nerve fibers
of hair follicles and in Meissner bodies, can modulate stimu-
lus-excitation coupling!”. The KCNQ5 gene was identified in
2000, and is expressed in brain and skeletal muscle. Mutations
in these genes may cause retinopathy* ', KCNQ5 can co-
assemble with KCNQ3, which suggests that it may also have
M1 Using pre- and post-
synaptic recordings combined with immunohistochemistry,

a role in M-current heterogeneity

KCNQ5 channels with unusually negative activation voltage
were observed to be expressed in the calyx of Held, which is
the presynaptic neuron of the medial nucleus of the trapezoid
body (MNTB)". Moreover, immunocytochemistry analysis
shows that KCNQ2/3 and KCNQ5 are expressed in DRG neu-

rons™

, where they might modulate pain sensitivity.

The gating of KCNQ channels

Neural KCNQ channels control somatic excitability, bursting
and neurotransmitter release throughout the nervous system.
Their activity is regulated by multiple signaling pathways. In
superior cervical ganglion sympathetic neurons, muscarinic
M1, angiotensin II AT;, bradykinin B, and purinergic P2Y ago-
nists suppress the M current (I;). Probes of PLC activity show
that agonists of all four receptors are able to induce robust
phosphatidylinositol 4,5-bisphosphate (PIP,) hydrolysis™* ",
There are two basic types of G,/ ;;-mediated signaling mecha-
nisms in SCG neurons. The first mechanism involves the stim-
ulation of M; mACh and angiotensin II AT1 receptors and the
[16]

principally induced depletion of PIP,"”. Perhaps due to the
lack of spatial co-localization with inositol trisphosphate (IP,)
receptors, the stimulation of these receptors does not elicit
[Ca®']; increases. Rather, membrane PIP, levels fall and the M
channels are inhibited. The second mechanism is induced by
bradykinin B, and purinergic P2Y receptors and is based upon

that stimulate
[17-19]

the IP;-mediated increase in intracellular Ca**
PIP, synthesis, thereby preventing its depletion"""", and sub-
sequent Ca”* binding to calmodulin (CaM), which acts upon
the channels™ . The Ca’
receptors also augment PI4-kinase activity, thereby stabilizing
PIP, levels. Ca®*/CaM activity could involve the reduction of
the channels’ affinity for PIP,, which would then unbind from

the channel proteins. Such competitive or allosteric regulation

", signals that are produced by these

of the affinity of membrane transport proteins for regulatory
PIP, molecules as a mechanism for modulation is widespread,
and may act as a coincidence-detector motif for spatiotempo-
ral targeting of receptor stimulation of the proper ion channel

targets within the cell™>",
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When compared with other Kv channels, KCNQ channels
have an extended intracellular carboxyl terminus that seems to
be the target of several modulatory signals. Examples of this
include modulation by Ca*, using calmodulin as a channel

20, 21, 25]

Ca”™ sensor , and regulation by plasma membrane phos-

phoinositides™ " %I

, perhaps in concert with protein kinase
C#). Furthermore, Src tyrosine kinase suppresses™™, while the
cysteine-modifying reagent N-ethylmaleimide (NEM) aug-
ments™?), the currents of KCNQ channels in a subunit-specific
manner. This provides insights into the molecular mecha-
nisms that regulate the gating of KCNQ channels.

The regulatory function of PIP, on KCNQ channels has been
extensively investigated. Most recently, studies have indi-
cated that there are multiple PIP, binding sites that are located
at lipid-protein surfaces that are formed by the S6 segment, the
S4-S5 linker, the S2-S3 linker, and the intracellular C-terminal
of the KCNQ channel®. PIP, could migrate between its bind-
ing sites, such as dynamic migration between the S4-S5 linker
and S2-5S3 linker, during the gating transitions between acti-

vation and de-activation®".

As shown in Figure 1, Chen et al
reported that there is extensive dynamic migration of PIP,
between the S4-S5 linker and the S2-S3 linker, which directly

affects the rate of gating transition of the KCNQ2 channel. The
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Figure 1. The hypothesized mechanism of PIP, migration within the
KCNQ2 channel. In the closed state, PIP, molecules are bound to
the S2-S3 loop of the KCNQ2 channel. Upon channel activation, the
conformation of the S4-S5 linker is altered, thereby enabling the PIP,
molecules to migrate from the S2-S3 loop to the S4-S5 linker. The
binding of PIP, to the S4-S5 linker stabilizes the open conformation,
which also means that PIP, has to dissociate from the linker to close
the channel. The migration of PIP, from the S4-S5 linker to the S2-S3
loop facilitates PIP, dissociation from the linker and therefore strongly
influences the deactivation kinetics of the channel.
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recent discovery that A-kinase anchoring proteins (AKAPs)
modulate voltage-gated neuronal M-type (KCNQ, Kv7) K*
channels highlights that AKAP79/150 has emerged as an inte-
grative protein for diverse signals to achieve spatiotemporal
resolution of directed cellular regulation. The highly dynamic
feature of AKAP79/150 complexes include the dual fast and
slow regulation of ion channels that alters PIP, sensitivity and
CaM interactions with KCNQ channels®, which indicates the
close regulation of function between the membrane and physi-
ological input.

The role of KCNQ channels in neural circuits

Action potential firing over a wide frequency range depends
upon multiple small currents that flow at subthreshold volt-
ages, which speed or retard the approach to the action poten-
tial threshold and thereby influence the spike rate and pattern
of firing. Spike after-potentials (ie, after-hyperpolarizations
(AHPs) and after-depolarizations (ADPs)) play an important
role in shaping neuronal firing patterns™® !
tion of retigabine, a KCNQ channel modulator, completely

. The applica-

abolished the bursts in an XE-991-sensitive manner. Further-
more, application of the KCNQ channel blockers linopirdine
or XE-991 alone abolished the gamma frequency, but not the
higher-frequency population spike firing that was observed
during low Ca®/high K" bursts. These data suggest that
KCNQ channels are likely to play a role in the regulation of
synchronous population firing activity®!.

These heterotetrameric KCNQ channels are thought to
underlie the neuronal M-current, a non-inactivating, slowly
deactivating, sub-threshold current that has long been known
to exert a powerful stabilizing influence upon neuronal excit-
ability™.
of pharmacological inhibition, physiological modulation or

Small reductions in this current, either as a result

mutation, can result in dramatic increases in neuronal excit-
ability™.
vitro physiological characterization of PFC neurons in aged

Recent research supports this mechanism. The in

primates has indicated increases in the slow AHP, which is
mediated in part by KCNQ channels®. In vivo 7-channel
recording in the dorsolateral PFC found that pyramidal cells
synapse on spines of neurons in aged monkeys, where ele-
vated cyclic-AMP signaling reduces persistent firing by open-
ing HCN- and KCNQ-potassium channels™, which effectively
inhibits synaptic input and modulates the strength of network
connections between pyramidal cells with similar spatial
tuning that would otherwise excite each other to maintain
persistent firing across the delay period“’. At the same time,
patching the calyx of Held, a giant glutamatergic terminal in
the medial nucleus of the trapezoid body (MNTB) showed that
KCNQ5 channels maintain a negative membrane potential,
thus minimizing the substantial contributions from other out-
ward currents and decreasing the probability of neurotrans-
mitter release".
the resting conductance of the terminal are the HCN chan-
nels*"* and the persistent Na* current (NaP)*. These three
channels (KCNQ, HCN, and NaP) together account for 98% of
the resting conductance of the terminal. Electrophysiological

The other likely sources that contribute to

recordings from single afferents in kcng4 ™/~ mice and mice that
carry a KCNQ4 mutation found that DFNA2-type monogenic
dominant human hearing loss exhibited an elevated mecha-
nosensitivity and altered frequency response that results in
rapid adaptation. Human subjects from independent DFNA2
pedigrees outperformed age-matched control subjects when
tested for vibrotactile acuity at low frequencies”. Increas-
ingly, researchers are finding that KCNQ channels maintain
the resting membrane potential and modulate the strength of
the synapse.

In view of this central role of KCNQ channels in neural
excitability, it is not surprising that some specific epilepsies
are single-gene disorders that result from mutations in KCNQ
channel genes*. For example, benign familial neonatal con-
vulsion (BFNC) is an autosomal dominant idiopathic epilepsy
that is characterized by unprovoked partial or generalized
clonic convulsions that sometimes occur with ocular symp-
toms and apnoea®!. BFNC was linked to two different loci
(20q13.3 and 8q24) that are now known to encode the KCNQ2

and KCNQ3 potassium channel genes, respectively!®” *,

There are approximately ten known mutations in KCNQ2!® *],
but only two in KCNQ3"”. These mutations include MIS-
SENSE, FRAME-SHIFT, and SPLICE-SITE mutations and,
in one family, the KCNQ2 gene is deleted from one chromo-
some!*!. Currents from heteromeric KCNQ2/KCNQ3 chan-
nels were estimated to be reduced by only 25% in people who
suffer from BFNC, which is sufficient to increase neuronal
excitability to epileptogenic levels in early infancy. This
small safety margin may be related to the physiological impor-
tance of increases in neuronal excitability that result from the
neurotransmitter-mediated inhibition of KCNQ2/KCNQ3.
The high degree of sensitivity that is required for this modi-
fication of excitability also has the result that slightly greater
inhibition can result in epilepsy. The homozygous deletion
of KCNQ?2 in mice results in death a few hours after birth
because of the inability to breathe properly, while heterozy-
gous animals develop normally and lack spontaneous epilep-
tic activity, but are more susceptible to pentylenetetrazole-
induced seizures. For this reason, mice that are heterozygous
(kcng2*™”) can serve as valuable models for studying the effects
of KCNQ2-mediated reductions in currents.

KCNQ channels in hearing

Hearing impairment is a common sensory defect in humans.
Non-syndromic hereditary forms in which the hearing loss
is the only clinical sign have proven to be genetically hetero-
geneous. Two lines of evidence have implicated KCNQI in
the function of the inner ear. First, mRNA for KCNQ1 and
KCNET1 has been shown in the apical surface of marginal cells
of the stria vascularis of the cochlea. Second, in the homo-
zygous form of Jervell and Lange-Nielsen syndrome (JLNS),
mutant KCNQ1 channels cause bilateral deafness. During
auditory stimulation, K" moves from the endolymph into hair
cells. K" then moves out of the basal portion of hair cells (pos-
sibly via KCNQ4-containing channels) into what is thought
to be the cellular syncitium of supporting cells, which recycle
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the K" back into the endolymph via the stria vascularis. The
K" channels on the marginal cells regulate the flux are thought
to contain KCNQ1 and KCNE1 proteins. Any reduction in
the concentration gradient of K" results in the reduction of
endolymph potential, and this can reduce sensitivity to audi-
tory stimuli. A similar event is also thought to occur in the
marginal cells of the vestibular epithelium. Mutations in both
KCNQ1 (JLNS1) and KCNE1 (JLNS2) can result in hearing
loss and vestibular disturbance; however, the latter is less
phenotypically obvious in humans because we adapt well to
the loss of vestibular function. Both frameshift and missense
mutation, which results in nonfunctional, dominant negative
and impaired assembly channels, have been described ***".
KCNQ4 could almost be described as a “hearing K" chan-
nel” because it is almost exclusively expressed in the inner ear,
the vestibular apparatus, and a number of nuclei in the central
auditory pathway™. All missense mutations and deletions
that have been identified in KCNQ4 have been associated with
DFNA2, a subtype of autosomal dominant non-syndromic
sensorineural progressive hearing loss (ADNSHL) in which
high frequencies are initially affected. This phenotype is con-
sistent with the predominant pattern of KCNQ4 expression
and native K* currents that are primarily mediated by homo-
meric KCNQ4 channels in the sensory outer hair cells (OHCs)
of the basal turns of the cochlea!®** >, Missense mutations are
generally associated with earlier onset and more severe hear-
ing impairment than are deletions, which suggests that the
phenotypic differences may be caused by distinct mechanisms
of pathogenesis. The two deletions that have been identified
so far truncate the protein before the first transmembrane
domain®* >
of 50% in channel activity. In contrast, missense mutations

, and hence, they can cause an expected reduction

have been reported to exert a dominant-negative effect on
wild type function that cause a higher reduction in channel
activity™ >, Interestingly, most of the missense mutations
occur within the P-loop domain in the pore region of the
KCNQ4 channel®? %57 The mechanism that underlies the
effect of dominant-inhibition has not yet been identified. The
first study to identify a trafficking-dependent dominant mech-
anism for the loss of KCNQ4 channel function in DFNA2 was
in a novel mutation c.886G>A, which leads to the p.G296S sub-
stitution in the pore region of the KCNQ4 channel. Expression
and functional studies that are conducted in Xenopus oocytes
and transfected NIH-3T3 cells reveal that the G296S mutant
exerts a strong dominant-negative effect on wild type channel
activity by causing a defect in trafficking of KCNQ4 channels
to the cell surface membrane.

Using pre- and postsynaptic recordings combined with
immunohistochemistry, the recent research has found that
KCNQ5 channels with unusually negative activation voltages
are expressed in the calyx of Held, which is presynaptic of the
medial nucleus of the trapezoid body (MNTB)"" . Given this
voltage dependence, these channels account for most resting
outward ionic current and determined presynaptic resting
conductance and release probability. KCNQ5 has received
relatively little attention so far because it is not associated
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with muscarinic signaling and has not yet been identified as
the basis for channelopathies™ ® !, Nevertheless, similar to
KCNQ4, its prominence in the auditory system suggests that it
confers a particular advantage in maintaining high frequency
synaptic signaling. This is congruent with the several molecu-
lar and biophysical specializations for preserving the timing of

electrical signals that are associated with sound'*..

KCNQ channels in vision

The retinal pigment epithelium (RPE) has a variety of func-
tions that are critical to the integrity of the adjacent photo-
receptors, including the phagocytosis of outer segments, the
regeneration of photopigment, and the supply of nutrients and
removal of waste!®”. In addition, the RPE helps control the
volume and ionic composition of fluid in the subretinal space,
the extracellular compartment that is bound by the photore-
ceptor outer segments and the apical aspects of the RPE and
Miiller (radial glial) cells®®. Photoreceptor function critically
depends upon the maintenance of subretinal K concentra-
tion within narrow limits, which is achieved by K" transport
mechanisms in the RPE and Miiller cells. KCNQ mRNA and
protein expression research has found that although KCNQI1,
KCNQ4, and KCNQ5 transcripts are expressed in primate
RPE, both KCNQ4 and KCNQ5 proteins are expressed in the
monkey neural retina and in the RPE, while only KCNQ?5 is
expressed at a detectable level®. Using patch-clamp electro-
physiology, research has investigated the pharmacological
sensitivity of the M-type current in isolated monkey RPE cells
to elucidate the subunit composition of the channel and found
that the M-type current in monkey RPE is likely mediated by
channels that are encoded by KCNQ4 and KCNQ5 subunits!®.
Mutations in KCNQ1 and KCNQ4 genes underlie a number
of inherited diseases in humans, including cardiac arrhythmia
and nonsyndromal deafness!*; however, no disease has been
linked to mutations of KCNQ5. Interestingly, no visual dis-
order has been linked to KCNQ1 or KCNQ4 mutations that
cause channelopathies in other tissues. This suggests that if
they are expressed, KCNQ1 and KCNQ4 subunits likely have
minor or redundant roles in RPE and neural retina physiology.
Nevertheless, to date, KCNQ5 mutations are not known to be
associated with human disease.

KCNQ channels in pain and touch sensation

Painful stimulation of the skin and viscera is detected by
thinly myelinated A- and unmyelinated C-fibers. These first
order neurons, with cell bodies that are located in the dorsal
root ganglia (DRG), transmit painful stimuli to the substan-
tia gelatinosa of the dorsal horn via the dorsal roots. Second
order neurons in the lateral spinothalamic tracts convey
impulses that are associated with pain up to the nuclei of the
ventroposterior thalamus (ventroposterior medial nucleus,
VPM, and ventroposterior lateral nucleus, VPL), where pain-
ful impulses are integrated. From the thalamus, third order
neurons convey impulses up to the cerebral cortex, where sub-
jective interpretation of pain is thought to occur. Molecular
and electrophysiological techniques have provided evidence
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for the expression of Kv7.2, 7.3 and 7.5 channels and func-
tional Kv7.x based M-currents in the peripheral terminals, cell
bodies, axons, and central terminals of sensory nerves®”!,
Activation of the peripheral KCNQ channels sulffices to relieve

[72]

inflammatory pain KCNQ channels are also expressed in

the dorsal horn of the spinal cord, and at key sites in the brain,

such as the thalamus and cortex!®7!

. Collectively, these data
show that functional Kv7.x channels are expressed at all levels
of the pain pathway and that these channels may represent
excellent targets for the treatment of various pain states””.
Behavioral studies with KCNQ modulators, most of which
are used in target validation studies and include retigabine
(N-(2-amino-4-[fluorobenzylamino]-phenyl)carbamic acid;
D-23129)" " and flupirtine(N-[2-amino-6-[(4-fluorophenyl)
methylamino]pyridin-3-yl]-carbamate)”””, have also pro-
vided evidence to indicate that KCNQ channels may represent
valid targets for novel analgesic, anti-hyperalgesic and anti-
allodynic agents. In addition, an update concerning pre-clini-
cal KCNQ drug discovery efforts will be expected, along with
a summary of ongoing clinical trials with KCNQ channel.
KCNQ4 also presents in sensory neurons of the DRG, while
in the periphery, KCNQ4 channels are expressed in lanceolate
endings and circular nerve fibers of hair follicles and in Meiss-
ner bodies, at sites where they can modulate stimulus-excita-
tion coupling. The electrophysiological recordings from single
afferents from Kcng4”” mice and mice that carry a KCNQ4
mutation that are found in DFNA2-type monogenic dominant
human hearing loss showed an elevated mechanosensitivity
and an altered frequency response during rapid adaptation.
Human subjects from independent DFNA2 pedigrees outper-
formed age-matched control subjects when tested for vibrotac-

tile acuity at low frequencies®.

KCNQ channels in olfactory sensation
The accessory olfactory bulb (AOB) is the first central nervous
system (CNS) relay for processing pheromonal sensory infor-

mation!”®

. It is an attractive region for study because of its
simple structure, the observation that it consists of only three
types of neurons (ie, one glutamate neuron (mitral cells) and
two GABA neurons (granule cells and periglomerular cells)),
and their implicated functions, such as information integra-
tion” *! or memory storage®!. Muscarinic receptor mRNAs
are expressed in the AOB (strong M1 and M4 and weak M3).
The cholinergic action increases spontaneous mIPSCs in the
olfactory bulb®™ ®I. The KCNQ channel is a potassium chan-
nel that is closed by muscarinic activity”. Potassium channel
closure excites the neuron by depolarizing its membrane as
well as by making the membrane more susceptible to depolar-
izing inputs. Cholinergic modulation of spontaneous GAB-
Aergic currents (mIPSC) using whole-cell patch methods in
AOB slices found that carbachol administration produced an
increase in mIPSC frequency in mitral cells, but did not affect
the responses of mitral cells to GABA that persists in the pres-
ence of combined glutamatergic receptor antagonists®!. The
carbachol effect was reduced by the muscarinic receptor M1
and M4 antagonist pirenzepine, but not by the M2 and M4

antagonist himbacine. The KCNQ/Kv7 potassium chan-
nel openers retigabine and diclofenac blocked the carbachol
action, while the KCNQ potassium channel blocker XE-911
increased mIPSC frequency, thereby suggesting that carbachol
acts via the down-regulation of KCNQ channels to increase
transmitter release®!.
muscarinic stimulation and KCNQ channel down-regulation
is well-established®”. It is therefore probable that carbachol
down-regulates the activity of KCNQ channels in granule cells

Furthermore, the relationship between

dendrites and, through increased membrane depolarization,
increases the open probability of membrane calcium channels,
thereby resulting in an increase in synaptic vesicle release.

KCNQ channels in learning and memory

The activation of hippocampal mAChR by synaptically
released acetylcholine facilitates the induction of synaptic
plasticity and enhances cognitive function. The M1 subtype
of mAChR is a prime candidate for mediating these choliner-
gic effects due to its ubiquitous expression in the cortex and
hippocampus. Learning, working memory and induction of
synaptic plasticity are all impaired in M1 receptor knockout
micel®®!. Furthermore, M1 mAChR specific agonists facilitate
LTP induction® " and improve cognitive function in animal
models®®. M1 mAChR that are expressed on CA1 pyramidal
cells inhibit both small conductance Ca**-activated K, potas-
sium channels (also known as SK channels)”” * and voltage-
(1331 The inhibition of Kc,
channels facilitates long-term potentiation (LTP) by enhancing
Ca” influx through postsynaptic NMDA receptors (NMDAR)*,
The inhibition of KCNQ channels is also reported to facilitate
LTP¥ %!, KCNQ channel inhibition promotes NMDAR open-

ing during LTP induction by enhancing depolarization during

activated Kv7 potassium channels

and after bursts of postsynaptic action potentials.

Activity-dependent depression of the spike ADP generates
long-lasting intrinsic plasticity in hippocampal CA3 pyrami-
dal neurons. XE991 both enhanced the ADP and completely
eliminated its conditioning-induced depression®. XE991 also
enhances learning and memory in healthy mice and reverts
the cognitive impairment that is associated with acetylcholine
depletion and neurodegeneration that is induced by kainic
acid. Furthermore, behavioral training sessions regulate
the M-current by transiently decreasing levels of KCNQ3
protein”). This effect may be achieved by altering basal hip-
pocampal synaptic activity and by diminishing the stimula-
tion threshold for long-term changes in synaptic efficacy and
learning-related gene expression.

Mice that express a KCNQ2 subunit with a dominant-nega-
tive pore mutation that can suppress M-channel activity by co-
assembling with native KCNQ subunits developed epilepsy,
behavioral hyperactivity, cognitive deficits, changes in brain
morphology and markedly impaired hippocampus-depen-
dent spatial memory in the Morris water maze, with signs
of increased neuronal excitability, reduced spike-frequency
adaptation, attenuated AHPs and reduced intrinsic subthresh-
old theta resonance®. The results support the notion that M
channels are critical determinants of cellular and neuronal
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network excitability and that the attenuation of the M current
has a profound effect on behavior and cognitive performance.
Together, these results demonstrate that the inhibition of the
M-current as a general strategy may be useful to enhance cog-
nitive capacities in healthy and aging individuals as well as in
those with neurodegenerative diseases.

Future directions

The identification of KCNQ channels and their relating chan-
nelopathies have been studied in recent decades. After 30
years of intense study, we have increased our knowledge
of the physiological and pathological roles of KCNQ chan-
nels (Table 1). The potential therapeutic applications of Kv7
enhancers, as deduced from animal experimentation, have
expanded from anti-nociceptive and anticonvulsant therapies
to the treatment of migraine, anxiety, mania and addiction
to psychostimulants"®!. Although Kv7/M-channel dysfunc-
tion may not have any role in such disorders, the widespread
distribution of these channels provides a means of general
treatment by reducing overall neural excitability when Kv7

37)

channel activity is enhanced™. In the future, several ques-

vitro heteromultimers KCNQ2 and KCNQ3 could assemble
into M currents, we still lack enough tools to exploit the inte-
grative assembling of KCNQ4 and KCNQ5 and their accessory
partners. Based upon current research regarding the multiple
physiological and pathological roles of the KCNQ channel,
the development of additional pharmacological models such
as seizure, stroke, pain and mental illness, combined with the
development of drug targets for KCNQ channels, will enhance
our knowledge of KCNQ channel and provide general thera-
peutic prospects of relating channelopathies.
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