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K* channels with two-pore domain (K, ) form a large family of
hyperpolarizing channels. They produce background currents
that oppose membrane depolarization and cell excitability.
They are involved in cellular mechanisms of apoptosis,
vasodilatation, anesthesia, pain, neuroprotection and
depression. This review focuses on TREK-1, TREK-2 and TRAAK
channels subfamily and on the mechanisms that contribute to
their molecular heterogeneity and functional regulations. Not
only the number of genes determines their molecular diversity
but also by alternative splicing and alternative initiation
of translation. These channels are sensitive to a wide array
of biophysical parameters that affect their activity such as
unsaturated fatty acids, intra- and extracellular pH, membrane
stretch, temperature and intracellular signaling pathways. They
interact with partner proteins that influence their activity and
their plasma membrane expression. Molecular heterogeneity,
regulatory mechanisms and protein partners are all expected
to contribute to cell specific functions of TREK currents in many
tissues.

Introduction

Potassium channels form the largest family of ion channels.
They are expressed in virtually every cell of the organism. They
drive K* efflux under its electrochemical gradient and as such are
important for K* equilibrium that plays a key role in many cel-
lular processes. They are essential for cell volume regulation and
therefore are important factors in cell proliferation, necrosis and
apoptosis. K* channels are also key players in cell excitability. The
outward K* current flowing through these channels hyperpolar-
izes the plasma membrane to the negative equilibrium potential
for K, usually at -90 mV. Hence K* channels regulate electrical
activity at the plasma membrane opposing depolarization by all
other ion channels. Therefore, they are essential regulators for the
many cells that use ion channels for signalization. They control
neuronal information coding and muscular contraction. They are
important regulators of calcium-triggered secretion of neurotrans-
mitters and hormones. The opening of K* channels in branches
of large dendrites lowers membrane resistance, which can shunt
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the transmission of electrical signals from distant synapses to the
cell body. It is clear that K* channels do not accomplish these
functions passively. Intracellular messengers, regulatory partner
proteins and biophysical parameters such as pH, temperature and
membrane curvature actively regulate them.

There are three major families of K* channels in mammals,
shaker type voltage-gated (K), inward rectifier (K,) and K*
channels with two-pore domains (sz).l‘3 Voltage-gated K and
calcium-sensitive K channels are opened by membrane depolar-
ization and/or intracellular calcium and accelerate repolarization
of the membrane. In some circumstances, they facilitate electrical
activity of the cells by increasing the speed of membrane repolar-
ization ready for further electrical activity. a-subunits of K and
K., channels have six or seven transmembrane domains (TMD)
and one pore-forming loop (P). The depolarization of the plasma
membrane is sensed by positive charges in TMD4 coupled to
the activation gate of the channel. Inwardly rectifying K* chan-
nels have two TMD and one P loop. They are more conductive
at negative membrane potential below K* equilibrium potential
than at depolarized membrane potential. The inward rectifica-
tion is due to the intracellular block of the channel by Mg?* and
polyamines at depolarized potential. Some members of the K
channel family are leak channels constitutively open at rest, while
others like G protein-coupled inward rectifier channels (GIRK)
and ATP-sensitive K* channels (K, ) are gated by intracellular
ligands. K, K. and K, pore forming subunits assemble in tetra-
mers to form functional K* selective channels. The third family
of K* channels was discovered 15 years ago. TWIK-1 (Tandem of
pore domains in a Weak Inward rectifying K* channels) was the
first representative of these K* channel subunits with two pore
domains (KZP).4 This family has 15 members that are subdivided
in six distinct subfamilies, TWIK, TREK (TWIK RElated K*
channels), TASK (TWIK related Acid-Sensitive K* channels),
TALK (TWIK related ALkaline pH-activated K* channels),
THIK (Tandem pore domain Halothane Inhibited K* channels)
and TRESK (TWIK RElated Spinal cord K* channel).” Besides
conserved K* channel signature sequence T-X-G-X-G in the pore
loop, the sequence homology between K, channels is moderate,
usually as low as about 20%, with exception for THIK-1 and
THIK-2, TASK-3 and TASK-5 and the TREK and TRAAK
subfamilies that have higher sequence homology. All K, ' chan-
nels have identical topology. Each subunit has two pore-form-
ing loops, P1 and P2, arranged in tandem with four TMDs.
A characteristic extracellular loop with a short o-helix extend
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Figure 1. Partners, regulatory domains and alternative variants of TREK-1 channel. ‘

between TMDI1 and P1.¢ This TMDI-P1 loop is a coiled-coiled
domain promoting dimerization.”® This unique topology with
two-P loops has given its family name to K, channels. Subunits
arrange as dimers with additional bilateral symmetry such that
two P1 and two P2 loops form the K* selective pore with identi-
cal P loops probably facing each other diagonally across the cen-
tral pore.”! Recent studies have demonstrated that TREK and
TRAAK channels play a key role in neuroprotection, anesthesia,
pain and depression.>'>1¢

Heterogeneity of the TREK Channels Subfamily

Gene heterogeneity. TREK-1 (KZPZ.I),6 TREK-2 (KZPIO.I),”’18
and TRAAK (TWIK Related Arachidonic acid Activated
K* channel) (K, 4 1),” compose the TREK subfamily of K,
channels. TREKI shares 63% identity and 78% homology
with TREK-2. The identity falls to 45% and homology to 69%
with TRAAK and to 50-55% homology with the other K, sub-
units.””!® Recent findings have revealed a significant diversity
in the TREK channels subfamily with major and unexpected
functional implications. The diversity of background K* currents
observed in diverse cell types is determined not only by the num-
ber of channel genes but also by alternative splicing and alterna-
tive initiation of translation.

Heterogeneity introduced by alternative splicing. TREK-
1, TREK-2 and TRAAK share the same overall gene organi-
zation with seven exons encoding the open reading frame.'
Alternative splicing of the first exon has been described for the
three genes producing amino-terminal (N-ter) variants of the
corresponding channel subunits. Alternative splicing of exon 1
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in TREK-1 produces two isoforms of 411 and 426 residues.®*
The importance of these N-ter variants is still unknown because
most biophysical properties and regulatory mechanisms were
found identical between both isoforms.?! For TREK-2, three
alternative splice variants on the first exon have been described in
references 18 and 22. These variants, called h"TREK-2a-c, differ
significantly in their 5-UTR and in the coding region for the first
30 amino acids. hKTREK-2a is a predicted 538 amino-acid poly-
peptide,’® TREK-2b and -2¢ are 508 amino-acid polypeptides.?
Interestingly, TREK-2b has a PKC phosphorylation site in the
N-ter part that is not present in the other two splice variants.?
The human isoforms of TREK-2 share the main channel proper-
ties but have distinct expression patterns. TREK-2a is strongly
expressed in brain, pancreas and kidney, to a lower level in testis
and intestinal smooth muscle.”® TREK-2b is expressed in kid-
ney, primarily in the proximal tubule and pancreas. TREK-2¢
is mainly expressed in brain.?? For human TRAAK, two iso-
forms have been reported, a 393 amino-acid long TRAAKa and
a 419-amino-acid long TRAAKb with a 26 amino acid N-ter
extension.?*%

Beside N-ter alternative splice variants, other shorter isoforms

of TREK-1 and TRAAK have been reported. TREK-1AEx4 is

only 141 amino-acid long.*®

It retains the cytoplasmic N-ter, the
first transmembrane domain and an extracellular tail (Fig. 1).
It has no channel activity by itself but its robust expression in
rodent brain suggested some functional role. TREK-1AEx4 has
dominant negative activity. It selectively reduced membrane
trafficking of the full-length TREK-1 channel decreasing whole
cell current.*® TREK-1AEx4 association with TREK-1 might

hinder dimerization of the full-length subunits and consecutive
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association with a protein partner that might prevent trafficking
to the plasma membrane.”” The TRAAK counterpart of TREK-
1AEx4 is TRAAKt (TRAAK truncated).”” TRAAKt is 67 amino
acid long, identical to mouse TRAAK from residues 1 to 63,
which comprises TMDI1 with the first part of the TMDI-PI
extracellular loop. Therefore TRAAKt lacks a P domain and, as
might be expected, does not form a functional channel. However,
unlike TREK-1AEx4, TRAAKt does not seem to alter functional
expression of the full-length channel isoform.” The functional
relevance of TRAAKct is still unknown.

Heterogeneity introduced by alternative translation initia-
tion. The transcript encoding the 426-residue TREK-1 isoform
has a weak natural Kozak sequence that may be skipped by ribo-
somes because of lower than optimal context of the sequences near
the initiation codon AUG. Alternative translation can start from
an in-frame AUG codon corresponding to methionine 57. This
mechanism of alternative translation initiation produces TREK-1
channel that lacks the first 56 residues (A1-56 TREK-1).2® A1-56
TREK-1 and full-length TREK-1 are differentially expressed in
a regional and developmental manner in the rat central nervous
system. Although the amino-terminus is far from the selectivity
filter of the channel, some important biophysical properties of
TREK-1 are altered in the truncated isoform. The open channel
probability of A1-56 TREK-1 is reduced thus outward current
carried by A1-56 TREK-1 is about 5-fold smaller than the current
of full-length TREK-1. Significantly, A1-56 TREK-1 has reduced
ion selectivity for K* allowing partial Na* permeation (P /P, -
0.18). The A1-56 TREK-1 current has a reversal potential near
-60 mV in physiological saline which is significantly depolar-
ized compared to -90 mV reversal potential for the K* selective
TREK-1 current (P /P, ~ 0.02). Accordingly, hippocampal
neurons transfected with A1-56 TREK-1 have depolarized rest-
ing membrane potential.”® How the N-ter of TREK-1 controls
channel permeability is still unknown but it can be expected
that neuronal excitation-thresholds would decrease with rela-
tive expression of A1-56 TREK-1 in cortex and hypothalamus,
whereas almost exclusive expression of full-length TREK-1 in
cerebellum and spinal cord would increase excitation-thresholds.

As with TREK-1, alternative translation initiation increases
the heterogeneity of TREK-2. Three translation initiation sites
on TREK-2 gene produce long, intermediate and short isoforms
that are missing the first 54 and 66 amino acids.”’ However,
unlike TREK-1, the short splice variants of TREK-2 conserve
their selectivity for K* over Na*. N-ter isoforms of TREK-2 have
similar regulation properties but different unitary conductances.
Full length channels have low unitary conductance near 52 pS,
while short isoforms obtained from the second and third initia-
tion sites have large conductances between 185 and 224 pS.”

Expression Patterns of TREK and TRAAK Channels

TREK-1, TREK-2 and TRAAK channels expression has been
carefully mapped in rodent and human.?>#3%32 TREK-1 and
TREK-2 expression is particularly high in the embryonic and
immature mouse brain. In the adult central nervous system,
TREK-1 is mainly expressed in cortex, striatum, hypothalamus
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and corticolimbic structures including hippocampus and
amygdala.®**¥"33 Mouse and rat TREK-2 expression, correspond-
ing to human TREK-2a and -2¢ isoforms, is weak in the cortex
but stronger in hippocampus, striatum and olfactory bulb.!$222%34
TREK-2 has also a strong expression in granular cells layer of the
cerebellum. TREK-1 and TREK-2 expression is not restricted to
neurons, indeed, cortical astrocytes have TREK-1 and TREK-2
currents that contribute to their characteristic large leak K* cur-
rents.’>*® TRAAK channel expression was deemed to be essen-
tially restricted to the nervous system.” Its expression is low in
the mouse brain embryo and increases after birth with a peak
around P73 In adult, TRAAK is essentially expressed in cortex,
spinal cord and retina.”

TREK and TRAAK channels have a broad distribution
in the peripheral nervous system. They have a high level of
expression in somatosensory neurons where they are believed
to be important for sensory perception.”'®¥ They are found
in large and small diameter neurons of dorsal root ganglia and
in neurons of trigeminal ganglia that are associated with per-
ception of thermal, mechanical and chemical stimuli.!>!¢-3%383
Recently, the expression of TREK-1 and TRAAK channels has
been found in vagal afferent neurons of the nodose ganglia.*’
These afferences carry sensory information required for proper
internal functions such as cardiac reflex, airway dynamic and
gastrointestinal regulation. The distribution of TREK-1 and
TRAAK channels in specific populations of nerve sensory
afferences suggests that they may be involved in transduction of
different perception modalities. Finally, in autonomic nervous
system, TREK and TRAAK currents have been characterized
in sympathetic superior cervical ganglia.?’ These recent find-
ings expand the impact of TREK and TRAAK channels to the
entire nervous system.

TREK-1 and TREK-2 channels are also expressed outside the
nervous system. TREK-1 is largely expressed in muscle cells of
visceral hollow organs in which it increases muscle relaxation by
hyperpolarizing the plasma membrane, and contributes to adap-
tive relaxation.?? It was found in the muscular wall of the bowel,
bladder, myometrium and basilar, mesenteric, cutaneous and
pulmonary arteries.””**¥ Interestingly, TREK-1 was not detected
in carotid and femoral arteries.® In the cardiovascular system, it
is also expressed in atrial and ventricular cardiomyocytes where
it was proposed to play a major role in mechanoelectrical feed-
back mechanism that regulates myocytes contraction through
the myocardium wall.?#° In epithelia, TREK-1 is involved in
the different aspects of epithelial-cells physiology that involve
K* homeostasis. TREK-1 was associated with transmembrane
ion fluxes, cell volume regulation, membrane polarization and
perception of shear stress caused by fluids flowing through ves-
sels. TREK-1 is expressed in vascular endothelium of mesenteric
arteries and cutaneous microvessels where it plays a major role in
endothelial derived pressure induced vasorelaxation.'*“ It is also
expressed in lung, kidney and adrenocortical cells.’*? In adrenal
glands, TREK-1 inactivation leads to membrane depolarization
and calcium influx through voltage-activated channels that initi-
ate aldosterone and cortisol secretion.”* Recent findings have
correlated TREK-1 expression to cell proliferation in prostate
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cancer, which suggested that TREK-1 could be a molecular
target for the treatment of prostate cancer.”

TREK-2 is expressed in spleen, testis, pancreas and kidney.
It is found at lower levels in placenta, lung, liver, colon, small
intestine and atrium of the heart.”!$2:22515¢ TRAAK expression
was believed to be restricted to the nervous system. But recently,
TRAAK was detected with TREK-1 in human myometrial
smooth muscle cells.** Background activity of TRAAK and
TREK-1 channels opposes uterus contraction during pregnancy,
whereas downregulation of TREK-1 during labor enhances con-

tractility of myometrium smooth-muscle cells.®*’

Regulatory Properties of TREK
and TRAAK Channels

TREK and TRAAK pharmacology. TREK and TRAAK
channels are insensitive to the classical K* channels blockers
4-aminopyridine, tetraethyl ammonium, quinidine or Cs*. They
are only inhibited by high concentrations of tetraethyl ammo-
nium and partially inhibited by Ba**. TREK-1 and TREK-2,
but not TRAAK, are opened by clinical concentration of vola-
tile anesthetics isoflurane, halothane and chloroform.”® TREK-1
knockout mice present a decreased sensitivity to volatile anes-
thetics." TREK-1 is also opened by xenon, nitrous oxide and
cyclopropane,” and inhibited by local anesthetics bupivacaine
and lidocaine.®>® TREK and TRAAK channels are activated by
riluzole,* a neuroprotective drug used to protect motoneurons in
amyotrophic lateral sclerosis. Selective serotonin reuptake inhibi-
tors (SSRIs) paroxetine and fluoxetine and antipsychotic drug
chlorpromazine inhibit TREK-1 and TREK-2.!3:¢3-66

TREK and TRAAK are mechanosensitive channels. TREK
and TRAAK are mechanoactivated channels that sense shear
stress and negative membrane pressure.””¢**% They generate
progressive and non-inactivating current when negative pres-
sure is applied to the plasma membrane as seen with cell swell-
ing or when the membrane is pulled inside a patch-pipette. It
was then proposed that negative curvature of the membrane
open TREK and TRAAK channels. Indeed, trinitrophenol, an
anionic amphipath crenator that inserts into the outer leaflet of
the membrane to generate convex curvature like negative pres-
sure does, opens TREK-1. Conversely, TREK-1 is inhibited by
cationic amphipaths such as chlorpromazine and tetracain that
insert into the inner leaflet of the membrane to generate concave
curvature.**®7® Interestingly, mechanosensitivity is preserved in
isolated patches of membrane in the inside-out configuration of
the patch-clamp technique.”?** This argues that TREK and
TRAAK channels are mechanotransducers on their own. The
extremity of the fourth transmembrane domain and the initial
segment of the carboxy-terminal (C-ter) domain interacting with
phospholipids are essential for mechanogating.”'”

Temperature activation of TREK and TRAAK channels.
TREK and TRAAK channels are gradually activated by tem-
perature.'®3*”> TREK and TRAAK background currents increase
7- to 20-fold between 14° and 42°C. This is a significantly
higher thermosensitivity for TREK and TRAAK channels than
other K, ' channels. At temperatures above 42°C, TREK and
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TRAAK channels activity progressively decreases. The maximal
temperature activation of TREK and TRAAK channels is in the
range between 30°C and 42°C. Therefore, at physiological body
temperature TREK and TRAAK channels are well activated and
their control over membrane potential is near optimal.

Partial truncation of TREK-1 intracellular C-ter or swapping
of this segment by the corresponding C-ter of TASK-1, a temper-
ature insensitive K, - channel, abolish thermosensitivity.” This
argues that the C-ter of TREK-1 is a major regulatory domain
for mechano- and thermo-sensitivities. However, unlike mecha-
nosensitivity, thermosensivity of TREK and TRAAK channels
requires cell integrity. Indeed, thermo- and mechanosensitivity
are conserved in cell-attached patch-clamp configuration (when
a small patch of membrane is isolated under a glass patch-pipette
and the cell integrity is conserved), but, unlike mechano-sensi-
tivity, thermosensitivity is lost when the patch of membrane is
excised in inside-out patch-clamp configuration.?””* Therefore, it
is not clear if thermosensitivity is an inherent property of TREK
and TRAAK channels or if it requires a partner protein or such a
membrane configuration that is lost in excised patches.

Fattyacid regulation of TREK and TRAAK channels. TREK
and TRAAK channels are gradually and reversibly activated by
polyunsaturated fatty acids (PUFA) including arachidonic acid
(AA).7196470 These lipids potentiate TREK and TRAAK back-
ground currents 5- to 20-fold. A number of evidences argue for
structural specificity and direct effect of PUFA on TREK and
TRAAK channels. Indeed, saturated fatty acids and derivatives
of PUFA with substitutions of the carboxyl group by hydroxyl or
methyl ester groups (AA-OH, AA-ME and DOHAME) have no
effect on these channels.””” The potency of AA on TREK and
TRAAK channels is conserved in the presence of cyclo-oxygenase
and lipoxygenase inhibitors indicating that the effect is indepen-
dent of AA metabolism. Also, AA derivative anandamide does
not influence TREK and TRAAK channels activity.”® Finally,
activation of TREK and TRAAK by PUFA is conserved in the
excised patch-clamp configuration.'””¢* The regulatory domain
in the initial segment of TREK and TRAAK channels cytoplas-
mic C-ter confers sensitivity to PUFA.®7 The effect of PUFA
on TREK channels has profound physiological implication since
TREK-1 was shown to mediate the neuroprotection induced by
PUFA.'477

TREK and TRAAK channels are also activated by lysophos-
pholipids with long hydrophobic acyl chains and large polar
heads, such as lypophosphatidylcholine and platelet-activating
factor.’®”® However, these lipids do not have a direct effect on
TREK and TRAAK channels since they require cell integrity.
They are not effective in the excised patch-clamp configuration or
when they are applied on the intracellular side of the membrane.

Membrane phospholipids, including phosphatidylinositol-
4,5-bisphosphate (PIP,) and phosphatidylserine, are also potent
openers of TREK-1 channel.”#7*#® Recently, it has been shown
that interaction between the C-ter regulatory domain of TREK-1
and the plasma membrane controls channel activity.®® This asso-
ciation involves interactions between PIP, which is the most abun-
dant phosphoinositol in the inner leaflet of the membrane and a
polybasic motif in the TREK-1 C-ter®” (Fig. 1). Conversely,
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hydrolysis of PIP, to diacylglycerol by G -protein-activated
phospholipase C, mhlblts TREK-1.7479-81 Thls inhibition has
been proposed to be due to PIP, depletion® and unbinding of
the TREK-1 C-ter from the plasma membrane.® It has also been
reported that G coupled receptors activation inhibits TREK
channels by phosphorylation of a serine located in the proximal
part of the C-ter tail via protein kinase C (PKC) activation®®
(the regulation of TREK channels by G protein coupled recep-
tors is detailed in the next paragraph). Phosphorylation by PKC
adds negative charges to the C-ter domain of TREK, which may
reduce binding to the plasma membrane and therefore channel
activity.

pH regulation of TREK and TRAAK channels. Internal
acidification converts low-activitcy TREK channels into robust
leak conductances that are insensitive to AA, stretch and phos-
phorylation.”" Alanine scanning of the proximal C-terminal
region of TREK-1 led to the identification of the glutamine 306
(E300) as the intracellular proton sensor. Mutation of this glu-
tamine to alanine converts TREK-1 into a constitutively active
K* channel. E306 is located in the region containing five basic
residues that have been found to interact with membrane phos-
pholipids (see above) (Fig. 1).

TREK and TRAAK channels are sensitive to variations of
the extracellular pH.*# Acidification strongly inhibits TREK-1
with an apparent pK of 7.4. The all or none effect of pH varia-
tion is steep, and is observed within one pH unit. TREK-2 is not
inhibited but activated by acidification within the same range of
pH. A single conserved residue, H126 in TREK-1 and HI51 in
TREK-2, is involved in proton sensing. This histidine is located
in the TMDIP1 extracellular loop preceding the first P domain.
The differential effect of acidification, i.e., activation for TREK-2
and inhibition for TREK-1, involves other residues located in the
P2M4 loop linking the second P domain and the fourth mem-
brane-spanning segment. Attraction or repulsion between the
protonated side chain of histidine and closely located negatively
or positively charged residues in P2M4 may control outer gating
of these channels.®

Regulation of TREK and TRAAK channels by neurotrans-
mitters and hormone receptors. TREK and TRAAK channels
have multiple residues phosphorylated by protein kinase A (PKA)
and PKC on their cytoplasmic C-ter.”"*¢* But only TREK-1 and
TREK-2 are inhibited by PKA and/or PKC phosphorylation fol-
lowing stimulation of G, or G, coupled receptors.>!* 16481825557
On the contrary, TRAAK is not regulated by these kinases.
For TREK-1, phosphorylation of serine S333 by PKA was
shown to be required for subsequent phosphorylation of serine
S300 by PKA or PKC,* which suggests a possible interaction
between the two phosphorylation sites with a prominent role
for PKA in the regulation of TREK-1 activity. The inhibitory
coupling with TREK channels has been demonstrated for G_or
G, coupled receptors serotonin SHT4sR, SHT2bR, PGE2 recep-
tor, muscarinic M3R, OrexinR, angiotensin IIR and glutamate
mGluR1 and 5. On the contrary, stimulation of G, coupled
receptors MGIluR2 and MGIuR4 that diminish cAMP formation
and PKA activity enhances TREK current,'® which suggests
a tonic partial inhibition of TREK channels activity by PKA

19,81
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phosphorylation. Stimulation of TREK-2 channel activity by
GABA, and noradrenergic receptor activation has recently been
shown to undetlie inhibition of neuronal excitability in the ento-
rhinal cortex.®*°

Functional interaction of TREK-1 with actin cytoskeleton.
The actin cytoskeleton inhibits TREK-1 mechano-sensitivity.”!
On the other hand, TREK-1 expression has a profound effect on
the assembly of the actin network and the formation of filopo-
dia-like structures. The molecular mechanism of the cross talk
between TREK-1 and actin is still unknown. However, it has
been clearly demonstrated that remodeling of the actin cyto-
skeleton is independent of channel activity but requires both the
PKA phosphorylation site S333 and proton sensor E306 in the
intracellular C-ter regulatory domain of TREK-1."' The recipro-
cal regulation between TREK-1 and the actin cytoskeleton may
associate cell morphology and electrogenesis.

Regulatory Partners of TREK and TRAAK Channels

A proteomic approach based on immunoprecipitation and
mass spectrometry analysis of native complexes established the
A-kinase-anchoring protein AKAP150 as a constituent of brain
TREK-1 channels.”>? AKAPI50 is a scaffolding protein known
to organize signaling complexes in neurons.”* AKAP150 brings
in close interaction PKA, PKC, protein phosphatase 2B, PDZ-
containing synaptic proteins PSD95 and SAP97 as well as synap-
tic receptors and ion channels (Fig. 1). AKAP150 binds between
V298 and R311 in the key regulatory domain of TREK-1.”
AKAPI150 also interacts with the highly homologous regulatory
domain of TREK-2, but not with TRAAK. Once associated with
AKAPI150 TREK-1 is fully activated and cannot be further stim-
ulated by AA, acidic pHi or mechanical stress but it is still regu-
lated by protein kinases. AKAP150 binding to TREK-1 increases
the kinetic of TREK-1 inactivation by G_coupled receptors and
decreases inhibition by G coupled receptors. In neurons, both
AKAP150 and TREK-1 have been detected in postsynaptic
densities. The large leak K* current properties of TREK-1 when
associated with AKAP150 is expected to affect electrogenesis in
the corresponding cell compartments, possibly affecting synaptic
transmission and dendritic integration. This interaction may be
involved in spatial learning.®

The same proteomic approach identified Microtubule-
associated protein 2 (Mtap2, also called MAP2) as another part-
ner of TREK-1 and TREK-2.?” Mtap2 is a scaffolding protein
for the localization of signaling complexes in dendrites, particu-
larly near spines. Mtap2 is also present in growth cones. Mtap2
binding site encompass residues 335 to 360 in TREK-1, within
the intracellular C-ter. This region includes an eight amino
acid segment (residues 342-349) that contains four positively
charged residues (K342, K347, R348, K349) that are essential
for Mtap2 binding. These residues are conserved in TREK-2 but
not TRAAK channels, and accordingly Mtap2 binds TREK-2
but not TRAAK. Therefore, Mtap2 and AKAPI150 interact-
ing sites in TREK channels are distinct and both proteins can
dock simultaneously.”’ Mtap2 does not change TREK-1 chan-
nel gating properties but increases channel density at the plasma
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membrane. The simultaneous binding of Mtap2 to TREK-1
and tubulin is required for this effect. The effects of Mtap2 on
TREK-1 trafficking and AKAP150 on TREK-1 gating are addi-
tive. Altogether, Mtap2 and AKAPI150 place TREK-1 at the
center of dynamic protein complexes that comprise cytoskeleton
elements, regulatory proteins, protein kinases, ion channels and
neurotransmitters receptors.

A subunit of coatomer protein complex 1 (COP1), 3-COP
was identified as a direct interacting partner of TREK-1 in a yeast
two-hybrid screen on human brain ¢cDNA library using the N-ter
region of TREK-1 as bait.”” Itis notknown if 3-COP interacts with
TREK-2 and TRAAK, although this would not be predicted by
the low conservation of the N-ter sequences. The COP1 complex
is involved in the formation of coated vesicles from the Golgi that
mediate the anterograde and retrograde transport of membrane
proteins, including K, channels TASK-1 and TASK-3.7"* The
binding of B-COP to TASK channels occurs in the Golgi and
leads to accumulation of channels in the endoplasmic reticulum
(ER) and decreased surface expression.”” The interaction between
TREK-1 and B-COP differs from that of TASK channels.
Indeed, TREK-1 and B-COP are colocalized at the membrane.
Expression of B-COP increases TREK-1 surface expression and
current density.” This argues that 3-COP enhances anterograde
transport of TREK-1 to the membrane. How TREK-1 traffick-
ing to the membrane by 3-COP and Mtap2 that binds to the
C-ter interplay is not clear. Masking of an ER retention signal
by B-COP or Mtap2, as was shown between 14-3-3 and 3-COP
for TASK channels,”” is unlikely because both partners increase
TREK-1 channel trafficking to the membrane. However, 3-COP
interaction with TREK-1 may have major functional implication
because of the important functional diversity of the recently dis-
covered TREK-1 N-ter isoforms.***

Another partner involved in TREK-1 trafficking is the neuro-
tensin receptor 3 (NTSR3), also called gp95/sortilin.”” NTSR3/
sortilin is essentially localized in the Golgi apparatus where it is
involved in intracellular protein trafficking. NTSR3 is also found
at the plasma membrane where it is a receptor or a co-receptor.
For example, NTSR3 associates with p75N'® to form a proNGF

receptor that is involved in neuronal cell apoptosis.'®® NTSR3/
sortilin directly binds TREK-1 in the Trans Golgi Network.
This association enhances TREK-1 trafficking to the plasma
membrane and TREK-1 current density.”” However, regulation
of TREK-1 membrane expression by the NTSR3/sortilin signal-
ing path is bidirectional. Indeed, post-translational maturation
process on the extracellular N-ter domain of NTSR3 releases
a 44-amino-acid polypeptide in the circulation. This polypep-
tide directly binds to TREK-1-NTSR3/sortilin complex to trig-
ger TREK-1 endocytosis.”” A polypeptide derived from a short
variant of NTSR3, called Spadin, injected in mice was shown to
reproduce the depression-resistant phenotype of TREK-1 knock-
out mice.'>” For this reason spadin has a very interesting thera-
peutic potential.

Conclusion

Because of a lack of specific pharmacology, gene inactivation in
the mouse is the principal approach to study the physiological
roles of TREK channels. Phenotyping of TREK knockout mice is
revealing the implication of these channels in functions as diverse
as vasodilatation, general anesthesia, neuroprotection, depression
and pain perception. As described in this review, TREK channels
activity is under the control of many different mechanisms acting
either on channel trafficking and surface density or directly on
gating properties. Another level of TREK channel regulation is
linked to the generation of numerous variants produced by alter-
native splicing and alternative translation initiation. All these
mechanisms are expected to contribute to the functional diversity
of background TREK currents and functions.
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