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Abstract Members of the two-pore domain K+ channel (K2P)
family are increasingly recognized as being potential targets
for therapeutic drugs and could play a role in the diagnosis and
treatment of neurologic disorders. Their broad and diverse
expression pattern in pleiotropic cell types, importance in
cellular function, unique biophysical properties, and sensitivity toward pathophysiologic parameters represent the basis for
their involvement in disorders of the central nervous system
(CNS). This review will focus on multiple sclerosis (MS) and
stroke, as there is growing evidence for the involvement of
K2P channels in these two major CNS disorders. In MS,
TASK1–3 channels are expressed on T lymphocytes and are
part of a signaling network regulating Ca2+- dependent pathways that are mandatory for T cell activation, differentiation,
and effector functions. In addition, TASK1 channels are involved in neurodegeneration, resulting in autoimmune attack
of CNS cells. On the blood–brain barrier, TREK1 channels
regulate immune cell trafficking under autoinflammatory
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conditions. Cerebral ischemia shares some pathophysiologic
similarities with MS, including hypoxia and extracellular acidosis. On a cellular level, K2P channels can have both
proapoptotic and antiapoptotic effects, either promoting neurodegeneration or protecting neurons from ischemic cell
death. TASK1 and TREK1 channels have a neuroprotective
effect on stroke development, whereas TASK2 channels have
a detrimental effect on neuronal survival under ischemic conditions. Future research in preclinical models is needed to
provide a more detailed understanding of the contribution of
K2P channel family members to neurologic disorders, before
translation to the clinic is an option.
Keywords K2P channels . Multiple sclerosis . Ischemic
stroke . Central nervous system . Immune system . Blood–
brain barrier
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ALA
α-Linolenic acid
BBB
Blood–brain barrier
BCR
B cell receptor
CNS
Central nervous system
CRAC
Ca2+ release-activated channels
DAG
Diacylglyceride
EAE
Experimental autoimmune encephalomyelitis
GPCR
G protein-coupled receptor
K2P
Two-pore domain K+ channel
LPL
Lysophospholipid
MCAO
Medial cerebral artery occlusion
MOG
Myelin oligodendrocyte glycoprotein
MS
Multiple sclerosis
NOX4
Nicotinamide adenine dinucleotide phosphate oxidase 4
PIP2
Phosphatidylinositol 4,5-bisphosphate
PLC
Phospholipase C
PUFA
Polyunsaturated fatty acid
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TASK
Task1
Th
TCR
TRAAK
TReg
TREK
TRESK
TWIK
WT

TWIK-related acid-sensitive K+ channel
Task1 gene deficient
T helper cells
T cell receptor
TWIK-related arachidonic acid-stimulated K+
channel
Regulatory T cells
TWIK-related K+ channel
TWIK-related spinal cord K+ channel
The weak inwardly rectifying K+ channel
Wild-type

Introduction
Ischemic stroke and multiple sclerosis (MS) account for a
substantial global burden, both in terms of their impact on
patients and on health care systems [35, 39]. As the second
most common cause of death, stroke is induced by permanent
or transient artery occlusion that results in glucose and oxygen
deprivation in brain tissue [35, 44]. MS is an autoimmune
neurodegenerative disease and affects 2.5 million people in
the world. Despite the fact that the causes for both disorders
are diverse, their courses share common pathologic hallmarks.
Among them are harmful processes like demyelination and
remyelination, excitotoxicity, and oxidative stress that are
shown to occur with varying extents and at different time
points in MS and stroke [44, 45, 60]. The role of ion channels,
especially K+ channels, in their pathogenesis has been pointed
out recently, and MS has even been suggested to be a channelopathy [113, 141]. For example, demyelinating events can
be observed early in MS leading to increased release of
glutamate and high concentration of Ca2+, Na+, and K+. This
promotes hyperexcitability, excitotoxicity, and consequently
oxidative stress and neuronal death. On the other hand, upon
cerebral ischemia, early occurring episodes of excitotoxicity
and oxidative stress can lead to the death of neurons and
oligodendrocytes thereby affecting axonal integrity and
myelination processes.
In recent years, K+ channels belonging to the two-pore
domain K+ channel (K2P) family have been shown to play
an important role in different neurologic disorders [19, 148].
These channels are functionally expressed in many structures
of the mammalian central nervous system (CNS) [146], and as
shown in Fig. 1 and Table 1, their presence was found in many
pathologically relevant cell types, including neurons (e.g.,
TASK1 [kcnk3, K2P3.1], TASK3 [kcnk9, K2P9.1], TREK1
[kcnk2, K2P2.1] [54, 72, 100, 106]), endothelial cells of the
BBB (TREK1 [21]), T cells (TASK1, TASK2 [kcnk5,
K2P5.1], and TASK3 [16, 107]), B cells (TASK2 and TREK2
[kcnk10, K2P10.1] [121, 160]), oligodendrocytes (TASK1
[69]), and astrocytes (TREK1 [96, 151, 158]). Under

Fig. 1 K2P channel expression on various cell types relevant in the
pathology of autoimmune neurologic diseases. Gray oligodendrocytes;
yellow neurons; green T cells; blue macrophages; orange astrocytes; red
erythrocytes; light red endothelial cells; purple antigen-presenting cells,
turquoise B cells/plasma cells. Modified from [20]

physiologic conditions, K2P channels conduct leak K+ currents and contribute to the standing outward current (ISO) of
different cell types thus strongly supporting the adjustment
and stability of the resting membrane potential. The modulation of these channels involves G protein-coupled receptors
(GPCRs), and the direction of modulation depends on the
combination of specific K2P channel and G protein subtypes:
The TASK and TWIK-related spinal cord K + channel
(TRESK, kcnk18, K2P18.1) subfamilies are inhibited or stimulated, respectively, following the activation of Gαq proteins.
Moreover, the activation of Gαq and Gαs proteins induces
TREK channel inhibition while currents through TREK channels are enhanced following Gαi activation [101]. Beside
multiple modulation via GPCR activation, K2P channels further display a remarkable range of regulation by biological
and physical stimuli as well as pharmacologic agents, including protein kinases, intracellular Ca2+, anesthetic agents, heat,
and stretch [28, 95, 102, 120, 136, 147]. While the regulation
and function of K2P channels have been extensively studied in
excitable cells, like neurons and muscle cells, recent evidence
points to a functional role in nonexcitable cell types, like in T
cells where K2P channels were shown to regulate the cellular
anion/cation balance and to prevent apoptosis [14, 74]. K2P
channel function seems to be involved in the onset and maintenance of some pathologic hallmarks characterizing MS [40,
64], the integrity of endothelial cells of the blood–brain barrier
(BBB), and in ischemic insults [6, 21, 27, 34, 58, 71, 84, 119,
158]. For further reference, an overview of phenotypes of K2P
channel-deficient mice in animal models of MS (experimental
autoimmune encephalomyelitis, EAE) and stroke (middle
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Table 1

K2P channel expression in disease-relevant structures and their regulation by pathophysiologic events

Subgroup

TASK

Channel

TASK1
(K2P3.1,
kcnk3)
Yes

TASK3
(K2P9.1,
kcnk9)
Yes

Unclear

CNS
expression

BBB
expression
Immune
system
expression
Regulation by
extracellular
pH

Regulation
by
intracellular
pH
Regulation
by

TALK

TREK

References
TREK2
TRAAK
(K2P10.1,
(K2P4.1,
kcnk10)
kcnk4)
Yes
Yes

[146]

Unclear

TASK2
TREK1
(K2P5.1,
(K2P2.1,
kcnk5)
kcnk2)
Only
Yes
brainstem;
upregulation
in stroke
area
Unclear
Yes

Unclear

[21]

Yes

Yes

Yes

No
(mouse)

Yes
(B cells)

Inhibition
by acidosis;
activation
by alkalinizat
ion

Inhibition
by acidosis;
activation
by alkalinizat
ion

No

No

Inhibition
by
acidosis;
activation
by
alkalinizat
ion
Activation
by
acidosis

Inhibition

Inhibition

Inhibition
by
acidosis;
activation
by
alkalinizat
ion
Activation
by
alkalinizat
ion
Activation

No

Unclear

No
(unpublish
ed data)
Activation
Inhibition
by
by
acidosis;
acidosis;
inhibition
activation
by
by
alkalinizat
alkalinizat
ion
ion
Activation
Activation
by
by
acidosis
alkalinizat
ion
Unclear
Unclear

[16, 107, 110, 160]

[51, 88, 124, 133]

[73, 76, 88, 98, 124]

[26, 27, 62, 75, 88, 90,
129]

hypoxia
The table includes all K2P channels currently known to be relevant for MS or stroke pathogenesis. Generally, reports on K2P channel expression vary
depending on investigated species, cell types, and experimental conditions. Channel and gene names based on IUPHAR and HUGO nomenclature,
respectively, are given in brackets.
BBB blood–brain barrier, CNS central nervous system

cerebral artery occlusion) is provided in Table 2. Even though
a mechanistic link between K2P channel functions and pathologic processes has not been established so far, it is known that
native channels are vulnerable to pathophysiologic alterations
of the brain tissue [17]. In particular, conditions such as
acidification and hypoxia are known to suppress current
through K2P channels (Table 1), thereby resulting in harmful
depolarization and, finally, cell death. Especially, members of
the TASK and TREK subgroups have been associated with
mechanisms of neuroprotection [71, 73, 86, 123], hypoxia
[116, 129], and acidification [6, 94, 133]. For example,
TREK1 channels expressed on astrocytes support astrocytic
glutamate release [156], and thus contribute to glutamate
excitotoxicity [81]. However, the exact contribution of K2P
channels to the pathogenesis of neurodegenerative diseases
and the exact cell-type-specific expression of interfering ion
channels remain to be fully characterized, although it is known
that these channels are regulated by multiple different pathophysiologic parameters [50, 51, 87].
Given the above stated considerations, in this review article, we will underline the relevance of K2P channels in the

pathophysiology of MS and ischemic stroke. We try to dissect
the contribution of K2P channels expressed on cells of the
CNS and immune system, as well as that of K2P channels
expressed on endothelial cells of the BBB. However, we also
acknowledge a partial lack of detailed information about
where and how these channels interfere in the system that
comes under pathophysiologic attack.

The K2P channel family in the central nervous system
In neurons, increased K + leak currents keep cells at
hyperpolarized voltages below the firing threshold, whereas
leak suppression permits depolarization and excitation [65].
Neuronal TASK channels contribute up to 35–40 % of the ISO
in different species, and thus strongly support the adjustment
and stability of the resting membrane potential [53, 106, 109,
111]. As such, these channels exert control over neuronal
excitability by shaping the duration, frequency, and amplitude
of action potentials [7, 12]. This means that the excitability
and function of neurons that express K2P channels are highly
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Table 2

K2P channel family members in the pathogenesis of MS and ischemic stroke

Subgroup Channel

MS
Phenotype
knockout in
EAE

TASK

TALK

TREK

TASK1
(K2P3.1,
kcnk3)
TASK3
(K2P9.1,
kcnk9)
TASK2
(K2P5.1,
kcnk5)
TREK1
(K2P2.1,
kcnk2)
TRAAK
(K2P4.1,
kcnk4)

Ischemic stroke
Cell-typespecific effect
shown

Phenotype
knockout
in stroke
models
(artery
occlusion)

Pharmacologic
agents in stroke
models
(MCAO)

Ameliorated Blocker (anandamide): Yes (immune
amelioratedBlocker
cells,
(A293): ameliorated
neurons)
Ameliorated –
–

Worsened

Blocker (anandam No
ide) : worsened

–

–

–

Ameliorated

Worsened

Blocker (spadin):
worsened Activator
(ALA): ameliorated
–

Yes (endothelial Worsened
cells, BBB)

–

Pharmacologic
agents in EAE

References

–

No phenotype –

Cell-typespecific
effect
shown

–

[14, 19, 112]

[14, 53]

–

Yes
[63]
(neurons)

–

No

[21, 71]

–

[71]

No phenotype –

The table lists findings from MS and stroke animal studies and indicates whether a cell-type-specific contribution of K2P channels could be shown.
Channel and gene names based on IUPHAR and HUGO nomenclature, respectively, are given in brackets.
ALA α-linolenic acid, BBB blood–brain barrier, EAE experimental autoimmune encephalomyelitis

sensitive to variations in GPCR signaling. For example, murine thalamocortical relay neurons that constitutively express
functional TASK1, TASK3, and TREK1 on their surfaces [12,
106, 108] operate in two distinct firing modes, depending on
and affecting the subject’s vigilance states. Interestingly, activation of phospholipase C via muscarinic acetylcholine receptor stimulation differentially inhibits TASK and TREK channels through diacylglyceride (DAG) formation and phosphatidylinositol 4,5-bisphosphate (PIP2) breakdown, respectively, thereby inducing membrane depolarization that is sufficient to induce a switch between neuronal activity modes
[11–13, 154].
Neural K2P channels in multiple sclerosis
Like many other diseases, MS may be categorized as a channelopathy and, as such, is (at least partially) caused by
malfunctioning of ion channels [53, 113, 137]. There is clear
evidence that various aspects of MS influence and modulate
different classes of ion channels. Demyelination, for instance,
eliminates the cluster of voltage-gated Na+ [41] and K+ channels [163] at nodes of Ranvier and induces expression of those
channels all along the axons. Despite a high likelihood that
K2P channel functions are also affected by various diseaserelated changes, so far, there are only few hints pointing to a
direct involvement of neural K2P channels in MS pathogenesis. A link between K2P channel function and MS pathology

has been revealed in a study that focused on the expression of
TASK1 and TASK3 in CNS tissue from a rat model of MS and
in brain specimens from patients with MS. These data demonstrated an elevated mRNA expression level in the optic
nerve of EAE rats, whereas expression of these channels
was lower in the thalamus and spinal cord. Furthermore,
TASK3 mRNA was found in neurons, as well as in immune
cells, in human MS plaques [110]. Whether differential expression of TASK channels exerts a beneficial or harmful
effect on neurons was not clarified yet.
As K2P channels barely (if at all) respond to classical K+
channel blockers such as tetraethylammonium and 4aminopyridine, and because there is a huge lack of specific
K2P channel blockers, adequate studies on K2P channels have
been and still are difficult. Nevertheless, in recent years, K2P
channels, in particular TASK and TREK channels, have
emerged as attractive therapeutic targets in different diseases
[6, 18, 102]. This has led to the synthesis of a number of ion
channel-blocking substances, among them the aromatic
carbonamide A293, which specifically blocks TASK1 channels [131]. When administered in EAE mice, A293 induced a
marked reduction of clinical symptoms, similar to the ameliorated disease course seen in Task1-deficient (Task1−/−) mice
[14].
Not much is known about the contribution of neuronal K2P
channels to neuroprotection in degenerative diseases. In 2009,
our research group provided a first hint that neuronally
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expressed K2P channels are involved in neurodegeneration.
By applying a strategy to differentiate between an immune
modulatory and a neuroprotective drug effect, we identified
neuronally expressed TASK1 channels that exert a detrimental
impact on neurons in EAE animals [19]. In Task1−/− mice,
experimental autoimmune CNS neurodegeneration was significantly attenuated; this was accompanied by attenuated
immune responses. To test whether this positive effect was
partly due to TASK1 channels expressed on neurons, acute
living brain slices were incubated with myelin oligodendrocyte glycoprotein (MOG)-reactive CD4+ T lymphocytes. A
higher number of apoptotic neurons were observed in wildtype (WT) slices compared with Task1−/− brain slice preparations. This indicated a direct effect of functional TASK1
channels on neuronal survival, and also that the absence of
TASK1 protected against immune-mediated axonal degeneration in EAE. TASK1 and TASK3 channels belong to the
same K2P subfamily and share many properties. Accordingly,
ablation of the Task3 gene also leads to an ameliorated disease
course in EAE mice [14]. However, it is not known whether
this neuroprotective effect is due to channel deficiency on
neurons, on immune cells, or both.
Another cell type found in the CNS, the endothelial cells of
small brain vessels, has received increasing interests during
the last years. Current concepts assume that a breakdown or
dysfunction of the BBB is a common pathophysiologic event
in multiple neurologic disorders, including MS, stroke, and
neurodegenerative diseases [31, 97, 117]. Our improved understanding of the central role of the BBB in autoimmune
neuroinflammation has encouraged renewed research into the
molecular events underlying immune cell migration into the
CNS. For example, an unexpected role of the K2P channel
TREK1 on brain endothelial cells was recently identified [21].
TREK1 regulates immune cell trafficking across the BBB in
the context of chronic autoimmune inflammatory neurodegeneration. In vitro, murine lymphocytes migrate more easily
across Trek1−/− endothelial cell monolayers than in WT cells.
Moreover, Trek1−/− mice show a more severe disease course
in an EAE model associated with higher numbers of CNSinfiltrating T cells, as well as higher endothelial expression of
the cell adhesion molecules ICAM1 and VCAM1. Emphasizing the significance of these findings for the human disease is
the result that TREK1 expression is reduced in the microvascular endothelium in CNS lesions of patients with MS. The
neurovascular unit comprises not only endothelial cells, but
also pericytes and astrocytes. The potential additional role of
TREK1 in these cell types has not been investigated in detail
so far. However, a potential role of TREK1 in the BBB would
be of special interest in other pathologies such as stroke or
depression, particularly as this ion channel has already been
shown to be involved in these disorders [52, 72, 150]. Although a broad range of ion channel classes is shown to be
expressed on cells of the vascular endothelium [125], to our

knowledge, there is only one other report of a distinct ion
channel having a role in autoimmune BBB dysfunction. This
report concerns the transient receptor potential (TRP) channel
TRPV1 (Trpv1), which is expressed in astrocytic end-feet and
pericytes, but not in endothelial cells. Trpv1−/− mice show an
ameliorated EAE course due to reduced BBB permeability
[126].
Neural K2P channels in ischemic stroke
A transient or permanent reduction in cerebral blood flow
leads to oxygen and glucose deprivation in the affected area,
resulting in less energy being available to support neural cells.
Due to this lack of energy for ATP-driven ion pumps, neurons
in particular become unable to maintain ionic gradients that
are necessary for cellular function and homeostasis. This
results in excessive neuronal depolarization, massive release
of excitatory neurotransmitters, and oxidative stress [45]. Beyond direct effects on glutamate receptors, it is assumed that
many more ionic conductances and intracellular mechanisms
contribute to ionic imbalances, membrane depolarization, and
finally to neural cell death [22]. Nevertheless, the key molecular mechanisms and players that contribute to neuronal death
remain poorly understood.
Ion channels, which can influence basal cellular parameters, like ion gradients, are thought to play a major role in this
context. Many published studies demonstrate a connection
between the function of various ion channels and clinical
outcome after transient or permanent cerebral artery occlusion
in laboratory animals [4, 49, 53, 55, 63, 82, 93, 112, 149, 157].
Some ion channels have been identified as potential therapeutic targets to minimize infarct size or ameliorate clinical symptoms. Due to their regulatory features, members of the K2P
channel family are very likely to be affected by ischemiainduced pathophysiology. However, the available literature on
K2P channels in hypoxia/ischemia is controversial, indicating
both protective and harmful effects of K2P channels on neurons and myelin-forming oligodendrocytes during stroke [69,
79, 87, 112, 119, 129, 132]. This holds particularly true for
studies on the role of TASK1 channels in stroke models. On
the one hand, both genetic Task1 ablation, as well as in vivo
blockade of TASK1 channels by application of a
semiselective blocker (e.g., anandamide) in mice undergoing
transient artery occlusion, increased the infarct volume and
accelerated stroke development [112]. One year later, these
data were confirmed by another study in which the authors
observed an increased infarct volume in Task1−/− mice 48 h
after permanent artery occlusion, whereas infarct sizes in
Task3−/− mice were not significantly different compared to
those in WT controls [119]. On the other hand, other studies
indicate that TASK1 channel inactivation promotes neuroprotection. Hypoxia-induced inhibition of TASK1 channels protects cultured cerebral neurons from ischemic depolarization
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and cell death [129]. Furthermore, in oxygen-sensing neurons
of the carotid body, nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) induces TASK1 channel inactivation
during hypoxia [87]. Based on these studies, it can be assumed
that the interaction between TASK1 channels and their
oxygen-sensing partner, NOX4, may exert a neuroprotective
effect after ischemia-induced hypoxia. Opposing to this idea,
pharmacologic inhibition, as well as genetic ablation of
NOX4, reduced the extent of neuronal loss after transient
ischemia [79, 132]. In addition, TASK1 channels on oligodendrocytes seem to have negative effects on cell survival;
therapeutic TASK1 channel inhibition could therefore help to
protect oligodendrocytes during hypoxia/ischemia [69]. Like
neurons, myelin-forming oligodendrocytes are highly sensitive to hypoxic/ischemic injury, and oligodendroglial loss
strongly affects neuronal activity and general brain function.
Other pathologic events of stroke development that could
also intervene with K2P channel function are oxidative stress
and the generation of free radicals [70]. Hydrogen peroxide
(H2O2) specifically increases TREK2-carried currents, but it
does not affect TASK1, TASK3, or TRAAK (TWIK-related
arachidonic acid-stimulated K+ channel) channel functioning
[77]. Divalent cations, such as zinc, have also been shown to
regulate K2P channel activity, e.g., by specifically inhibiting
TASK3 channels [120]. Accumulation of zinc has been confirmed by microdialysis in studies of focal and global ischemia
[59, 78, 145]. This indicates that TASK3 channels may have
some involvement during infarct development. Under physiologic conditions, zinc is stored in the presynaptic vesicles of
glutamatergic neurons and is released with glutamate in an
activity-dependent manner [30, 80, 85]. During ischemia,
increased release of zinc ions from presynaptic terminals
may promote ionic imbalances and aggravate harmful depolarization of neurons. Controversially, ablation of Task3encoding genes had only a minor effect on infarct volumes
after 60 min of cerebral artery occlusion [53]. More research is
needed here, since complex interactions between highly zincsensitive (low nM range) Ca2+ channels, namely, Cav2.3 and
Cav3.2, and the ability of amino acids, like glutamate, to
chelate transition metal ions, like zinc and copper, may play
an important role in this scenario [143].
TREK1 and TREK2 channel regulation is distinct from
those of other K2P channel family members. As well as their
regulation via diverse GPCRs, current through these channels
can be strongly stimulated by binding of polyunsaturated fatty
acids (PUFAs) and lysophospholipids (LPLs; [71, 89, 91]).
Several recent studies have all demonstrated the contribution
of TREK channels to neuroprotective mechanisms. When
PUFAs were identified as potent neuroprotectors, the expression of PUFA-activated TREK1 and TRAAK on synaptic
membranes was demonstrated at the same time [86]. A few
years later, application of LPLs was found to prevent neuronal
death in both an in vivo model of transient global ischemia

and an in vitro model of excitotoxicity [22]. Later, Trek1−/−
mice were shown to have larger infarct volumes compared
with controls, revealing an increased sensitivity toward ischemia [71]. On neurons, TREK1 channel activation is thought to
shut down glutamate release at the synaptic cleft [123], which
may reduce excitotoxicity. In addition to their expression on
neurons, TREK1 channels are also expressed on astrocytes.
Astrocytic TREK1 channels are shown to be upregulated after
hypoxia [158] and in the reperfusion phase after focal ischemia [150]. A number of astrocytic homeostatic functions,
including K+ buffering, neurotransmitter uptake, and pH regulation, depend on the negative membrane potential of these
cells. Similar to inwardly rectifying K+ channels (Kir4.1,
kcnj10; [46, 140]), K2P channels (among them TREK1 channels) contribute to a passive conductance that keeps the membrane potential hyperpolarized [38, 161]. Upregulation of
TREK channels after ischemic insult may support and maintain the stability of the membrane potential, allowing astrocytes to conduct supportive functions during regeneration
after a stroke. Together, these findings indicate that activated
TREK-mediated current on neurons and astrocytes enhance
durability and resistance toward otherwise lethal stressors. In
contrast with this idea, hypoxia has been shown to occlude
TREK1 modulation via LPLs and PUFAs [116]. The authors
of the latter study ask whether a neuroprotective effect of
TREK1 channels should be reconsidered. In line with this,
application of a specific TREK1 channel blocker (spadin;
[104]) did not increase infarct volumes following focal ischemia, against all expectations. Interestingly, TREK1 channels
appeared to not interfere with ischemia in that particular study
[118]. However, despite the facts that spadin binds specifically
to both murine and human TREK1 channels, has no effect on
other K2P channels and does not induce side effects in relation
to TREK1 function [104, 118], putative additional protein
targets and consequent side effects cannot formally be ruled
out.
Also in ischemic stroke, BBB damage is commonly observed, and changes in infarct sizes often correlate with the
extent of BBB damage. Although different ion channels such
as Kir 6.1 (kcnj8; [48]), TASK1, store-operated Ca2+ channels,
or Na+/Ca2+ exchanger have been implicated in stroke development [25], channel dysfunction (specifically on the BBB)
has not yet been formally shown to play a role.

The K2P channel family in the immune system
Ion channels are not only essential for the generation of action
potentials and electrical activity of excitable cells, but also for
regulating functions of nonexcitable cells. A wide range of
various specialized ion channel subtypes with very diverse
biophysical, regulatory, and modulatory properties forms the
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basis of their physiologic function. This concept is acknowledged by most neuroscientists, pharmacologists, and physiologists but can be underestimated and even overlooked by
other medical research disciplines [61]. In the last decade,
increasing knowledge about the role of ion channels in the
immune system has revealed the importance of different ion
channels for immune cell effector mechanisms, both in health
and under pathophysiologic conditions [9, 32, 33, 127, 135,
142]. Much of the pioneering work has been done on T
lymphocytes, revealing a central role of Ca2+ and K+ channels
for T lymphocyte effector functions. T cells recognize their
corresponding antigen by engagement of the T cell receptor
(TCR), with its counterpart on antigen-presenting cells
resulting in the formation of the immunologic synapse. Different signaling pathways are initiated, with Ca2+ influx having a central role in T lymphocyte activation. In brief, following TCR engagement and depletion of endoplasmatic reticulum Ca2+ stores, stromal interaction molecule 1 (STIM1)
oligomerizes, translocates to the plasma membrane, and triggers Orai1 proteins to form Ca2+ release-activated channels
(CRAC) [5, 139].
Different K+ channels have been characterized, and it is
commonly assumed that they co-operate to provide an ionic
balance of Ca2+ influx and K+ efflux. Pharmacologic blockade
of K+ channels leads to membrane potential depolarization,
decreasing the driving force for Ca2+ influx and Ca2+-dependent signaling pathways. The voltage-gated K+ channel KV1.3
(kcna3) and the Ca2+-activated K+ channel KCa3.1 (kcnn4)
have been extensively studied for three decades [32, 42, 68,
92, 103].
It has been suggested that KV1.3 is particularly important
for CCR7−CD45RA− effector memory T cells, and that this T
cell subtype plays an important role in T cell-mediated pathophysiologic processes. Different pharmacologic blockers of
KV1.3 have shown a beneficial effect in animal models for a
number of T cell-mediated disorders, including type 1 diabetes, MS, rheumatoid arthritis, contact dermatitis, delayed time
hypersensitivity, and radiation-mediated brain injury [8, 9, 36,
128]. Myelin antigen reactive T cells in the peripheral blood
and CNS lesions of patients with MS are thought to express
high levels of KV1.3 [135, 159]. Recently, the small-peptide
blocker ShK-186 has progressed toward translation to clinical
use, with the start of phase I trials [36].
In contrast, KCa3.1 is preferentially expressed on naïve and
central memory T cells and is upregulated on stimulation of
these T cell subtypes [83]. The effects of pharmacologic
KCa3.1 blockade in the immune system probably also influence the innate immune system, as KCa3.1 is expressed on
mast cells, macrophages, and microglia. Beneficial effects of
KCa3.1 blockade in animal models of inflammatory bowel
disease, MS, rheumatoid arthritis, and traumatic brain injury
can therefore most likely be attributed to a broader immunomodulatory effect [37, 43, 134]. A clinical phase III trial

investigating the KCa3.1 blocker ICA-17043 showed no clinical benefit in the treatment of sickle cell anemia. However,
autoimmune diseases have not been evaluated so far in a
translational approach, and in principal, blockade of KCa3.1
in humans appears to be feasible [3].
In addition, the expression of different members of the K2P
channel family on T lymphocytes could be shown (TRESK
[130], TASK1 and TASK3 [107], TASK2 [16]). Our own
research group has recently identified a key role of the K2P
channel family members TASK1–3 in the activation and
effector functions of T lymphocytes in vitro and in animal
models of MS, namely, EAE, by using knockout and pharmacologic strategies [19, 23, 107]. Task1−/− mice showed a
significantly reduced disease course in the EAE model, which
could be attributed not only to a lower activation of T lymphocytes but also to a direct neuroprotective effect. Detailed
pharmacologic studies in vivo have so far been hindered by a
lack of highly selective and potent K2P channel modulators.
However, an increased number of recent reports on K2P channels indicates that there is growing interest in the pharmacology of K2P channels [10, 66, 102]. As mentioned above,
application of the TASK1 inhibitor A293 to the MOGinduced EAE model resulted in an ameliorated disease course;
this was accompanied by a reduced immune response, lower
infiltration of inflammatory cells, and a reduction of demyelination in treated mice. A293 had no significant effect in
Task1−/− mice but showed partial efficacy in Task3−/− mice
[14]. These results provide the link between A293 administration and TASK1 channels and rule out the blockade of
alternative targets as a major contributor to the observed
outcome. In addition to the anti-inflammatory effects of
TASK1 in the immune system, a direct neuroprotective effect
of TASK1 blockade, most likely via prevention of
proapoptotic intracellular K+ depletion, has been described
before. An open question is whether the effects of A293 are
observed via its action on peripheral immune cells or by
interacting with CNS-localized TASK1 channels on neurons.
A293 is not able to cross the BBB under normal conditions
[14]. However, autoimmune neuroinflammation leads to leakages of the BBB, and A293 might be able to enter the CNS in
EAE. More detailed pharmacologic studies are necessary to
obtain further insight into therapeutically targeting of TASK1.
The pharmacologic modulation of antigen-dependent T
lymphocyte activity by TASK channel modulators may
emerge as an attractive strategy for the development of novel
therapies [14]. In human studies, TASK2 was found to be
upregulated on CD8+ and CD4+ T lymphocytes following
their activation, with a tendency toward higher expression
levels on CD8+ T lymphocytes. TASK2-expressing T lymphocytes were identified at sites of inflammation in patients
with MS and rheumatoid arthritis, and channel activity has
been shown to correlate with disease severity [15, 16]. Until
now, the role of TASK2 has not yet been investigated in rodent
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models of autoimmunity, among other reasons due to a lack of
highly selective TASK2 blocking agents.
It is becoming increasingly clear that T lymphocytes possess a wide repertoire of different K+ channels that reflect T
cell subsets and different functional properties. Human T cells
isolated from the peripheral blood display a broad range of
their resting membrane potential, from −40 to −70 mV ([67,
155] and own observations). Stimulation of T lymphocytes
leads to an upregulation of KCa3.1 and TASK channels, as
described above. Furthermore, it has already been demonstrated that varying membrane potentials could be attributed to
cellular heterogeneity within T cell subpopulations. For example, naïve, central memory and effector memory CD4+ T
cell subsets differ profoundly in their membrane potentials
[99, 105]. This has been attributed to distinct expression
pattern of KV1.3 and KCa3.1 on these three subsets [159]. A
differential expression of K2P channels on different T cell
subsets seems plausible but has not been investigated in detail
so far.
B lymphocytes are important members of the immune
system mediating humoral responses. An initial study in
WEHI-231 cells, a murine cell line for immature B lymphocytes, identified two different kinds of background channels
by electrophysiologic studies displaying large and
intermediated conductances [122]. Later on, these two conductances could be attributed to TREK2 and TASK2 [121,
160]. TASK2 is upregulated upon stimulation of B cell receptors (BCR) and involved in BCR ligation-induced apoptosis.
This upregulation could be prevented by calcineurin inhibitors
and by knockdown of TASK2. A recent study showed that
TASK2 on B cells is upregulated under hypoxic conditions
leading to higher intracellular calcium signals after BCR
stimulation [144]. The hypoxia-dependent upregulation was
mediated by the transcription factor HIF-1α. While the functional expression of K2P channels on B lymphocytes has been
elegantly demonstrated, it will be interesting to learn more
about their involvement in immunological responses and
pathophysiologic conditions in future studies.
Apart from T and B lymphocytes, the roles of K2P channels
on other immune cell types—such as dendritic cells, natural
killer cells, monocytes, granulocytes, or macrophages—have
barely been investigated so far. In summary, in view of the
broad expression pattern of K2P channels, diverse roles of K2P
channel family members across various different immune cell
subtypes seems plausible.

Outlook
The published literature provides a solid evidence base for the
suitability of K2P channels as future candidates for the treatment of neurodegenerative diseases such as MS and ischemic
stroke. In order to make K2P channel-based treatment a real

prospect for clinical implementation, further research is required. However, several technical “roadblocks” hamper
progress in K2P research.
Due to the limited availability of cell-type-specific knockout models, most studies of the role of ion channels in general,
and of K2P channels in particular, have used full knockout
animal models. However, this prevents insights into whether
the effect is mediated via channel activity/inhibition on a
specific cell type that may be relevant in pathogenesis.
Neuronally expressed TASK1 channels were shown to be
neuroprotective in EAE via a criss-cross experiment with
acute living brain slices in coculture with MOG-reactive T
lymphocytes [19]. Unfortunately, similar experimental strategies, in which the interaction of deficient and nondeficient
tissue/T cell combinations can be monitored, are not feasible
in many cases. Cell-type-specific and conditional knockout
models are necessary to link the effects of K2P channels to the
cell type on which the channels are expressed. This knowledge of cell-type-specific channel effects is needed in order to
prevent unwanted side effects and interactions. Most of the
information that we have on K2P channel activity and function
is derived from studies in neurons. However, these investigations have so far been mainly carried out in glutamatergic
relay or projecting neurons [1, 28, 29, 47, 106, 109, 111, 152,
153]. Function, and even expression, of K2P channels on
inhibitory interneurons has remained largely elusive.
Furthermore, a major roadblock is the lack of subtypespecific and selective K2P channel activators and inhibitors.
So far, only few activating agents that occur naturally have
been identified (e.g., polyunsaturated fatty acids for TREK
channels [56]). Most of the available inhibitory substances are
semiselective and do not allow the distinction between different K2P family members. In recent years, the crystal structures
of two K2P channels (TWIK1, K2P1.1, kcnk1 [2, 114],
TRAAK [24]) have been published. These studies will not
only strongly support our understanding of their biophysical
characteristics, but they also promote the development of
substances that can act specifically on those two channels
(e.g., small molecules). It is promising that inhibitory TASK1
compounds have already emerged. These include A293,
which has been referred to earlier in this article. A293 is an
aromatic carbonamide with an IC50 for human and murine
TASK1 of 0.22 and 0.19 μM, respectively, and a nearly fivefold higher IC50 for the closely related human TASK3
(0.95 μM; [131]). A follow-up derivative of A293, termed
A1899, shows a higher affinity to TASK1 channels, with an
IC50 value in the low nanomolar range [138]. Other drugscreening approaches have led to the design of more TASK1
(ML365; [57, 162]) and TASK3 channel inhibitors such as
ML308 [115]. These compounds display an even higher potency and specificity and are valuable tools for pharmacologic
experiments on K2P channels. Meanwhile, there are ongoing
efforts to develop novel modulating agents for K2P channels
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that will help to overcome the main obstacle in research on
these channels.
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