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Abstract

TWIK-related potassium channels (TREK) belong to a subfamily of the two-pore domain potassium chan-
nels family with three members, TREK1, TREK2 and TWIK-related arachidonic acid-activated potassium
channels. The two-pore domain potassium channels is the last big family of channels being discovered,
therefore it is not surprising that most of the information we know about TREK channels predominantly
comes from the study of heterologously expressed channels. Notwithstanding, in this review we pay special
attention to the limited amount of information available on native TREK-like channels and real neurons
in relation to neuroprotection. Mainly we focus on the role of free fatty acids, lysophospholipids and other
neuroprotective agents like riluzole in the modulation of TREK channels, emphasizing on how import-
ant this modulation may be for the development of new therapies against neuropathic pain, depression,
schizophrenia, epilepsy, ischemia and cardiac complications.
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Introduction
Several good reviews have partially dealt with the relationship
between TWIK-related potassium channel (TREK) channels
and neuroprotection (Lesage and Lazdunski, 2000; Patel and
Honore, 2001; Patel et al., 2001; Kim, 2003; Lesage, 2003; Franks
and Honore, 2004; Honore, 2007; Lotshaw, 2007; Mathie and
Veale, 2007; Bayliss and Barrett, 2008; Dedman et al., 2009; Gur-
ney and Manoury, 2009; Sabbadini and Yost, 2009; Enyedi and
Czirjak, 2010; Es-Salah-Lamoureux et al., 2010; Mathie et al.,
2010; Noél et al., 2011; Lamas, 2012; Ehling et al., 2015; Djillani
etal., 2019). We believe that there is now enough information to
dedicate a complete review to this important topic.
Neuroprotective factors are a heterogeneous group of sub-
stances with protective activity on the damaged or undamaged
nervous system. Different classes of compounds exert neuro-
protective actions to the central nervous system. Endogenous
molecules like certain amino acids (e.g., taurine), endorphins,
fatty acids and estrogens (Lauritzen et al., 2000; Wu et al., 2009;
Galano et al,, 2011; Spence and Voskuhl, 2012), and also syn-
thetic compounds like memantine, riluzole or nifedipine (Jain,
2000; Vallazza-Deschamps et al., 2005; Cheah et al., 2010) have
been proved neuroprotective. The action mechanism of these
molecules is very diverse but in most cases implies the activa-
tion or inhibition of G-protein coupled metabotropic receptors
and voltage- and ligand-gated ion channels. Among these, po-
tassium channels are common targets for neuroprotective mol-
ecules. Particularly the family of two-pore domain potassium
(K2P) channels, being key mediators of the resting membrane
potential and therefore having a direct control over the excit-
ability of the plasma membrane, emerged as the final effectors
of numerous neuroprotective compounds (Mathie and Veale,
2007; Es-Salah-Lamoureux et al., 2010).
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TREK is one of the six subfamilies in which K2P channels are
divided. Although probably better known by their mechanical
sensitivity, soon after the discovery of TREK channels (Fink et
al., 1996) it was clear that besides many physical and chemical
stimuli (Fink et al., 1998; Patel et al., 1998; Bang et al., 2000;
Lesage et al., 2000b), the three members of this subfamily
(TREK1, TREK2 and TWIK-related arachidonic acid-activated
potassium channels (TRAAK)) were modulated by several neu-
roprotective substances.

In the present review, we focus on how TREK channels are af-
fected by different neuroprotective factors. In particular, we look
into the well-studied effect that fatty acids, lysophospholipids
and riluzole exert on these channels. We also discuss the poten-
tial of TREK channels as therapeutic targets for the treatment of
different neuronal and cardiac diseases.

Free Fatty Acids

Polyunsaturated fatty acids (PUFAs) like arachidonic (AA),
linolenic (LLA) or docosahexaenoic (DHA) acids, but not sat-
urated fatty acids (Figure 1 and Table 1), are known to be po-
tentially useful for the treatment of several cardiac and cerebral
pathologies. They prevent cellular death in in vivo and in vitro
models of global ischemia, neurotoxicity (induced by kainate
or by a magnesium-depleted glycine-supplemented medium)
and status epilepticus (Lauritzen et al., 2000; Blondeau et al.,
2002). The main mechanism of action implies their interac-
tion (blockade) with glutamatergic neurotransmission, where
the activation of TREK channels expressed pre and postsyn-
aptically in glutamatergic synapses might be responsible for
such a blockade by hyperpolarizing both pre and postsynaptic
membranes (Lauritzen et al., 2000; Hennebelle et al., 2014).
Notwithstanding, PUFAs can have multiple effects on other
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channels, receptors or transporters like voltage-sensitive potas-
sium, sodium and calcium channels, glutamate transporters or
N-methyl-D-aspartic acid receptors for example (Boland and
Drzewiecki, 2008; Yazdi et al., 2016; Elinder and Liin, 2017).

Before K2P channels were discovered, Kim et al. (1995) report-
ed a family of new potassium channels (named KAA or KFA)
with at least three components, being their main characteristic
a strong activation by AA and other unsaturated free fatty acids.
Besides their activation by PUFAs, these channels share several
key features with the TREK subfamily, like activation by mem-
brane stretch, marked open-channel noise, large conductance at
negative voltages and insensitivity to classical potassium chan-
nel blockers, thus suggesting a common molecular background
(Bang et al., 2000).

TWIK-related potassium channel 1

Heterologously expressed channels

Single channel: In COS cells (cell line derived from kidney
tissue), AA activates heterologously expressed TREK1 channels
strongly and dose-dependently, when recorded in outside-out

Figure 1 Major polyunsatu-
rated fatty acids activating
TWIK-related potassium
channels.

See Table 1 for more details.

and inside-out patches (Maingret et al., 2000a). A similar result
was obtained with two other polyunsaturated fatty acids (do-
cosahexaenoate and oleate) in the outside-out configuration,
strongly suggesting a direct effect on the channel or the mem-
brane (Patel et al., 1998; Maingret et al., 2000a, b; Honore et al.,
2002; Kang and Kim, 2006; Sandoz et al., 2006). Importantly,
the effect of AA was maintained in COS-expressed channels at
37°C in cell-attached and inside-out patches (Kang et al., 2005).
Consistently, the activity of TREK1 channels recorded in a mac-
ropatch, using the cell-attached patch configuration, was slowly
and weakly activated by AA (Maingret et al., 2000a) but con-
troversially, very strong activation of human TREK1 (hTREK1)
channels recorded in similar conditions has also been reported
(Miller et al., 2003). On the contrary, palmitate and arachidate,
saturated fatty acids, had no effect on COS-expressed TREK1
channels in outside-out patches (Patel et al., 1998).

Macroscopic currents: Whole-cell TREK1 currents (expressed
in COS, HEK cells (human embryonic kidney cells) or in oo-
cytes) were strongly, reversibly and dose-dependently potenti-
ated by AA, being the AA-sensitive current outwardly rectify-
ing but without apparent voltage threshold (Patel et al., 1998;
Maingret et al., 1999b, 2000a; Meadows et al., 2000; Honore et
al., 2002; Miller et al., 2003; Takahira et al., 2005; Chemin et al.,
2007; Cohen et al., 2009; Mazella et al., 2010; Moha ou Maati
et al., 2011; Moha Ou Maati et al., 2012; Djillani et al., 2017;
Soussia et al., 2018; Woo et al., 2018). Other PUFAs, like DHA
and LLA acids, also activated heterologously expressed TREK1
channels (Moha ou Maati et al., 2011). Like in single-channel
recordings, saturated fatty acids (myristate, palmitate, stearate,
arachidate) had no effect on the TREK1 channels expressed in
COS cells (Maingret et al., 2000a).

Natively expressed channels

Single channel: Rat atrial myocytes express a non-inactivating
potassium current called IKAA which, being strongly activated by
AA, has been ascribed to the activation of TREK1 channels. Puta-
tive TREK1 single-channel currents showed outwardly rectifying
current-voltage (IV) curves both in physiological and in sym-
metrical potassium concentrations, when recorded in inside-out
patches (Terrenoire et al., 2001). Similar results using AA were
obtained in cultured supraoptic cells, striatal, ventricular cardio-
myocytes and dorsal root ganglion (DRG) neurons in inside-out
patches (Han et al., 2003; Heurteaux et al., 2004; Alloui et al.,
2006; Kang and Kim, 2006; Li et al., 2006; La and Gebhart, 2011)
both at room temperature and at 37°C (Kang et al., 2005).

Table 1 Reported effect of different fatty acids on channels of the TREK subfamily

Fatty acid TREK1

Type

TREK2 TRAAK

Saturated
Mono unsaturated NA

Stearic acid
Oleic acid
Linolelaidic acid Polyunsaturated

Docosahexaenoic acid Polyunsaturated

Arachidonic acid Polyunsaturated ~ A: 10 uM" (Patel et al., 1998)
Linoleic acid Polyunsaturated ~ A: 20 uM" (Moha ou Maati et al., 2011)
Linolenic acid Polyunsaturated ~ A: 10 uM" (Moha ou Maati et al., 2011)

NE: 20 uM" (Moha ou Maati et al., 2011)

NE: 20 pMN (Gnatenco et al., 2002)
A: 20 pM" (Bang et al., 2000)

NE: 10 uM" (Fink et al., 1998)
A: 20 uM" (Fink et al., 1998)

NE: 20 pMN (Moha ou Maati et al., 2011) NA NA
A: 10 uM" (Moha ou Maati et al., 2011)

A: 20 uM" (Bang et al., 2000)
A: 10 uM" (Ferroni et al., 2003)
A: 20 uM™ (Bang et al., 2000)
A: 20 pM" (Bang et al., 2000)

A: 20 uM" (Fink et al., 1998)
A: 20 uM" (Takahira et al., 2005)
A: 20 uM" (Fink et al., 1998)
A: 20 uM" (Fink et al., 1998)

The tested concentration is indicated. A: Activation; N: tested on native channels; NA: not addressed; NE: no effect; H: tested on heterologously
expressed channels; TRAAK: TWIK-related arachidonic acid-activated potassium channels; TREK: TWIK-related potassium channels.
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Protection of cerebellar granule cells by AA, DHA and LLA
acids, in a model of excitotoxicity, has been attributed to the
activation of putative TREK1/TRAAK channels. This effect was
dependent on the equilibrium potential for potassium suggest-
ing that PUFAs exert their effect by hyperpolarizing the neuro-
nal membrane (Lauritzen et al., 2000). Activation of potassium
channels (in outside-out patches) with properties similar to
those shown by heterologously expressed TREK1/TRAAK chan-
nels was also shown in this work.

Similarly, bovine TREK1 (bTREK1) channels natively ex-
pressed in bovine adrenal zona fasciculata cells were activated
by AA and linoleic acid (LA), but not by linolelaidic acid (Danthi
et al., 2003). Furthermore, TREK1-like currents were activated
by AA in rat urinary bladder smooth muscle cells, where only
this member of the TREK subfamily is expressed (Fukasaku et
al., 2016).

Macroscopic currents: Using whole-cell patch-clamp record-
ings, Danthi et al. (2003) showed that polyunsaturated AA
and LA acid increased de activity of bTREK1 in bovine adrenal
cells dramatically, dose-dependently and reversibly but slowly
(several minutes). The current activated by AA is strongly out-
ward-rectifying and reverses at the equilibrium potential for
potassium. Although reduced, this rectification persists at sym-
metrical concentrations of potassium (Danthi et al., 2003). AA
also enhances whole-cell TREK1-like currents in DRG neurons,
hippocampal astrocytes, CA3 hippocampal neurons in slices
and corticotrope cells (Alloui et al., 2006; Seifert et al., 2009;
Mazella et al., 2010; Lee et al., 2011). On the contrary, neither
the trans-polyunsaturated (linolelaidic acid) nor saturated fatty
acids (steric acid) affected native TREK currents in adrenal cells
(Danthi et al., 2003).

TWIK-related potassium channel 2

Heterologously expressed channels

Single channel: AA dose-dependently increased the activity of
COS-expressed TREK2 channels when applied in inside- and
outside-out patches. Similar results were obtained with other
unsaturated free fatty acids like LA and oleic acid, and also
with DHA, eicosapentaenoic and LLA acids when applied to
inside-out patches (Bang et al., 2000; Kim et al., 2001b; Che-
min et al.,, 2003; Kang and Kim, 2006). Studies reported two
TREK2 phenotypes (TREK2-S and TREK2-L) with different
conductances when expressed in COS, HEK, HeLa (human cell
line derived from a cervical cancer) cells and Xenopus oocytes,
being both phenotypes strongly activated by AA in inside-out
patches and cell-attached patches (Kang et al., 2007; Simkin et
al., 2008). AA also increased the activity of TREK2 channels at
37°C in cell-attached and inside-out patches (Kang et al., 2005).
On the contrary, saturated fatty acids, like stearic and palmitic,
did not affect TREK2 channels either in inside- or outside-out
patches (COS-expressed) (Bang et al., 2000).

Macroscopic currents: Heterologously expressed TREK2 chan-
nels (COS and HEK) are strongly and reversibly activated by AA
and other PUFAs (DHA and LA) (Lesage et al., 2000b; Gu et al.,
2002; Takahira et al., 2005; Woo et al., 2016, 2018). In contrast,
saturated fatty acids (palmitic) do not affect TREK2 channels ex-
pressed in COS cells (Lesage et al., 2000b).

Natively expressed channels

Single channel: Single channel recording revealed a potassium
channel with electrophysiological and pharmacological char-
acteristics nearly identical to those shown by expressed TREK2
channels in cerebellar granule, supraoptic, the pancreatic cell
line MIN6 and DRG neurons in culture (Han et al., 2002, 2003;
Kang et al., 2004; Kang and Kim, 2006; La and Gebhart, 2011).
In inside-out and cell-attached patches the activity of these
channels was strongly enhanced by AA (Han et al., 2002, 2003;
Kang et al., 2004, 2005), but also by LLA and LA (Han et al,,
2002; Kang et al., 2005). In addition, the two phenotypes of
TREK2 channels (TREK2-S and TREK2-L) were activated by
AA in cerebellar neurons (Kang et al., 2007). Native TREK2
currents were also identified in astrocytes and activated by a va-
riety of PUFAs including AA, LA, LLA and oleic acid, but not
by saturated fatty acids such as palmitic or stearic acids (Gna-
tenco et al., 2002).

Macroscopic currents: Whole-cell TREK2-like currents were
identified upon application of AA in rat type-1 cortical astrocytes
in culture (Ferroni et al., 2003). The activation of the AA-sensi-
tive current was rather slow and its IV curve displayed a marked
outward rectification that became apparent at potentials more
negative than -60 mV, showing very little inward currents, a
characteristic property of TREK channels. Moreover, this rec-
tification was clearly reduced in symmetrical concentrations of
potassium (Ferroni et al., 2003; Kucheryavykh et al., 2009). Sim-
ilar results were obtained in the insulin-secreting pancreatic cell
line MIN6 and in hippocampal and cortical astrocytes (Kang et
al., 2004; Seifert et al., 2009; Woo et al., 2016). Native slowly de-
veloping outward currents (perforated-patch) induced by LA in
cultured mouse superior cervical ganglion (mSCG) neurons were
also attributed to the slow activation of TREK2 channels and
they were robustly inhibited by fluoxetine, an inhibitor of TREK
subfamily channels (Cadaveira-Mosquera et al., 2011).

TWIK-related arachidonic acid-activated potassium
channels

Heterologously expressed channels

Single channel: The activity of TRAAK channels recorded in
COS cells was strongly stimulated by AA both in inside-out and
outside-out patches, contributing to the hypothesis of a direct
effect of polyunsaturated fatty acids on TRAAK channels from
mouse and human (Fink et al., 1998; Lesage et al., 2000a; Kim
et al,, 2001a; Kang and Kim, 2006). Same results were obtained
with other fatty acids like LLA and LA in both configurations
(Kim et al., 2001a). AA also increased the activity of TRAAK
channels at 37°C in cell-attached and inside-out patches (Kang
et al., 2005).

Macroscopic currents: When discovering and describing for
the first time TRAAK channels, Fink et al. (1998) reported that
the current produced by these channels was strongly, slowly
and reversibly stimulated by AA, a polyunsaturated fatty acid,
in a dose-dependent manner. Similar results were found in dif-
ferent species and different heterologous systems (COS, HEK)
(Fink et al., 1998; Maingret et al., 1999a, 2000a; Lesage et al.,
2000a; Meadows et al., 2001; Takahira et al., 2005; Brohawn et
al., 2012). Interestingly, although the control IV curves recti-
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fied and did not show much inward current, application of AA
clearly increased the inward current at hyperpolarized potentials
indicating an enhancing effect at all potentials tested (Fink et
al., 1998; Lesage et al., 2000a; Soussia et al., 2018). However, a
strong outward rectification was also reported for the AA-sen-
sitive current under similar conditions (Maingret et al., 1999a,
b; Lesage et al., 2000a). Besides AA, most polyunsaturated fatty
acids (LA, LLA, eicosapentaenoic acid, DHA) enhanced TRAAK
currents expressed in COS cells (Fink et al., 1998; Lesage et al.,
2000a). A similar enhancing effect was shown for monounsat-
urated fatty acids like oleic acid (Fink et al., 1998). On the con-
trary, saturated fatty acids (palmitate, stearate, arachidate, myri-
state) did not affect TRAAK currents (Fink et al., 1998; Lesage et
al., 2000a; Maingret et al., 2000a).

Natively expressed channels

Single Channel: Before TRAAK channels were discovered, a
family of potassium channels with a very similar response to
AA and other saturated and unsaturated fatty acids was report-
ed in cultured mesencephalic and hypothalamic neurons (Kim
et al., 1995). The activation of these channels could be recorded
in whole-cell, inside-out and outside-out preparations with
equivalent conductance values. These currents were blocked by
barium but not by other classical potassium channel blockers
and they were sensitive to stretch and pH but essentially volt-
age-independent. All these properties pointed to TRAAK chan-
nels as the background of these AA activated currents (Fink et
al., 1998; Bang et al., 2000). TRAAK-like channels are activated
in supraoptic and DRG neurons when AA is applied to the in-
tracellular side of inside-out macropatches, and similar results
were obtained with other unsaturated fatty acids like LA and
oleic acid (Han et al., 2003; La and Gebhart, 2011).

Action mechanism

Deletion of the N-terminus (Chemin et al., 2005a) or the C-ter-
minus (up to Thr322) of TREK1 channels does not affect either
basal or AA activated TREKI currents, but additional trunca-
tion of the C-terminal to Arg311 reduced the activation of the
current by AA, and truncation at Val298 completely abolished
AA stimulation (Patel et al., 1998; Maingret et al., 2000a). These
experiments strongly suggest that the region between Val298
and Thr322 in the C terminal of the channel is critical for AA
stimulation. Interestingly, the same region is also essential for
the activation of TREK1 channels by mechanical stimuli and
intracellular acidification (Patel et al., 1998; Maingret et al.,
1999b; Woo et al., 2018). On the same line, mutation of residue
E306A increased the basal activity and also affected the mod-
ulation of TREK1 by AA (Honore et al., 2002). In this same
study it is suggested that protonation of residue E306 mechan-
ically couples the channel to the lipid bilayer allowing AA and
mechanical stimuli to open the channel more easily (Honore et
al., 2002). The activation of TREK1 channels by AA, recorded
in a macropatch using the cell-attached patch configuration,
was very slow (around 10 minutes) and weak suggesting a di-
rect effect on the channel or by partitioning into the membrane
(Maingret et al., 2000a). The inhibition of the formation of ac-
tive AA metabolites did not preclude the activation of TREK1
currents in adrenal or corticotrope cells supporting the thesis of
a direct effect (Danthi et al., 2003; Lee et al., 2011).
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The activating effect of AA on TREK2 can be abolished by
removing or replacing the C-terminus with that of TASK3 or
by mutating the residue E332A, suggesting a strong role for this
portion of the channel on the modulation by AA (Kim et al,,
2001a, b; Kang et al., 2005; Woo et al., 2018). Interestingly, the
sequential removal of the C-terminus also gradually diminished
the activation of TREK2 by AA and the activation disappeared
when the entire C-terminus was detached (Kim et al., 2001b).
However, removal of the N-terminus does not interfere with
the action of AA (Simkin et al., 2008). It has also been reported
that the activation of native TREK2-like currents in astrocytes
is independent of the AA metabolism or protein kinase C ac-
tivation but rather due to a direct interaction of AA with the
extracellular side of the membrane, as intracellular application
did not increase the current (Ferroni et al., 2003).

Unlike TREK1 and TREK2, alteration of the C-terminus of
TRAAK channels did not affect their responsiveness to AA,
suggesting a different mechanism among channels within this
subfamily. Consistently, TRAAK C-terminus shares only 50%
identity with TREK channels, while in TREK1 and TREK2
channels this region is nearly identical (Kim et al., 2001a; Hon-
ore et al., 2002). The inhibition of several AA-dependent met-
abolic pathways did not preclude the effect of AA on TRAAK
channels, AA metabolites did not affect TRAAK currents and
the activation could be reproduced in outside- and inside-out
patch, all this supporting the hypothesis of a direct action of AA
on TRAAK channels (Fink et al., 1998; Han et al., 2003). It is
unlikely that AA affects TRAAK channels by membrane defor-
mation because negative pressure still activates these channels
in the presence of lipid-free bovine serum albumin (COS cells;
inside-out), which is known to bind fatty acids and remove
them from the membranes (Maingret et al., 1999a). Interesting-
ly, mechanical stimulation of TRAAK channels greatly increas-
es their responsiveness to AA, indicating a synergistic effect of
these two stimuli (Kim et al., 2001a).

Lysophospholipids

Lysophospholipids are intermediate molecules in the pathway
of the synthesis and degradation of the phospholipids consti-
tuting the plasma membrane. These bioactive molecules (Figure
2) are also released in response to tissue damage and ischemia,
where they induce neuroprotection by interacting with a va-
riety of G-protein coupled receptors as well as ion channels,
including the TREK subfamily (Chemin et al., 2005b; Hernan-
dez-Araiza et al., 2018) (Table 2).

TWIK-related potassium channel 1

Heterologously expressed channels

Single channel: The activity of TREK1 channels recorded in
a macropatch using the cell-attached patch configuration is
rapidly activated by lysophosphatidylcholine (LPC), which
however does not activate TREK1 channels either in inside-
or outside-out patch configurations (Maingret et al., 2000a)
suggesting an indirect effect. Unexpectedly LPC inhibited
the activity of TREK1 channels when induced by AA in the
inside-out configuration (Maingret et al., 2000a). Similarly,
lysophosphatidic acid (LPA) increased TREK1 currents in
inside-out macropatches (dose-dependently and reversibly)
but had no effect when applied in outside-out or whole-cell
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recordings (Chemin et al., 2005a; Parrill, 2005). These results
indicate that the effect of lysophospholipids on TREK channels
is very dependent on the recording technique and warns of the
extreme care that must be taken when interpreting negative re-
sults under some experimental conditions.

Macroscopic currents: LPC, lysophosphatidylinositol (LPI),
platelet-activating factor and Lyso-platelet-activating factor
strongly activated TREK1 channels and induced a dose-de-
pendent outward current in COS cells transfected with TREK1
channels and voltage-clamped at 0 mV. Interestingly the effect
of LPC was noticeably faster in comparison to that of AA (Main-
gret et al., 2000a). It is important to note that current activation
induced by LPC did not decayed with time (up to 15 minutes),
but see below (Maingret et al., 2000a; Cohen et al., 2009). The IV
curve shows that the LPC-sensitive current has a strong outward
rectification in physiological potassium concentrations, retaining
this outward rectification at negative potentials even in equimo-
lar concentrations of potassium (Maingret et al., 2000a).

On the contrary, choline, phosphatidylcholine (two acyl
chains) and LPA (lacking the head group), lysophosphati-
dylserine and lysophosphatidylethanolamine failed to increase
TREK]1 currents (Maingret et al., 2000a). LPA had a similar lack
of effect in COS-expressed TREK1 current recorded in whole-
cell, but see above (Chemin et al., 2005a). In fact, LPA strongly
and reversibly reduced TREK1 currents expressed in oocytes
and inhibited the TREK1 currents induced by AA and LPC,
with all these effects involving the activation of the Phospho-
lipase C pathway and requiring the C-terminus of the channel
protein (Cohen et al., 2009).

Natively expressed channels

Single channel: LPC activates the IKAA current, which was at-
tributed to the activation of TREK1 channels, in atrial myocytes
recorded under the cell-attached configuration (Terrenoire et
al., 2001). Another study performed in striatal neurons found
that TREK1-like single channel currents are strongly activated
by LPA probably through an interaction with the interior of the
membrane (Chemin et al., 2005a).

Macroscopic currents: Both LPC and LPI were shown to tran-
siently activate bTREK1 channels in bovine adrenal zona fascicu-
lata cells (Danthi et al., 2003). This transient activation is in con-
trast with the sustained response of TREK1 channels by LPC and

LPI in heterologous systems (Maingret et al., 2000a; Danthi et al.,
2003). Activation of TREKI channels by LPC was much faster
than that evoked by AA, and when these two compounds are
applied together, a mixed response (rapid increase followed by a
sustained response) develops, suggesting that TREK1 activation
by fatty acids and lipophospholipids happens through different
mechanisms (Danthi et al., 2003). Indeed, it was found that the
Glu306 residue of the carboxyl-terminal domain, which mediates
TREKI1 activation by AA, is not responsible of the channel acti-
vation by LPA, which seems to be dependent on an interaction
with the M2-M3 intracellular loop (Chemin et al., 2005a).

TWIK-related potassium channel 2

Compared to TREK1, very few data have been published de-
scribing the effect of lysophospholipids on TREK2 channels.
COS-expressed TREK2 channels are activated by LPA in in-
side-out macropatches (Chemin et al., 2005a) and whole-cell
hTREK?2 currents expressed in COS cells are strongly activated
by LPI and LPC (Lesage et al., 2000b).

TWIK-related arachidonic acid-activated potassium
channels

Data on lysophospholipids and TRAAK channels are also scarce.
COS-expressed TRAAK channels are strongly activated by LPA

Lysophosphatidylcholine

Lysophosphatidic acid

H
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7 T

NN \\G

Lysophosphatidylinositol Platelet-activating factor
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Figure 2 Major lysophospholipids activating TWIK-related
potassium channels.
See Table 2 for more details.

Table 2 Reported effect of different phospholipids on channels of the TREK subfamily

Phospholipid TREK1 TREK2 TRAAK

LPC A: 10 pM"™ (Maingret et al., 2000a) A: 10 uM" (Lesage et al., 2000b) A: 10 uM"™ (Maingret et al., 2000a)
LPI A: 10 uM" (Maingret et al., 2000a) A: 10 uM"" (Lesage et al., 2000b) A: 10 uM" (Maingret et al., 2000a)
LPA A:5 pMN (Chemin et al., 2005a) A:5 pMH (Chemin et al., 2005a) A:5 pMH (Chemin et al., 2005a)
LPS NE" (Maingret et al., 2000a) NA NE" (Maingret et al., 2000a)

LPE NE® (Maingret et al., 2000a) NA NE® (Maingret et al., 2000a)

PC NE'" (Maingret et al., 2000a) NA NE" (Maingret et al., 2000a)

PAF A: 10 uM"™ (Maingret et al., 2000a) NA A: 10 uM"™ (Maingret et al., 2000a)

The tested concentration is indicated. A: Activation; N: tested on native channels; NA: not addressed; NE: no effect; H: tested on heterologously
expressed channels; LPA: lysophosphatidic acid; LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine; LPI: lysophosphatidylinositol;
LPS: lysophosphatidylserine; PAF: platelet-activating factor; PC: phosphatidylcholine; TRAAK: TWIK-related arachidonic acid-activated potassium

channels; TREK: TWIK-related potassium channels.
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in inside-out macropatches (Chemin et al., 2005a). In addition,
LPC, platelet-activating factor, Lyso-platelet-activating factor
and LPI stimulated heterologously expressed TRAAK chan-
nels in a similar manner than reported for TREK1 channels in
whole-cell recordings (Maingret et al., 2000a). However, phos-
phatidylcholine, LPA, lysophosphatidylethanolamine, lysophos-
phatidylserine and choline were ineffective on heterologously
expressed macroscopic TRAAK currents (Maingret et al., 2000a).

Action mechanism

The activation of TREK1 and TRAAK by lysophospholipids
strongly depends on the size of the polar head and the length
of the acyl chain, however it seems to be independent of the
charge of the molecule (Maingret et al., 2000a). It has been sug-
gested that the shape rather than the charge may be the clue,
being the conical form of lysophospholipids the main factor
(Patel et al., 2001). Importantly, the effect of LPC on TREK1
and TRAAK channels can be inhibited by chlorpromazine,
gadolinium and by amiloride, and could be reversed by 8-cyclic
adenosine monophosphate (cAMP) and phorbol myristate ac-
etate, suggesting the involvement of protein kinases A and/or
protein kinase C (Maingret et al., 2000a). However, in adrenal
native cells recorded in the whole-cell mode, LPC still induced
a strong activation of bTREK1 currents in the absence of in-
tracellular nucleotides or in the presence of adenosine mono-
phosphate-adenylyl-imidodiphosphate, suggesting that kinases
and adenosine triphosphate (ATP)ases are not involved in the
response (Danthi et al., 2003).

Deletion of the N-terminus of TREK1 channels (in COS,
whole-cell) does not affect the activation of TREKI currents by
LPC, however deletion of the C-terminus abolished it (Maingret
et al., 2000a). The amino terminal domain of TREK1 expressed
in COS cells is also unnecessary for the activation of the chan-
nel by LPA in inside-out patches (Chemin et al., 2005a).

Riluzole and Other Neuroprotective Agents
Riluzole (RIL) is a neuroprotective agent with anticonvulsant,
sedative and antiischemic properties, currently used for the
treatment of amyotrophic lateral sclerosis (ALS) and other
nervous system injuries (Cheah et al., 2010; Weiss et al., 2010;
Weiss and Saint, 2010; Bellingham, 2011). RIL activates all
channels of the TREK subfamily (Duprat et al., 2000; Lesage et
al., 2000b). However, this compound is far from being a selec-
tive drug, and exerts effects on a good number of ion channels,
like sodium, potassium, calcium channels, as well as ligand-gat-
ed ion channels like y-aminobutyric acid (GABA),, glycine or
glutamate receptors (Huang et al., 1997; Grunnet et al., 2001;
Mohammadi et al., 2001; Reboreda et al., 2003; Lamanauskas
and Nistri, 2008; Lamas et al., 2009). On the other hand, other
known neuroprotectors and mood stabilizers also interact with
TREK channels (Meadows et al., 2001) (Figure 3 and Table 3).

TWIK-related potassium channel 1

Heterologously expressed channels

Single channel: In outside-out patches, RIL enhances the activ-
ity of single TREK1 channels suggesting a direct effect (Duprat
et al., 2000). Also the newly developed TREK1 enhancer ML67-
33 works in inside and outside-out macropatches suggesting that
second messengers are not necessary (Bagriantsev et al., 2013).
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Macroscopic currents: Riluzole induces a dual effect on TREK1
macroscopic currents, starting with a rapid and strong stimu-
lation of the current which is followed by a current decay and
finishing with a strong inhibition, ultimately leading to a final
outward current in the presence of RIL that is smaller than the
control current (Duprat et al., 2000). Note that most of these
experiments are carried out in COS, HEK or oocyte-expressed
channels fixed at 0 mV, so that a stable TREK current is present
before RIL is applied (Duprat et al., 2000; Meadows et al., 2000;
Moha ou Maati et al., 2011).

Sipatrigine is a well-known neuroprotective and anticonvul-
sive substance blocking voltage dependent sodium and calcium
channels and inhibiting glutamate release. On the contrary to
RIL, sipatrigine emerged as a potent antagonist of hTREK1
channels, being this effect dose-dependent, reversible and fol-
lowed by a small rebound (Meadows et al., 2001). Sipatrigine is
a derivative of lamotrigine, which shows stronger anticonvul-
sant properties, but lower neuroprotective activity. Interesting-
ly, lamotrigine has no effect on hTREKI currents (Meadows et
al., 2001; Kim et al., 2017).

Other synthetic compounds have been developed in order
to specifically modulate TREK channels. Recently, GI-530159,
a novel activator for TREK1 channels, has been described to
strongly and directly activate TREK1 channels stably expressed
on HEK293 cells, reporting a half maximal effective concentra-
tion of around 900 nM (Loucif et al., 2018). This compound also
activates TREK2 channels, but not TRAAK channels (Loucif
et al,, 2018). Similarly, BL-1249 is described to directly activate
TREK1 channels (Veale et al., 2014), however this compound
not only activates the other two members of the TREK subfam-
ily, but also other channels including TASK3 (K2P channel),
calcium-activated BK channels, K,7.2, K,7.3 and also sodium
channels (Nay1.7) (Loucif et al., 2018). Previously, ML67-33, a
dihydroacridine analogue, was also reported as a selective acti-
vator of the three channels of the TREK subfamily, showing no
effect over other K2P (TASK1, TASK2, TASK3, TRESK) or on
KCNQ2 channels (Bagriantsev et al., 2013). ML67-33 appears to
directly enhance channel activity, as its effect is fast and it can be
reproduced in inside- and outside-out (Bagriantsev et al., 2013).
It should be tested whether ML67-33 allows discriminating
the contribution of TREK currents from that of the M-current
(KCNQ2/3) in setting the resting membrane potential (RMP) of
neurons that express both currents.

Remarkably, a specific inhibitor for TREK1 channels with
no effect on the other two members of the TREK subfamily
has been described. Spadin, which is a 17-amino acid peptide
derived from the endogenous peptide sortilin, induces a de-
crease in TREKI currents by promoting the internalization
of the channel (Mazella et al., 2010). The specificity and rapid
action of spadin on TREKI1 channels, as well as the positive
outcome obtained from preclinical assays in animal models of
depression, positions this compound as a potential drug for the
treatment of this disease and other TREK1-related conditions
(Djillani et al., 2019).

Natively expressed channels

Macroscopic currents: Natively expressed I, potassium
currents in bovine adrenal cells are thought to flow through
bTREKI; this current is transiently enhanced by RIL in most
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cells recorded, although sustained and intermediate respons-
es have also been reported (Enyeart et al., 2002). IV curves
of I, currents showed a rectification similar to that obtained
for macroscopic TREK1 channels (Enyeart et al., 2002). In
addition, a TREKI-like current in the mouse nodose ganglion
neurons in culture was activated by RIL (I;) (Cadaveira-Mos-
quera et al., 2012; Fernandez-Fernandez et al., 2018). This ac-
tivation was often transient, occurred in all the three different
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Figure 3 Major therapeutics modulating TWIK-related potassium
channels.
See Table 3 for more details.

cell subtypes of this ganglion and it was strongly blocked by
fluoxetine and spadin. Similar results were found with the two
more selective TREK-current enhancers ML67-33 and BL-1249
(Fernandez-Fernandez et al., 2018). The current activated by
RIL in mouse nodose ganglion neurons was clearly outwardly
rectifying in standard but linearized in symmetrical potassium
(Ferndndez-Ferndndez et al., 2018). In DRG neurons express-
ing TREK1 channels, GI-530159 induced the hyperpolarization
of the RMP, therefore leading to a decrease in action potential
firing (Loucif et al., 2018). The concentration of GI-530159 test-
ed indicates that this decrease in excitability is likely mediated
by the direct activation of TREK1 channels, thus supporting a
putative therapeutic effect that targeting these channels with
GI-530159 or other synthetic activators of TREK1 may have for
the treatment of DRG-mediated forms of pain.

TWIK-related potassium channel 2

Heterologously expressed channels

Single channel: In COS cells expressing TREK2 channels, sin-
gle-channel recordings were studied in the cell-attached mo-
dality. Under such conditions, RIL enhanced TREK2 channel
activity by two-fold, an effect that was mimicked by the applica-
tion of the flavonoids baicalein and wogonin (Kim et al., 2011).

Macroscopic currents: The neuroprotective drug RIL also have
a dual modulation on expressed (COS cells) TREK2 channels;
at first the current is strongly enhanced but, after reaching a
peak, I, progressively decays and finally even the basal TREK2
current was inhibited (Lesage et al., 2000b). TREK2 channels
expressed in HEK293 cells are also activated by GI-530159, BL-
1249 and ML67-33 (Bagriantsev et al., 2013; Loucif et al., 2018),
thus so far there is no specific activator that allows to differenti-
ate between TREK1 and TREK2 channels.

Natively expressed channels
Single channel: The open probability of single TREK2-like

Table 3 Reported effect of different therapeutics and mood stabilizers on channels of the TREK subfamily

Therapeutic Indication TREK1 TREK2 TRAAK
Riluzole Neuroprotector A:100 pM“ (Moha ou Maati et al., 2011)  A: 300 },LMN (Cadaveira-Mosquera et al., 2011)  A: 100 pM” (Fink et al., 1998)
(amyotrophic lateral
sclerosis)
Sipatrigine Neuroprotector I: 10 uM" (Meadows et al., 2001) NA I: 10 uM" (Meadows et al., 2001)
Fluoxetine Antidepressant I:10 pMH (Kim et al., 2017) 1: 100 pMN (Cadaveira-Mosquera et al., 2011) ~ NE: 10 pMH (Heurteaux et al., 2006b)
Norfluoxetine  Antidepressant I: 3 uM" (Kennard et al., 2005 I: 3 uM" (Dong et al., 2015) NA
Paroxetine Antidepressant I: 20 uM" (Kim et al., 2017) I: 20 uM" (Kim et al., 2017) NE: 10 uM" (Heurteaux et al., 2006b)
Citalopram Antidepressant I: 100 uM" (Kim et al., 2017) I: 100 pM" (Kim et al., 2017) NA
Gabapentin Antidepressant A: 100 pM” (Kim et al., 2017) NE: 100 pM“ (Kim et al., 2017) NA
Lamotrigine Anticonvulsant NE: 10 pMH (Meadows et al., 2001) NE" (Kim et al., 2017) NE: 10 pMH (Meadows et al., 2001)
Valproate Anticonvulsant A: 100 uM" (Kim et al., 2017) NE: 100 uM" (Kim et al., 2017) NA
Carbamazepine  Anticonvulsant A:100 pMH (Kim et al., 2017) NE: 100 pMH (Kim et al., 2017) NA
Lithium chloride Bipolar disorder A: 1 mM" (Kim et al., 2017) NE: 1 mM" (Kim et al., 2017) NA
Chlorpromazine Antipsychotic I: 30 uM" (Kim et al., 2017) I: 100 pM" (Kim et al., 2017) NE: 1 uM" (Maingret et al., 2000a)
Haloperidol Antipsychotic I: 10 pMH (Thiimmler et al., 2007) I: 10 pMH (Thiimmler et al., 2007) NE: 10 pMH (Thitmmler et al., 2007)
Pimozide Antipsychotic I: 10 uM" (Thiimmler et al., 2007) I: 10 uM" (Thiimmler et al., 2007) I: 10 uM" (Thizmmler et al., 2007)
Sulpiride Antipsychotic NE: 10 pMH (Thiimmler et al., 2007) NE: 10 pMH (Thiimmler et al., 2007) NE: 10 pMH (Thiimmler et al., 2007)
Diltiazem Antiarrythmic I: 1 mM" (Takahira et al., 2005) I: 1 mM" (Takahira et al., 2005) NE: 1 mM" (Takahira et al., 2005)

When reported, the tested concentration is indicated. A: Activation; H: tested on heterologously expressed channels; I: inactivation; N: tested on
native channels; NA: not addressed; NE: no effect; TRAAK: TWIK-related arachidonic acid-activated potassium channels; TREK: TWIK-related

potassium channels.
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channels in mSCG cultured neurons, clearly increased in cell-at-
tached patches when RIL was included inside the patch pipette.
Interestingly this increase was almost abolished when RIL was
accompanied by fluoxetine (Cadaveira-Mosquera et al., 2011).

Macroscopic currents: Our group has characterized a rilu-
zole-activated outward TREK2-like current at -30 mV in cul-
tured mSCG neurons using the perforated-patch technique,
the effect of riluzole was weaker when fixing the membrane at
-60 mV (close to the RMP of these cells) (Cadaveira-Mosquera
et al,, 2011; Rivas-Ramirez et al., 2015). Very often I also
showed a transient behavior and it was outwardly rectifying at
physiological but not at symmetrical potassium concentrations
(Cadaveira-Mosquera et al., 2011; Rivas-Ramirez et al., 2015).

TWIK-related arachidonic acid-activated potassium
channels

Heterologously expressed channels

Single channel: Outside-out patches of TRAAK channels ex-
pressed in COS cells showed for the first time the strong activa-
tion produced by RIL on TREK subfamily channels (Fink et al.,
1998). Macroscopic currents: Macroscopic currents obtained
from TRAAK-transfected COS cells were strongly enhanced by
RIL and this I;; was strongly rectifying in the outward direction
(Fink et al., 1998). The effect of RIL on TRAAK channels is rapid,
reversible, dose-dependent and, unlike the other two members
of the family, it is a sustained response. Iy; mediated by TRAAK
channels is instantaneous and non-inactivating in response to
depolarizing voltage-steps (Duprat et al., 2000). Sipatrigine also
inhibited TRAAK currents but to a lesser extent than TREK1
channels (Meadows et al., 2001). Much like with TREKI cur-
rents, lamotrigine did not affect TRAAK currents (Meadows et
al., 2001). TRAAK currents are also strongly activated by the
synthetic enhancer ML67-33 (Bagriantsev et al., 2013).

Action mechanism

Riluzole enhances the activity of TREK1 and TRAAK in out-
side-out patches, suggesting that the activation may be due to
a direct effect of the drug on TREK channels (Fink et al., 1998;
Duprat et al., 2000). However, the secondary inhibition pro-
duced by RIL on TREK1 and TREK2 currents seem to be due to
the intracellular increase of cCAMP concentration. According-
ly, the permeant derivative of cAMP (CPT-cAMP) reversibly
inhibits macroscopic TREK1 currents expressed in COS cells
and impedes the activation of the current by RIL (Duprat et
al., 2000; Moha ou Maati et al., 2011). Similarly, heterologous-
ly expressed bovine bTREK1 currents and native I, currents
present in adrenal cells (carried by native TREK1 channels)
were inhibited by 8-pp-cAMP (Enyeart et al., 2002). In adre-
nal cells, it has been suggested that the transient responses to
RIL are obtained when using pipettes of high series resistances
(slower dialysis), while sustained responses were observed with
low series resistances (Enyeart et al., 2002). However, native
neurons from the mSCG and from the mouse nodose ganglion
showed the same kinetic variability in response to RIL when
recorded with the perforated-patch variant of the patch-clamp,
suggesting that the difference is not due to the washout of any
intracellular component (Cadaveira-Mosquera et al., 2011;
Fernandez-Ferndndez et al., 2018).
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The C-terminal region of TREK1 channels have two phos-
phorylation sites for protein kinase A and a mutant lacking
these two sites is insensitive to cAMP although only one of
them seems to be related with the inhibition of the current by
cAMP (Patel et al., 1998). Mutation of the Ser334 removes the
sensibility of TREK1 to cAMP and the current can be activated
by RIL even in the presence of cAMP. Interestingly, under these
conditions Iy is sustained and consistently RIL stimulates the
activity of unitary TREK1 channels without signs of inactiva-
tion when using excised outside-out patches instead of whole-
cell recordings (Duprat et al., 2000). In summary, RIL inhibits
the phosphodiesterase E provoking an increase of the cAMP
concentration leading to the activation of protein kinase A,
which phosphorylates TREK1 channels reducing their activity
(Duprat et al., 2000).

Neuroprotection, Resting Membrane

Potential and Excitability

Although K2P channels are generally accepted to be “back-
ground” or “resting” potassium channels, very few studies dealt
with the effect of these channels on the RMP and excitability.
In general, TREK currents in response to voltage steps are (1)
almost instantaneous, (2) do not inactivate and (3) seem not
to have a voltage threshold, suggesting that they contribute on
setting the RMP. In physiological concentrations of potassium,
both macroscopic and single-channel TREK currents show
a strong outward rectification with almost no current being
observed in the inward direction, and the activity of these
channels at room temperature and atmospheric pressure is very
low (Maingret et al., 1999b; Cadaveira-Mosquera et al., 2011).
This means that currents through these channels may be rather
small around the RMP (Lamas, 2012). Similarly, it is commonly
assumed that different neuroprotective substances exert their
beneficial action on the central nervous system by hyperpolar-
izing the potential of the membrane, but most studies do not
show real evidence that can prove this hypothesis.

In their pioneer study, Fink et al reported that the oocytes ex-
pressing TREK1 channels had values of RMP clearly more neg-
ative than their non-injected counterparts (approx. —80 versus
-40 mV, respectively) (Fink et al., 1996; Meadows et al., 2000;
Koh et al., 2001). Similar results were reported in other heterol-
ogous systems (Punke et al., 2003; Gruss et al., 2004; Harinath
and Sikdar, 2005). Taken this into consideration, as neuro-
protective agents usually activate TREK currents, they should
also hyperpolarize the RMP and perhaps reduce the neuron
excitability (number of action potential fired in response to
depolarizing current injections). Accordingly, the hyperpolar-
ization of the RMP and the reduction in firing of action poten-
tials observed in cerebellar granule and corticotrope cells after
application of AA has been ascribed to the activation of TREK1
channels (Lauritzen et al., 2000; Lee et al., 2011). Interestingly,
a TREK1-like current, which is a component of the classic Iy,
expressed in thalamocortical neurons, has been suggested to
participate in setting the RMP and to contribute to the charac-
teristic switch from burst to tonic firing in these neurons (Bista
et al., 2012). Likewise, RIL activated a TREK1-like current in
mouse nodose ganglion neurons in culture, and hyperpolarized
these neurons by about 10 mV when recorded in the perforat-
ed-patch mode (Ferndndez-Fernandez et al., 2018).
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Unexpectedly, although the neuroprotective action of linole-
nic acid on spinal cord ischemia is lost in the TREK1 knockout
(KO) mouse; striatal and DRG neurons showed the same RMP
than their savage counterparts in TREK1 KO mice (Heurteaux
et al., 2004; Alloui et al., 2006). This result implies that RMP
and neuroprotection may not be so tightly related, and that
TREK1 could not be so determinant in maintaining the RMP in
native cellular systems when compared with the effect on het-
erologous systems. Nevertheless, caution must be taking when
conclusions are to be drawn from studies using KO mice, as
compensatory up-regulation might be masking a positive effect
of the experimental manipulation (for example with an overex-
pression of closely related channels e.g., TREK2 or TRAAK).

Consistent with a key role of lysophospholipids in the
pathophysiology of brain injury and ischemia, LPC and LPA
exert differential effects on TREK1 currents depending on its
interaction with the intra- or the extracellular domains of the
channel. The intracellular release of lysophospholipids evokes
the activation of TREKI currents, which will therefore induce
neuronal hyperpolarization thus protecting the neuron from
reaching a hyperexcitable state. However, when LPA is applied
extracellularly, it inhibits TREK1 channels throughout an indi-
rect participation of intracellular pathways (Cohen et al., 2009).
This effect might underlie part of the deleterious effects that ex-
tracellular agents, including lysophospholipids, released during
an ischemic insult exert on neuronal tissue.

The expression of TREK2 channels in COS cells produced
a time-independent and non-inactivating potassium current,
whose IV curve showed a reversal potential of about -9 mV in
non-transfected COS cells but close to =75 mV when cells were
transfected with TREK2 channels (Bang et al., 2000). Consis-
tently, the RMP of oocytes injected with TREK2 is hyperpolar-
ized from -20 to -80 mV approximately (Kim et al., 2005). In
the same direction, activation of TREK2-like currents by AA
in cortical astrocytes induced a hyperpolarization from -30 to
-70 mV approximately, while the saturated arachidic acid did
not induced any current at all (Ferroni et al., 2003). Activation
of TREK2-like channels in native entorhinal cortical neurons,
upon the activation of GABA; receptors, has been reported to
decrease their excitability by inhibiting action potential firing,
hyperpolarizing the RMP and diminishing the membrane
resistance (Deng et al., 2009). In agreement, inhibition of a
TREK2-like current by neurotensin in stellate neurons strongly
increased the firing of action potentials (Xiao et al., 2014). Acti-
vation of TREK2 by norepinephrine in entorhinal cortex hyper-
polarized the membrane and decreased excitability, reducing
the frequency of action potential firing (Xiao et al., 2009). Also
RIL activated a TREK2-like current in mSCG neurons produc-
ing a hyperpolarization of the membrane (about 10 mV at -30
mV), the inhibition of the same current by fluoxetine provoked
a depolarization of the resting membrane and a reduction of
the latency to the first action potential triggered by a depolar-
izing current injection (Cadaveira-Mosquera et al., 2011; Ri-
vas-Ramirez et al., 2015).

Much like with TREK1, it was a surprise that the knockdown
of TREK2 channels using small interfering RNA does not af-
fect the RMP of native entorhinal neurons (Deng et al., 2009),
and stellate cells from TREK2-KO mice have resting potentials
comparable to those from wild neurons (Xiao et al., 2014). On

the contrary, the knockdown of TREK2 by small interfering
RNA hyperpolarized isolectin B4-binding neurons (IB4") C-no-
ciceptors in culture by 10 mV (Acosta et al., 2014).

When expressed in oocytes or COS cells, TRAAK channels
generate macroscopic outwardly rectifying IV relationships in
standard concentrations of potassium (Fink et al., 1998; Ozaita
and Vega-Saenz de Miera, 2002). Consistently, oocytes express-
ing these channels have RMP close to -80 mV (i.e., close to the
equilibrium potential for potassium) while controls showed a
characteristic and more depolarized RMP around -40 mV (Fink
et al., 1998; Ozaita and Vega-Saenz de Miera, 2002). These
currents have no voltage activation threshold, they are time
independent and non-inactivating (Lesage et al., 2000a; Ozaita
and Vega-Saenz de Miera, 2002). Human TRAAK channels ex-
pressed in oocytes generate a hyperpolarization of the RMP of
about 30 mV (40 to -70 mV approximate) and similar results
were reported in HEK293 cells (Meadows et al., 2001).

When dealing with the importance of TREK channels on the
RMP it should be taken into account that most experiments are
carried out at room temperature (about 24°C). We know now
that all three members of this family have a very low activity
at room temperature but strongly increase their activity when
the temperature is increased to values close to the physiological
range (Kang et al., 2005; Viatchenko-Karpinski et al., 2018), ad-
vising to repeat most relevant experiments at more physiolog-
ical temperatures. In fact, chicken atrial myocytes have RMPs
around -22 mV at room temperature but around -70 mV at
35°C, and interestingly this effect of temperature was mimicked
by the application of AA and ascribed to the activation of native
TREK1/2-like channels (Zhang et al., 2008). On the other hand,
TREK IV curves in symmetrical potassium are quite similar
(strong outward rectification), although due to different rea-
sons, to those showed for the M-current (KCNQ channels). The
M-current has been proposed to exert a stabilizing effect on the
RMP rather than having a major role in setting it (Lamas et al.,
2002; Cadaveira-Mosquera et al., 2011). This may be the reason
for TREK channels to have a robust effect when these are heter-
ologously expressed in cellular lines and oocytes or when they
are activated/eliminated in cells with relatively low resting po-
tentials, but not so strong in neurons with more negative (close
to the equilibrium potential for potassium) RMP.

How the Stimulation/Inhibition of a

Potassium Current Can Be Neuroprotective?
Stimulation
Hypoxia, ischemia and other cell insults produce a rise in intra-
cellular free fatty acids, cell swelling and intracellular acidosis.
All these factors are well known modulators of TREK channels.
In fact, ischemia is accompanied of an important efflux of potas-
sium which cannot be eliminated by blockers of ATP-sensitive or
calcium-activated potassium channels (Maingret et al., 1999b).
The increase of the activity of several potassium channel
types is known to protect against cardiac and brain ischemia
by reducing the expression of c-fox, c-jun and other ischemia
induced gene expression, besides protecting neuronal cells
against degeneration (Heurteaux et al., 1993). Consistently both
polyunsaturated fatty acids and lysophospholipids increase the
activity of all three members of the TREK subfamily. Further-
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more, RIL enhances the activity of the three members of this
family, but for TREK1 and TREK?2 this effect is transient and
followed by a strong inhibition. How this dual action relates
with the neuroprotective role of RIL remains unknown but the
inhibitory phase of this modulation was eliminated by the met-
abolic inhibitor dinitrophenol suggesting that the effect of RIL
in ischemic conditions may be sustained (Duprat et al., 2000).

The neuroprotective properties of potassium channel activa-
tors can come from several routes (Heurteaux et al., 1993):

1. Membrane potential hyperpolarization: fixing the RMP
close to the equilibrium potential for potassium reduces cell ex-
citability and calcium entry, precluding apoptosis. Hyperpolar-
ization of smooth muscle cells seems to be the reason for these
activators having vasorelaxant and antihypertensive properties.

2. Increasing action potential repolarization speed: shorten-
ing of the action potential reduces the calcium entry and ATP
consumption. The reduction of the action potential plateau
protects cardiomyocytes against ischemia.

3. Reducing glutamatergic tone: activation of potassium
channels in glutamatergic synapses reduces calcium entry at
both pre- and postsynaptic levels and precluding neuronal
death. On the one hand, the opening of presynaptic potassi-
um channels would hyperpolarize the presynaptic terminal
avoiding the entry of calcium and consequently the release of
glutamate. On the other hand, the opening of postsynaptic po-
tassium channels would hyperpolarize the postsynaptic neuron,
thus maintaining the blockade of the N-methyl-D-aspartic acid
channel by Mg”* and therefore avoiding the excessive entry of
calcium that could lead to neuronal death.

Inhibition

It is somehow counterintuitive the fact that the inhibition of a
potassium channel could result in neuroprotection, however
sipatrigine is a well-known neuroprotective substance and a po-
tent inhibitor of TREK1 and TRAAK channels (Meadows et al.,
2001). Two explanations could account for this neuroprotective
effect of the inhibition of potassium channels:

1. A hypothesis has been proposed in which the potassium
channels inhibited by sipatrigine could be more expressed in
inhibitory (e.g., GABAergic) neurons, resulting in a secondary
decrease of general neuronal activity (Meadows et al., 2001).

2. Another possibility is that the depolarization induced by
the reduction of potassium channels inactivates Ca and/or Na
channels, reducing neuronal activity (Meadows et al., 2001). It
should be taken into consideration that the effect of a depolar-
ization on the firing of a neuron greatly depends on the range
of voltages reached, generally a small depolarization increases
the excitability but larger depolarizations may result in the in-
activation of the system.

Pathophysiology Related to TREK Channels
Neuropathic pain

Neuropathic pain is a chronic condition characterized by a con-
stant sensation of pain in a tissue not affected by injure or dis-
ease. It is hypothesized that neuronal hyperexcitability under-
lies this form of pain, although the exact mechanisms remain
obscure (Ratte and Prescott, 2016). Several lines of evidence
suggest that TREK channels might be directly involved in the
pathophysiology of neuropathic pain. In particular, it has been
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shown that knocking down TREK1, TRAAK or both, increases
pain responses to thermal and mechanical stimuli (Alloui et
al., 2006; Noél et al., 2009; Vivier et al., 2017). In this direction,
TREKI channels were found to be 9-fold overexpressed in the
DRG of a mouse model of neuropathic pain (induced through
the chronic constriction injury mode). TREK1 overexpression
might be a neuroprotective response by increasing background
potassium currents, which would suppress neuronal states of
hyperexcitability. Considering this, TREK1 channels appear as
promising targets for the treatment of neuropathic pain, and
selective TREK1 enhancers are being developed and tested for
their analgesic properties (Vivier et al., 2017). Indeed, the anal-
gesic actions of morphine have been shown to be at least partly
mediated by the direct activation of TREKI1 channels by this
opioid (Devilliers et al., 2013). Moreover, it has been recently
demonstrated that RIL alleviates neuropathic pain induced by
oxaliplatin, a common drug used for the treatment of colon
cancer, through the activation of TREK1 channels (Poupon et
al,, 2018).

It has also been suggested that TREK2 activation could re-
duce the sensitivity of DRG c-fibers to pain and that TREK2
hyperpolarizes IB4" C-nociceptors and reduces neuropathic
spontaneous pain in animal models (Acosta et al., 2014; Dadi et
al,, 2017). Surprisingly, analgesics like acetaminophen, ibupro-
fen and nabumentone did not affect TREK2 channels expressed
in HEK cells (Park et al., 2016).

Depression

Fluoxetine, known commercially as Prozac®, is the prototypic
drug for the treatment of common depression. Fluoxetine is
classically described as a selective serotonin reuptake inhibitor
but it has other unspecific actions and among them it acts as
a potent inhibitor (ICy, (half maximal inhibitory concentra-
tion) 19 uM) of human TREKI channels (Kennard et al., 2005;
Moha ou Maati et al., 2011; Sandoz et al., 2011; Kim et al., 2017;
Soussia et al., 2018), being this the first description of an ion
channel directly involved in the pathophysiology of depression.
Importantly, genetic variations of TREK1 have been related
with the resistance to antidepressant treatments (Perlis et al.,
2008). It is not clear though how fluoxetine might exert part
of its antidepressant actions through the inhibition of TREK1
channels. One possibility is that the direct inhibition of TREK1
activity by fluoxetine could increase the firing of dorsal raphe
neurons, where TREK1 channels are highly expressed (Talley
et al., 2001). This increase of excitability would therefore po-
tentiate the release of 5-hydroxytryptamine by these neurons,
thus exerting antidepressant actions on postsynaptic targets.
Furthermore, it has been suggested that the inhibitory effect of
fluoxetine on TREKI channels is due to the dissociation of the
C-terminal domain from the membrane (Sandoz et al., 2011).
Interestingly, fluoxetine is unable to inhibit TREK1 and TREK2
currents when they are activated by AA (“up” state) (Soussia et
al,, 2018).

Fluoxetine and norfluoxetine also inhibit TREK1-like chan-
nels in corticotrope cells and thalamocortical neurons (Lee et
al., 2011; Bista et al., 2012) and TREK1-like native currents
induced by RIL, ML67-33 and BL-1249 in mouse nodose gan-
glion neurons in culture (Fernandez-Fernandez et al., 2018).
Other selective serotonin reuptake inhibitors, like paroxetine,
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sertraline, fluvoxamine, citalopram, also inhibit human TREK1
(but not TRAAK) currents (Kim et al., 2017). Accordingly, the
TREKI1 (but not TRAAK) KO mouse shows a depression- and
stress-resistant phenotype acting like wild animals treated with
fluoxetine in behavioral tests (Heurteaux et al., 2006b). Interest-
ingly, conventional selective serotonin reuptake inhibitors exert
no effect on the TREK1 KO, suggesting that their actions are
directly mediated by TREK1 channels.

In addition, sortilin deficient mice show resistance to depres-
sion and increased activity of serotoninergic neurons, probably
by altering the expression and function of TREK1 channels
and, as a consequence, a depolarization of the RMP and an
increased firing was found in cortical cultured neurons from
sortilin KO mice (Moreno et al., 2018). Spadin, a sortilin de-
rived peptide, and other spadin analogs, are specific blockers of
heterologously expressed mouse and human TREK1 channels
(without effects on TREK2, TRAAK, TASK1, TRESK, hERG
or KCNQ1/KCNEI currents). These compounds stimulate
neurogenesis at the hippocampus and have been proposed as
potential drugs for the treatment of depression (Mazella et al.,
2010; Moha ou Maati et al., 2011; Moha Ou Maati et al,, 2012;
Djillani et al., 2017; Moreno et al., 2018). Spadin and its analogs
are more potent against TREK1 when stimulated by AA than
in basal conditions, indicating an open-channel blockade (Djil-
lani et al., 2017, 2019). Spadin strongly blocked a TREK1-like
current induced by AA in CA3 hippocampal neurons, both in
slices and in culture, and this effect was absent in TREK1 KO
mice (Mazella et al., 2010). Moreover, spadin also inhibited a
TREK1-like component of I, in thalamocortical neurons (Bista
etal., 2012) and a TREKI-like current induced by RIL in mouse
nodose ganglion neurons (Ferndndez-Fernandez et al., 2018).
Mice treated with spadin showed a rapidly induced antidepres-
sant (but not anxiolytic) phenotype as confirmed with several
behavioral tests; the results were similar to those obtained in
TREK1 KO mice or in wild mice treated with fluoxetine and
probably due to the increase in the activity of serotoninergic
neurons of the dorsal raphe nucleus (Mazella et al., 2010).

TREK2 channels have not been so related with depression
but several antidepressant drugs (amitriptyline), fluoxetine,
paroxetine, citalopram, escitalopram (selective serotonin
reuptake inhibitors)), also inhibited these channels when ex-
pressed in HEK cells (Park et al., 2016; Kim et al., 2017). Addi-
tionally a TREK2-like I,;; in sympathetic neurons (mSCG) has
been shown to be strongly inhibited by fluoxetine using perfo-
rated-patch recordings (Cadaveira-Mosquera et al., 2011). In
this preparation, fluoxetine also strongly inhibited the currents
activated by intracellular acidification, membrane stretch and
LA. When included in the pipette solution, fluoxetine abolished
the activation produced by RIL on single TREK2-like channels
recorded in mSCG cell-attached patches (Cadaveira-Mosquera
etal., 2011).

Contrary to what happens with TREK1 and TREK2, it has
been shown that fluoxetine is not able to inhibit TRAAK chan-
nels in their basal state (“up” state), but it does when they are
activated by AA (“down” state) (Dong et al., 2015; Soussia et al.,
2018). It is interesting that TREK1 is inhibited by antidepres-
sants whereas it is activated by mood stabilizers used for the
treatment of bipolar disorder (LiCl, gabapentin, valproate, car-
bamazepine), while TREK2 is inhibited by antidepressant but is

not modulated by mood stabilizers (Kim et al., 2017). This dif-
ferentiation might highlight a specific role of TREK2 channels
in the development of depression.

Schizophrenia
Schizophrenia is a complex mental illness and the drugs that are
currently used are not very efficient for the treatment of cogni-
tive problems or for the depression that normally accompanies
this disease (Thiimmler et al., 2007; Miyamoto et al., 2012).
Initially chlorpromazine, probably the first treatment against
schizophrenia, was reported to inhibit TREK1 currents (Patel
et al., 1998; Kim et al., 2017). Later it was demonstrated that
most of the substances used in the treatment of schizophrenia
(fluphenazine, chlorpromazine, haloperidol, flupenthixol, loxa-
pine, clozapine, pimozide) inhibit TREK1 and TREK2, but not
TRAAK channels, in a reversible and concentration-dependent
way (COS-expressed channels, whole-cell, inside-out patches).
On the contrary, the substituted benzamides (sulpiride, ti-
apride) did not affect TREK1 (Chemin et al., 2005a; Thitmmler
et al., 2007; Kim et al., 2017). In addition, TREK1-like currents
activated by AA were inhibited by chlorpromacine, penfluridol
or pimozide (Lee et al., 2011).

Epilepsy

TREKI1 is strongly expressed both pre and postsynaptically in
the cortex and hippocampus, places particularly sensitive to
epileptic seizures (Hervieu et al., 2001; Lamas, 2012). TREK1
KO mice are particularly prone to epileptic states induced in
response to kainic acid (Heurteaux et al., 2004). The neuropro-
tection conferred by TREK1 was evident when comparing the
death rate of mutant animals (> 75%) with that of wild-type
littermates (3% death rate). In the same study, the neuropro-
tective effect of TREK1 channels was further enhanced after the
administration of the PUFA LLA and LPC. In another study,
the expression of a mutated form of the TREK1 channel, which
remains constitutively active by evading its down-regulation
by protein kinases, made hippocampal cultured cells a 50% less
susceptible to suffer from status epilepticus (Dey et al., 2014).
These studies demonstrate a key neuroprotective role of TREK1
channels during epilepsy, and suggest that they might constitute
promising therapeutic targets for the treatment of this common
neurological disorder. In fact, the epileptogenicity of caffeine
and theophylline has been suggested to be due to the blockade
of TREK1 channels (Harinath and Sikdar, 2005).

Although much less studied, an increase in TREK2 expres-
sion at the hippocampus following epileptogenic insults has
been related with a putative neuroprotection in a rat epilepsy
model (Haenisch et al., 2016).

On the contrary KO mice for TRAAK channels do not show
an increased sensitivity to provoked epilepsy when compared
with wild-type counterparts, and both LA and LPC were still
effective in protecting the mutant animals against epileptic sei-
zures (Heurteaux et al., 2004).

Ischemia

Cerebral ischemia is caused when blood supply to the brain
is obstructed either focally or globally causing irreversible
neuronal death in the affected brain area. According to the
World Health Organization, it causes around 17 million deaths
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annually worldwide. It has been speculated that activation
of TREK channels may provide a neuroprotective effect on
cerebral ischemia, but the mechanism is not well understood
and data against this hypothesis also exist. Interestingly, all
the three members of the TREK subfamily have been shown
to increase their expression in cortex and hippocampus in a
model of acute cerebral ischemia (middle cerebral artery occlu-
sion) (Li et al., 2005). Ischemia induced in cultured astrocytes
(hypoxia) also triggered an increase in TREK1 channel expres-
sion in their membranes (Wu et al., 2013). Suppression of this
channel expression resulted in a reduced ability of astrocytes
to clear glutamate upon the simulated ischemic insult, which
leaded to a higher rate of apoptosis in the cultured astrocytes.
Also HEK cells expressing TREK1 channels were much more
resistant than wild cells in a model of isquemia (glucose and
oxygen deprivation); this protection was increased adding AA
and it was abolished by spadin (Moha ou Maati et al., 2011).
Similarly, TREK2 channel expression was also found increased
in cultured cortical astrocytes after the induction of an in vitro
model of brain ischemia (Kucheryavykh et al., 2009). These
data suggest that the increase in TREK expression is a defense
mechanism against ischemia.

TREK1 KO mice are more susceptible to cerebral and spinal
ischemia than wild-type littermates (Heurteaux et al., 2004).
Ischemia induced the release of AA and a decrease in the intra-
cellular pH, both factors being strong activators of the TREK
subfamily, saving TRAAK channels, which prefer an increase
in pH. Besides, LA and LPC have been shown to protect against
ischemia by activating TREK1 channels; as a proof these drugs
only protected wild type mice but not the TREK1 KO (Heur-
teaux et al., 2004).

Looking from another point of view, unsaturated (linolenic,
docohexanoic), but not saturated fatty acids (palmitic), induced
basilar artery relaxation and hence improved oxygenation,
an effect that was absent in TREK1 KO mice (Blondeau et al.,
2007). Interestingly, the carotid artery was unresponsive to
those fatty acids probably because it does not express TREK1
channels (Blondeau et al., 2007). Surprisingly, it has also been
reported that the regulation of arterial diameter is not affect-
ed in mice lacking TREK1 channels (Namiranian et al., 2010,
2011), the reason for this discrepancy is unknown but very of-
ten the effect of knocking down a channel does not produce the
expected effect.

On the contrary, a reduction of Po2 strongly and reversibly
reduced the current through heterologously expressed hTREK1
channels and AA acid was unable to revert this effect, sug-
gesting that the neuroprotective role of TREK1 activation on
ischemic processes had to be re-examined (Miller et al., 2003).
It may be relevant to point here that TREK1 and TREK2 have
been reported to be depressed by hypoxia through a pathway
involving AMPK, suggesting an important role of these chan-
nels in oxygen sensing in neurons of the carotid body (Kreneisz
et al,, 2009). These results have originated some controversy as
other groups were unable to reduce TREK currents by provok-
ing hypoxia (Buckler and Honore, 2005; Caley et al., 2005). It
has also been reported a beneficial effect of suppressing the ex-
pression of another member of the TREK subfamily, TRAAK,
during temporary focal cerebral ischemia (Laigle et al., 2012).
This effect of TRAAK inhibition appears contradictory in view
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of previous studies showing a neuroprotective action of RIL,
an activator of TRAAK channels, against focal brain ischemia
(Heurteaux et al., 2006a), but indeed, TRAAK deficient mice do
not display an increased sensitivity to ischemia (Heurteaux et
al., 2004). One explanation could be that the beneficial effects
of RIL might be attributable to its action on other ion channels
(Bellingham, 2011). However, pointing in the same direction
is the fact that the neuroprotector sipatrigine is an inhibitor of
TREK1 and TRAAK channels (Meadows et al., 2001), again
suggesting that in some scenarios TREK1 and TRAAK inhibi-
tion might be neuroprotective. Furthermore, it should be taken
in mind that the effect of RIL on TREK1 and TREK?2 is bipha-
sic, a strong activation followed by an inhibition, so that it may
be difficult to ascertain which of these effects confers neuro-
protection. In any case, the beneficial effect of TRAAK channel
inhibition could be related to the fact that its deletion has been
associated with a subsequent increase in the levels of the ami-
no acid taurine, which exerts neuroprotective actions against
neuronal death (Saransaari and Oja, 2000; Laigle et al., 2012).
Another explanation might be that in areas more susceptible to
ischemia damage like the hippocampus, the reticular thalamic
nucleus and the neostriatum, TREK1 channels are mainly ex-
pressed in inhibitory interneurons (Hervieu et al., 2001), where
its blockade would lead to the interneuron depolarization thus
generating an overall inhibition of the neuronal network.

More research should be performed concerning the potential
of channels from the TREK subfamily as therapeutic targets
for different neurological pathologies, and more particularly to
clarify how its activation or inhibition might be beneficial to the
treatment of cerebral ischemia. At present, the simplest view
would be that during cerebral ischemia a large amount of AA
is released, the intracellular pH falls and the neurons swell, all
these changes are strong stimulators of TREK1 channel activity
that would cause hyperpolarization, lower calcium intake and
would reduce glutamatergic excitotoxicity.

Cardiac pathophysiology

There is compelling evidence supporting a key role of channels
from the TREK subfamily in a variety of cardiac conditions
(Wiedmann et al., 2016), and particularly in atrial fibrilla-
tion and heart failure. TREK1 and TREK2, but not TRAAK
channels, are inhibited by antiarrhythmic drugs like diltiazem
(Takahira et al., 2005), a non-dihydropyridine also indicated
for the treatment of hypertension and angina pectoris. TREK
channels are also modulated by other cardiac-related drugs like
mibefradil (Chemin et al., 2005a) and quinidine (Bodnar et al.,
2015). One study recently reported that TREK1 is the most ex-
pressed TREK channel in the murine and human heart (Schmidt
et al., 2017). These authors found a reduction of TREK1 chan-
nels in patients suffering left ventricular dysfunction. Corre-
spondingly, it is well established the expression of TREK1 chan-
nels in atrial and ventricular myocytes, where they might have a
key role counteracting the excitatory action of stretch-activated
cation currents that underlie the generation of ventricular ar-
rhythmias (Li et al., 2006). In this scenario, TREK1 channels
would represent the molecular correlate of the stretch-activated
K" (SAK) currents opposing stretch-activated cation currents
(Xian Tao et al., 2006; Decher et al., 2017). Recently, a protec-
tive role of TREK1 channel inhibition has been reported for
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channels specifically expressed in cardiac fibroblasts, which
could contribute to the development of cardiac dysfunction in
response to pressure overload (Abraham et al., 2018).

Besides the presence of TREK channels in the membrane of
cardiac myocytes, they could also have a neuroprotective role
by modulating the excitability of intracardiac ganglion neurons,
where a prominent heterogeneous potassium current modu-
lating its resting potential and rhythmic activity has been de-
scribed but remains to be fully characterized (Xi-Moy and Dun,
1995; Zhang and Cuevas, 2005).

Conclusions

TREK channels are promising therapeutic candidates for the
treatment of several pathologies of the nervous and cardiovas-
cular systems. Besides their notable modulation by temperature
and mechanical forces, TREK channels are also regulated by
a wide array of compounds with neuroprotective properties
including fatty acids, lysophospholipids and different synthetic
therapeutics like riluzole. In the last fifteen years, as reviewed in
the present manuscript, there has been a huge increase of data
describing how these neuroprotectors influence TREK chan-
nels. However, several gaps of information remain, which must
be addressed in order to fully understand the potential of tar-
geting these channels for the treatment of different disorders. In
particular, a more complete picture of how their stimulation or
inhibition might be beneficial for certain conditions is essential.
Furthermore, understanding which are the specific brain areas
affected by TREK channel dysfunction is fundamental for the
development of novel TREK-based drugs for the treatment of
specific syndromes.

In summary, TREK channels constitute fundamental ele-
ments of the cell physiology by fine-tuning the plasma mem-
brane excitability. Their role as neuroprotectors makes them
promising drug targets for the treatment of numerous brain
and cardiac diseases including depression, neuropathic pain,
epilepsy, ischemia, arrhythmia, etc. Future studies must focus
on the design of specific activators and inhibitors for TREK1,
TREK2 and TRAAK, which will likely open a new horizon in
the therapy of these common conditions.
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