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Abstract—Two-pore domain K� (K2P) channels underlie leak
r background potassium conductances in many cells. The
rek subfamily of K2P channels, which includes Trek1/Kcnk2

and Trek2/Kcnk10 and has been implicated in depression,
nociception, and cognition, exhibits complex regulation and
can modulate cell excitability in response to a wide array of
stimuli. While alternative translation initiation and alternative
splicing contribute to the structural and functional diversity
of Trek1, the impact of post-transcriptional modifications on
the expression and function of Trek2 is unclear. Here, we
characterized two novel splice isoforms of the mouse Trek2
gene. One variant is a truncated form of Trek2 that possesses
two transmembrane segments and one pore domain (Trek2-
1p), while the other (Trek2b) differs from two known mouse
Trek2 isoforms (Trek2a and Trek2c) at the extreme amino
terminus. Both Trek2-1p and Trek2b, and Trek2a and Trek2c,
showed prominent expression in the mouse CNS. Expression
patterns of the Trek2 variants within the CNS were largely
overlapping, though some isoform-specific differences were
noted. Heterologous expression of Trek2-1p yielded no novel
whole-cell currents in transfected human embryonic kidney
(HEK) 293 cells. In contrast, expression of Trek2b correlated
with robust K� currents that were �fivefold larger than cur-
ents measured in cells expressing Trek2a or Trek2c, a dif-
erence mirrored by significantly higher levels of Trek2b
ound at the plasma membrane. This study provides new
nsights into the molecular diversity of Trek channels and
uggests a potential role for the Trek2 amino terminus in
hannel trafficking and/or stability. © 2011 Published by
lsevier Ltd on behalf of IBRO.

ey words: potassium channel, 2-pore domain, excitability,
entral nervous system, gene expression.

Two-pore domain K� (K2P) channels, whose pore-forming
subunits contain four membrane-spanning domains, two
pore regions, and cytoplasmic amino (N)- and carboxyl (C)-
termini, underlie leak or background potassium conduc-
tances in many cell types (reviewed in Enyedi and Czirjak,
2010). The K2P family is functionally diverse, with several
subfamilies exhibiting unique regulatory and biophysical
properties that allow them to modulate cell excitability in
response to specific stimuli. Members of the Trek subfamily
of K2P channels, which includes Trek1/Kcnk2 and Trek2/
Kcnk10, show perhaps the most complex regulation among
K2P channels (Patel and Honoré, 2001; Honoré, 2007). Trek
hannels mediate K� currents sensitive to membrane stretch
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bbreviations: HEK, human embryonic kidney.

0306-4522/11 $ - see front matter © 2011 Published by Elsevier Ltd on behalf of IB
oi:10.1016/j.neuroscience.2011.07.064

1

(Patel et al., 1998; Bang et al., 2000; Lesage et al., 2000),
rachidonic acid (Patel et al., 1998; Lesage et al., 2000),

temperature (Maingret et al., 2000; Kang et al., 2005), and pH
(Maingret et al., 1999; Lesage et al., 2000; Kim et al., 2001).
Trek channels are also inhibited by protein kinase A (PKA)
and protein kinase C (PKC) phosphorylation (Fink et al.,
1996; Patel et al., 1998; Lesage et al., 2000; Maingret et al.,
2000; Bockenhauer et al., 2001; Murbartián et al., 2005),
which couples channel activity to G protein-dependent sig-
naling cascades involving Gs, Gi/o, and Gq G proteins.

Trek channels have been implicated in a wide array of
hysiological and neurobehavioral processes. For exam-
le, genetic variation in the TREK1 gene in humans was

inked to individual differences in mood and responses to
ewarding stimuli (Dillon et al., 2010). Mice lacking the
rek1 gene are more sensitive to painful heat (Alloui et al.,
006), are resistant to the sedative effects of volatile an-
sthetics (Heurteaux et al., 2004), are more susceptible to

schemia and epilepsy (Heurteaux et al., 2004), and exhibit
depression-resistant phenotype (Heurteaux et al., 2006).
hile less is known regarding physiological roles for

rek2, recent studies suggest that Trek2 contributes to the
esting membrane potential in mouse superior cervical
anglion neurons (Cadaveira-Mosquera et al., 2011), and

hat Trek2 mediates the post-synaptic inhibitory effects of
ABAB and �2 adrenergic receptor activation in neurons of

the entorhinal cortex (Deng et al., 2009; Xiao et al., 2009).
Moreover, knock-down of Trek2 mRNA in the entorhinal
cortex impaired spatial learning in mice (Deng et al., 2009).

Given the contribution of Trek channels to neuro-
physiology and neuropharmacology, understanding the
molecular diversity within this K2P subfamily, particularly
within the CNS, is important. Previous studies have
documented multiple post-transcriptional modifications
that increase structural diversity in the Trek family, and
in some instances, these modifications correlate with
functional diversity. For example, alternative translation
initiation was shown to yield both short and long variants
of Trek1 that differ with respect to Na� permeability
Thomas et al., 2008). At present, the full scope and

functional relevance of alternative splicing in the Trek
family is unclear, particularly for the Trek2 gene. While
some Trek2 splice variants harboring unique N-terminal
domains have been characterized (Gu et al., 2002),
rigorous comparative assessments of expression or
function have not been undertaken. The goal of this
study was to identify murine Trek2 splice variants, eval-
uate their expression patterns, and probe for isoform-

dependent differences in channel function.
RO.
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EXPERIMENTAL PROCEDURES

Reverse transcription polymerase chain reaction
(RT-PCR) and Trek isoform expression analysis

Total mouse brain RNA (500 ng, Clontech; Mountain View, CA,
USA) was reverse-transcribed using the iScript cDNA synthesis kit
according to manufacturer’s recommendations (BioRad; Hercu-
les, CA, USA). For subsequent PCR amplification, 2 �l of reverse-
ranscribed cDNA was combined with 0.1 �l Hi-Fidelity Taq (In-
vitrogen Life Sciences; Carlsbad, CA, USA), 10� Hi-Fidelity Taq
buffer, 2.5 �M oligonucleotide mixture, 0.5 �M MgSO4, and 2.5
�M dNTPs in a final volume of 25 �l. Sense oligonucleotides
targeting the unique 5= UTR for Trek2a (5=-gcagagcgagacccaac-
cactcc-3=), Trek2b (5=-ggctgcaactccaccgagcacg-3=), and Trek2c
5=-ccgttggtctgtttaaccgacgag-3=) were paired with an antisense
ligonucleotide targeting either the 3=UTR found in exon 5 (5=-
caacatggtagcgcacagtcc-3=) to amplify the truncated one-pore
1p) variants, or 3=UTR found in exon 8 (5=-gccactgtctgaaat-
aagctcttgc-3=) to amplify full-length Trek2 variants. The thermal
ycling protocol consisted of a 2-min denaturation step at 94 °C,
ollowed by 25/35/45 cycles of 94 °C/30 s, 58 °C/30 s, and 68 °C/3
in, and a 10-min final extension step at 68 °C. Data presented in
ig. 2 derive from experiments involving 35 thermal cycles. While

ncreasing cycle number to 45 increased the intensities of the
rek2 isoform amplicons, no differences in the relative patterns of

soform distribution were observed between experiments involving
5 or 45 cycle numbers. Predicted amplicon sizes were 869 bp
Trek2c-1p), 1871 bp (Trek2a), 1822 bp (Trek2b), 1935 bp
Trek2c). Amplicons were extracted using a gel purification kit
Qiagen; Valencia, CA, USA), inserted into pCR2.1-Topo (Invitro-
en Life Sciences), and sequenced. Identical PCR conditions and

soform-specific oligonucleotides were used to evaluate regional
ifferences in Trek2 variant expression in eight mouse tissues
Clontech) and 15 different brain regions (Zyagen; San Diego, CA,
SA). PCR samples were subject to DNA electrophoresis on 1%
garose gels containing ethidium bromide for band visualization.

Generation of Trek2 expression constructs

C-terminal myc-tagged Trek2-1p, Trek2a, Trek2b, and Trek2c
expression constructs were generated by PCR using Hi-Fidelity
Taq. Trek2 cDNA (BC132487) was purchased from Open Biosys-
tems (Huntsville, AL, USA) and used as the PCR template. PCR
fragments consisting of a Kozak sequence (5=-gccgccacc-3=),
Trek2 variant open reading frame, and carboxyl-terminal myc tag
sequence (5=-gagcagaaacttagcgaggaggacctg-3=), framed by
Nhe1 and HindIII (Trek2a and Trek2c) or Not1 and HindIII
(Trek2b) restriction enzyme sites, were then incorporated into the
pCR2.1-Topo vector according to manufacturer’s protocols (Invit-
rogen Life Science). Inserts were sequenced in both directions for
accuracy. Amplified fragments were then subcloned into a modi-
fied pcDNA3.1 expression plasmid harboring the CAG promoter
(pCAG3.1).

Immunoblotting

293FT cells were purchased from Invitrogen Life Sciences and
cultured according to supplier recommendations. No tests were
conducted to rule out the potential contamination of mycoplasma.
Cells were plated at 60–70% confluence in 6-well plates and
transfected using the calcium phosphate method with the myc-
tagged Trek2 expression constructs (2 �g/well). Two days after
transfection, cells were collected in ice-cold PBS and centrifuged
at 9200�g for 1 min. Following centrifugation, the supernatant
was aspirated and the pellet was resuspended in 250 �l 2� SDS
ample buffer; samples were sonicated briefly. For immunoblot-
ing, 2 �l 1M DTT was added to 10 �l of sample, and the mixture

as incubated at 80 °C for 10 min. Samples were then loaded

Please cite this article in press as: Mirkovic K, Wickman K, Identificatio
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nto 12% Bis-Tris gels and run in a Tris–glycine buffer under
educing conditions. Samples were transferred using a wet trans-
er system (Bio-Rad Laboratories; Hercules, CA, USA) onto nitro-
ellulose membranes (Thermo Fisher Scientific Inc.; Rockford, IL,
SA) and probed with either a mouse anti-myc (1:500 dilution,
offman-La-Roche; Nutley, NJ, USA) or mouse anti-�-actin (1:

10,000 dilution, Abcam; Cambridge, MA, USA) antibodies. An
IRDye 800CW donkey�mouse secondary antibody (LiCor Biosci-
ences; Lincoln, NE, USA) was used at a dilution of 1:7000. Visu-
alization and quantification of band intensity was performed using
the Odyssey Imaging System (LiCor Biosciences). Integrated in-
tensity values were recorded for all lanes and normalized to the
intensity of the �-actin band.

Electrophysiology

HEK 293 cells were cultured according to ATCC specifications,
plated on 8-mm glass coverslips (30,000 cells/coverslip), and
transfected using Lipofectamine LTX (Life Technologies Corpora-
tion; Carlsbad, CA, USA) with an EGFP expression plasmid (0.02
�g/coverslip) and either a Trek2 splice variant or empty vector
0.09 �g/coverslip). One day after transfection, whole-cell currents

were measured in EGFP-labeled cells with hardware (Axopatch-
200B amplifier, Digidata 1320) and software (pCLAMP v. 9.0) from
Molecular Devices, Inc. (Sunnyvale, CA, USA). Borosilicate (3–6
M�) pipettes were filled with (in mM): 140 KCl, 2 MgCl2, 1 EGTA,

HEPES, pH 7.2 with KOH. The bath solution consisted of (in
M): 136 NaCl, 4 KCl, 1.5 CaCl2, 2 MgCl2, 5 HEPES, pH 7.4 with
aOH. In some experiments, cells were switched from the normal
ath solution to solutions containing 20 or 40 mM KCl (osmotical-

y-balanced by equimolar reductions in NaCl) using an SF-77B
erfusion Fast-Step system (Warner Instrument Corp.; Hamden,
T, USA). Upon achieving whole-cell access, cells were held at
70 mV and subjected to either a voltage-ramp (�100 mV to 60
V in 1 s) or voltage-step (�100 mV to 60 mV in 20 mV incre-
ents; 0.5 s/step) protocol. Only experiments with low RA (�20

M�) and low CM (�50 pF) were included in the final data set. All
measured currents were filtered at 2 kHz and stored directly on
hard disk for subsequent analysis.

Surface biotinylation

HEK 293FT cells were plated at 60–70% confluency in 6-well
plates and transfected using the calcium phosphate method with
myc-tagged Trek2 expression constructs (2 mg/well). Two days
after transfection, cells were washed three times with ice-cold
PBS (pH 8.0) and then incubated with 2 mM NHS-PEG4 Biotin
Thermo Fisher Scientific Inc.) in ice-cold PBS, with slow shaking
t 4 °C for 30 min. Cells processed in parallel but not treated with
iotin served as negative controls. Biotin was gently removed and
ells were washed five times with ice-cold PBS. Cells were col-
ected in PBS and centrifuged at 9200�g for 1 min. Following
entrifugation, supernatants were aspirated and pellets were re-
uspended in 250 �l lysis buffer consisting of PBS, 1% Triton, and
mixture of protease inhibitors (10 �g/ml pepstatin A, 10 �g/ml

aprotinin, 10 �g/ml PMSF, and 1 �g/ml leupeptin); Samples were
onicated briefly and incubated with rocking for 30 min at 4 °C.
ebris was pelleted in a microcentrifuge at 16,800�g at 4 °C for

30 min and supernatants were retained. 25 �l of sample (“input”)
was removed, and the rest of the sample was mixed by rotation for
30 min at 4 °C with 60 �l of a 50% slurry of NeutrAvidin beads
(Thermo Fisher Scientific Inc.). Beads were washed three times
with lysis buffer and bound proteins were eluted in 100 �l of 2�

DS sample buffer plus 25 �l 1 M DTT by boiling for 10 min.
Immunoblotting for myc-tagged proteins was performed as de-
scribed above. Visualization and quantification of band intensity
was performed using the Odyssey Imaging System (LiCor Biosci-
ences). Integrated intensity values were recorded for all lanes and

normalized to the intensity value of Trek2b.
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Data analysis

Data are presented as the mean�SEM. Statistical analyses were
done using Prism v. 11 (GraphPad Software Inc.; USA). Whole-
cell current amplitudes were analyzed using Kruskal–Wallis or
Mann–Whitney tests, as appropriate. Protein levels were analyzed
by ANOVA, followed by multiple comparisons with Student–New-
man–Keuls test when a significant interaction and/or main effect
was found. Differences were considered significant at P�0.05.

RESULTS

A BLAST search was used to identify all mouse cDNAs
harboring sequence coding for the first pore domain in
Trek2 in the GenBank® database (http://www.ncbi.nlm.
nih.gov/genbank/); Table 1 lists the eight entries identified
using this approach. Five of the eight entries correspond to
a mouse Trek2 variant that shares homology with a human
and rat Trek2 isoform termed Trek2a (Gu et al., 2002).

Table 1. Murine Trek2-related cDNAs identified in the GenBank®

database

Accession number Exon assembly Nomenclature Protein
size (AA)

NM_029911 1a, 2, 3, 4, 6, 7, 8 Trek2a 535
BC137869 1a, 2, 3, 4, 6, 7, 8 Trek2a 535
BC132487 1a, 2, 3, 4, 6, 7, 8 Trek2a 535
AK082153 1a, 2, 3, 4, 6, 7, 8 Trek2a 535
AK036066 1a, 2, 3, 4, 6, 7, 8 Trek2a 535
AK031904 1b, 2, 3, 4, 6, 7, 8 Trek2b 520*
DQ185134 1c, 2, 3, 4, 6, 7, 8 Trek2c 538
AK019376 1c, 2, 3, 4, 5 Trek2c-1p 241

cDNA entries identified from a BLAST search with sequence corre-
sponding to the first pore- domain of Trek2 (taken from NM_029911).
Exon assembly, nomenclature and protein size (in number of amino
acids, AA) are outlined in the table above.
* The AK031904 database entry lacks a thymidine in Exon 2 found in
all other Trek2-related cDNAs and the mouse Trek2 gene. The primary
amplicon generated by RT-PCR from mouse brain total RNA using
Trek2b isoform-specific oligonucleotides contained also this thymi-
dine; as such, the predicted Trek2b protein is corrected to be 520
amino acids.

Fig. 1. Structure and splicing of the mouse Trek2 gene. (A) Trek2 intro
xons. Note the different scales on the left and right side of the gene d
he mRNA refer to the corresponding Trek2 gene exons. M1 and M2 d
he location of the pore domain. Scale bar�35 amino acids(A.A.). (C)
rek2c. The thin vertical line denotes the boundary between correspo
rek2b mRNA and protein. Numbers above the mRNA refer to the
transmembrane segments, and P1, 2 denote the location of the two pore dom

Please cite this article in press as: Mirkovic K, Wickman K, Identificatio
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Another entry (DQ185134) corresponds to a previously-
described mouse Trek2 variant similar to the human and
rat Trek2c variant (Gu et al., 2002). In this study, we
focused on the two remaining Trek2 cDNAs (AK031904
and AK019376), which code for unique Trek2 variants that
have not been studied to date.

cDNA AK019376 codes for a C-terminal truncation of
Trek2. The cDNA sequence was aligned with the mouse
Trek2/Kcnk10 gene (MGI:1919508), found on chromo-
some 12 (99672204–99816150: Mouse Genome Data-
base). Five exons were identified in this splice variant
(exons 1c, 2, 3, 4, 5), the first four of which were known
previously (Fig. 1A, B). Exon 5 contains a short stretch (60
ases) of coding sequence followed by an in-frame stop
odon and 188 bp of 3= UTR. This variant generates a
rotein with only two transmembrane segments (M1 and
2) and one pore (P1) domain (Fig. 1B), for a total of 241
mino acids; we termed this a one-pore domain-containing
rek2 (Trek2-1p) variant.

cDNA AK031904 codes for an N-terminal Trek2 splice
ariant (Fig. 1A, C, D). Alignment of this cDNA with the
ouse Trek2/Kcnk10 gene revealed a previously unrec-
gnized exon that we termed exon 1b based on its location
etween exon 1a and 1c. In total, seven exons contribute
o this splice variant (exons 1b, 2, 3, 4, 6, 7, 8), which we
ermed Trek2b (Fig. 1D). It should be noted that the data-
ase sequence for AK031904 (Trek2b) is lacking a thymi-
ine in exon 2 (between bases 181 and 182 of coding
equence) that is found in the mouse Trek2a and Trek2c
ariants, as well as the Trek2 gene. Absence of this thy-
idine introduces a frame shift leading to premature ter-
ination of Trek2 translation. To determine whether the
atabase sequence was in error, we designed intron-span-
ing oligonucleotides targeting the unique 5=UTR in exon
b along with the 3=UTR from exon 8 for use in RT-PCR
xperiments in whole-brain total RNA (Fig. 2). We were
ble to amplify a product of the predicted size, and DNA
equencing demonstrated that the amplicon did contain
he missing thymidine.

tructure and nomenclature. Exons 1b and 5 are previously unreported
B) Linear alignments of Trek2-1p mRNA and protein. Numbers above
e location of the two transmembrane segments, whereas P1 denotes
e alignment of the unique N-terminal domains in Trek2a, Trek2b, and
ding sequence in exon 1(a/b/c) and exon 2. (D) Linear alignments of
nding Trek2 gene exons. M1–M4 denote the locations of the four
n–exon s
epiction. (
enote th

Sequenc
nding co
correspo
ains. The scale is the same as that used in panel (B).

n and characterization of alternative splice variants of the
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The translation initiation codon for the Trek2b isoform
pans two exons, with the adenosine found at the 3= exon–
ntron boundary of exon 1b, and the thymidine and guanos-
ne found at the 5= intron–exon boundary of exon 2. As
uch, Trek2b is slightly shorter (520 amino acids) than the
wo other N-terminal splice variants Trek2a (535 amino
cids) and Trek2c (538 amino acids). Trek2a, Trek2b, and
rek2c share coding sequence contributed by exons 2, 3,
, 6, 7, and 8, and differ only at their N-termini (Fig. 1C).

We next examined the tissue distribution of Trek2-1p
nd Trek2b, along with Trek2a and Trek2c, using a multi-

issue mouse cDNA panel and a PCR strategy involving
ntron-spanning, isoform-specific oligonucleotides (Fig. 2A,
). Trek2-1p expression was detected in the mouse brain,
pleen, and testis (Fig. 2B), with lower levels observed in
eart, lung, and muscle; no expression of Trek2-1p was
etected in liver or kidney. Trek2a, Trek2b, and Trek2c
ere detected in brain, with lower levels observed in heart,
pleen, and lung. Little or no expression of Trek2a, Trek2b,
r Trek2c was detected in muscle, kidney, liver, or testis.

We next sought insight into the regional distribution of
he Trek2 splice variants in the CNS. Expression of the four
rek2 splice variants was evaluated in a cDNA panel con-

aining 15 different CNS structures (Fig. 2A, C). While all
our variants showed broad distribution in the CNS,
rek2-1p exhibited the most restricted expression pattern

Fig. 2. Expression patterns of the mouse Trek2 splice variants. (A) Sc
boundaries and locations of isoform-specific oligonucleotides used for
boundaries of Trek2 coding sequence. (B) Representative ethidium
intron-spanning amplicons in several mouse tissues (n�3 separate
amplicon corresponded to the intended Trek2 isoform in all cases. Low
(e.g. Trek2a in spleen). Water was used as a negative control for each
in all mouse tissues. (C) Representative ethidium bromide-stained DN
subregions (n�3 separate experiments per isoform). Lanes on the righ
PCR primers and total brain mRNA; mRNA samples were treated with
expression was observed in all CNS subregions.
f the splice variants tested. Robust signals corresponding

Please cite this article in press as: Mirkovic K, Wickman K, Identificatio
mouse Trek2/Kcnk10 gene, Neuroscience (2011), doi: 10.1016/j.neuros
o Trek2-1p were observed in brainstem, cerebellum, pos-
erior cortex, cerebrum, hippocampus, medulla, olfactory
ulb, and pons. Lower-intensity signals were observed in
ntorhinal cortex and striatum, whereas little or no expres-
ion was detected in frontal cortex, hypothalamus, mid-
rain, spinal cord, and thalamus. Trek2a, Trek2b, and
rek2c were broadly expressed in the CNS, with the most
obust signals observed in the brainstem and cerebellum.
one of the three N-terminal Trek2 variants was detected

n the thalamus, despite the clear presence of the positive
ontrol transcript (GAPDH). While the regional expression
atterns for Trek2 splice variants were largely overlapping,
ome isoform-dependent differences were observed. For
xample, Trek2b and Trek2c were detected in the cere-
rum, while Trek2a expression was not. Similarly, expres-
ion of Trek2a and Trek2c, but not Trek2b, was observed

n the midbrain.
To probe the impact of alternative splicing on Trek2

hannel function, we next measured whole-cell currents in
EK 293 cells expressing individual Trek2 splice variants.
xpression constructs for each variant were generated
ith sequence for the myc epitope tag engineered into the
-terminus. All three N-terminal Trek2 splice variants
ielded novel currents exhibiting outward rectification (un-
er conditions of physiological internal and external K�

concentrations) that were distinct from currents measured

epiction of mouse Trek2 splice variant mRNAs, showing intron–exon
of Trek2 variant expression in mouse tissues. Black circles denote the
e-stained DNA gel segments showing Trek2 isoform-specific and
nts per Trek2 isoform). The size and DNA sequence of the primary
ity bands located near the primary amplicons were seen in some lanes
CR reaction. A comparable level of GAPDH expression was observed
gments showing Trek2 splice variant expression in 15 different CNS
the gel contain results of RT-PCR experiments using isoform-specific
r without (�RT) reverse-transcriptase. A comparable level of GAPDH
hematic d
analysis

bromid
experime
er-intens
unique P
A gel se
t side of
in mock-transfected control cells (Fig. 3A, D). While con-

n and characterization of alternative splice variants of the
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siderable cell-to-cell variability in whole-cell current ampli-
tudes was observed, clear group differences were found in
cells transfected with Trek2a, Trek2b, and Trek2c. Cells
expressing Trek2b exhibited large currents (3–20 nA at

Fig. 3. Functional characterization of Trek2 splice variants. (A) Samp
to �60 mV, in 20 mV increments; 500-ms step durations) in HEK 29
observed in mock-transfected cells were negligible. Scale bars�1 nA
([K�]o; 4, 20, 40 mM) on the whole-cell current evoked by a ramp proto
n reversal potential accompanying the increase in [K�]o, and the incre
he Trek2 rectification profile. (C) Summary plot of current reversal po
f outward currents (measured at 60 mV) in cells expressing Trek2a, T
f a Kruskal–Wallis test were significant (H�55.3, 4 df, P�0.0001), ind
ymbols: **, *** P�0.01 and 0.001, respectively, vs. mock-transfecte

currents (measured at 60 mV) in cells expressing Trek2b in the absen
test were not significant (U�11.0, P�0.1), indicating that mean curre
�60 mV), whereas currents measured in cells expressing

Please cite this article in press as: Mirkovic K, Wickman K, Identificatio
mouse Trek2/Kcnk10 gene, Neuroscience (2011), doi: 10.1016/j.neuros
Trek2a and Trek2c were markedly smaller (0.5–5 nA at 60
mV) (Fig. 3A, D).

Reversal potentials measured for cells expressing
rek2a (�60�6 mV; n�18), Trek2b (�70�2 mV; n�21),

showing whole-cell currents evoked by a voltage step protocol (�100
xpressing myc-tagged Trek2a, Trek2b, or Trek2c variants. Currents
. (B) Sample traces showing the effect of external K� concentration
0 to 60 mV in 1 s) in a cell expressing Trek2b. Note the rightward shift
ard current flow at higher [K�]o, consistent with previous analyses of

n Trek2b-expressing cells as a function of [K�]o (n�5). (D) Summary
ek2C, and Trek2-1p, as well as mock-transfected controls. The results
at mean current amplitudes were significantly different across groups.
�0.05 and 0.01, respectively, vs. Trek2b. (E) Summary of outward
sence of Trek2-1p (n�7 per group). The results of a Mann–Whitney
des were not significantly different between the two groups.
le traces
3 cells e
, 100 ms
col (�10
ased inw
tentials i
rek2b, Tr
icating th
d; #, ## P
ce or pre
and Trek2c (�62�3 mV; n�27) were comparable and

n and characterization of alternative splice variants of the
cience.2011.07.064
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significantly more negative than those measured in mock-
transfected control cells (�24�4 mV; n�12, P�0.001).
These observations are expected for cells over-expressing
K�-selective ion channels. Indeed, when K� concentra-
tions in the bath were increased from 4 mM to either 20 or
40 mM, the reversal potential of the whole-cell current
measured in cells expressing the novel Trek2b variant
shifted toward more depolarized membrane potentials,
consistent with expectations for a K�-selective ion channel
Fig. 3B, C). Moreover, the slope of the line fitting the plot
f whole-cell current reversal potential versus the natural

og of [K�]o/[K�]i was 20�1 mV, close to the predicted
value of 25.3 mV for a perfectly selective K� channel
measured at room temperature.

Cells transfected with Trek2-1p showed no novel cur-
rents (Fig. 3D), despite the appearance of recombinant
protein (not shown). As a truncated C-terminal splice vari-
ant of Trek1 has been reported and shown to exert a
dominant negative influence on the functional expression
of Trek1 (Fink et al., 1998; Veale et al., 2010), we asked
whether Trek2-1p acts as a dominant negative influence
on Trek2. Cells were co-transfected with 1:1 mixtures of
Trek2b and either empty vector or Trek2-1p. We did not
detect any difference in current amplitudes between cells
expressing Trek2b in the absence or presence of Trek2-1p
(Fig. 3E).

Previous comparative functional assessments of re-
combinant human TREK2A and TREK2C splice variants
revealed no isoform-dependent differences in channel se-
lectivity, single channel conductance, or mean open time,
arguing that the short unique N-terminal domains do not
influence fundamental biophysical properties of Trek2
channels (Gu et al., 2002; Simkin et al., 2008). Indeed, a
mutant version of rat Trek2c lacking the first 21 amino
acids (i.e. a mutant with an N-terminus virtually identical to
the murine Trek2b variant described herein) exhibited
functional properties indistinguishable from full-length
Trek2c (Simkin et al., 2008). Accordingly, we surmised that
the elevated whole-cell currents seen in cells expressing
Trek2b reflected isoform-dependent differences in channel
expression and/or distribution on the membrane surface.
Indeed, levels of total Trek2b protein were significantly
greater than levels of either Trek2a or Trek2c in whole-cell
extracts from transfected HEK 293 cells (Fig. 4A, C).

Plasma membrane levels of the N-terminal Trek2
plice variants were determined using a surface biotinyla-
ion approach (Experimental procedures). In brief, mem-
rane proteins were tagged with a membrane-imperme-
ble biotin reagent, and biotinylated proteins were then
nriched using streptavidin precipitation, followed by quan-

itative immunoblotting for the myc-tagged Trek2 variants.
he level of Trek2b at the plasma membrane of trans-

ected cells was significantly greater than surface levels of
ither Trek2a or Trek2c (Fig. 4B, D). Moreover, the ratio of

surface-to-total Trek2b protein was significantly higher
than that measured for either Trek2a or Trek2c (Fig. 4D,

right plot).
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DISCUSSION

Most previous studies involving rodent Trek2 expression
patterns or function have not differentiated between the
Trek2a and Trek2c variants, or have involved only a spe-
cific (often unspecified) Trek2 isoform (Bang et al., 2000;
Lesage et al., 2000; Kim et al., 2001, 2005; Kang et al.,
2005, 2007; Sandoz et al., 2006; Kreneisz et al., 2009). In
addition, most effort to understand the structural influences
on Trek channel function have centered on the intracellular
C-terminus, which has been implicated in channel modu-
lation by phosphorylation, temperature, arachidonic acid,
and volatile anesthetics, and on protein–protein interac-
tions involving the A kinase-anchoring protein (AKAP-150)
and microtubule-associated protein-2 (mTap2) (Sandoz et
al., 2006, 2008; Kreneisz et al., 2009; Enyedi and Czirják,
2010). Accordingly, one goal of the present study was to
evaluate possible distinctions in the expression patterns or
function of the known N-terminal splice variants of Trek2,
Trek2a, and Trek2c. In addition, we describe two novel
variants of the mouse Trek2 gene, including a third N-ter-
minal splice variant (Trek2b).

While tissue and CNS distributions of the three N-ter-
minal splice variants were comparable, whole-cell currents
seen in cells expressing Trek2b were significantly larger

Fig. 4. Whole-cell and plasma membrane expression levels of Trek2
splice variants. (A) Representative immunoblot of total Trek2 protein
from HEK 293 cells expressing Trek2a, Trek2b, or Trek2c. Three
separate transfections per Trek2 variant were performed, and the
levels of both the Trek2 variant and �-actin were determined in each
ample. (B) Representative immunoblot of Trek2 splice variants found
n samples of biotinylated surface proteins. (C) Summary plot depicting
he level of total Trek2 protein expressed in HEK 293 cells, normalized
o the level of �-actin (N�10). ANOVA revealed a statistically greater
mount of Trek2b total protein compared to both Trek2a and Trek2c
n�10, F(2,27)�21.45: P�0.001). (D) Summary graph depicting total
rek2 protein (Input), total Trek2 biotinylated protein (Eluate), and
urface-to-total protein ratio (S:T). Three independent experiments are
ummarized. Isoform-dependent differences in the levels of Trek2 in
nput (F(2,7)�18.7; P�0.05) and eluate (F(2,7)�131.964; P�0.001)
samples were observed, as well as in the S–T ratio (F(2,7)�9.5;

�0.05). Symbols: *, *** P�0.05 and 0.001, respectively, vs. Trek2a
nd Trek2c.
than those measured in cells expressing Trek2a or Trek2c.
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Previous work has ruled out a contribution of the extreme
N-terminus to mean open time, single channel conduc-
tance, and ion selectivity, as a truncated mutant of rat
Trek2c lacking the first 37 N-terminal amino acids behaved
identically to the full-length protein (Simkin et al., 2008).
While the different current amplitudes observed in cells
expressing Trek2a, Trek2b, and Trek2c could be explained
by differences in the activation properties of these chan-
nels, the correlation between current and surface protein
levels suggests a simpler explanation. As Trek2b lacks the
unique and short N-terminal domains found on Trek2a and
Trek2c, we infer that the Trek2 N-terminus regulates chan-
nel trafficking and/or stability. Indeed, the ratio of surface-
to-total Trek2b was greater than that determined for
Trek2a or Trek2c, arguing that Trek2b is more efficiently
targeted to the plasma membrane, is less efficiently inter-
nalized or degraded, or both. Interestingly, the N-terminus
has been implicated in the regulation of surface trafficking
for Trek1 through an interaction with �-COP (Kim et al.,
2010).

N-terminal Trek2 splice variants in humans and rats
corresponding to mouse Trek2a (human: NM_021161; rat:
EDL81687) and Trek2c (human: NM_138317; rat:
NM_023096) have been reported (Gu et al., 2002). Inter-
estingly, sequence homology is relatively low for the
unique N-terminal domain in the Trek2a variant across the
three species (not shown). As key functional domains are
typically conserved across species, this could argue that
the unique N-terminus of Trek2a serves no important role
in channel function or regulation. Alternatively, given the
relative hydrophobicity of this domain, it may serve as a
signal or leader sequence that targets Trek2a to a partic-
ular cellular subdomain. In contrast to Trek2a, the unique
N-terminal domain in Trek2c is perfectly conserved across
mice, rats, and humans, and it possesses some intriguing
elements. For example, the lysine residue found at the
N-terminus of Trek2c is predicted to be a destabilizing
influence on protein stability as per the N-end rule (Bach-
mair et al., 1986). Moreover, the Trek2c N-terminal domain
consists of a combination of hydrophobic and hydrophilic
residues, a signature of proteins that undergo Hsc70-me-
diated degradation (Majeski and Dice, 2004). The lack of
specific targeting sequences and/or trafficking signals in
Trek2b may explain the robust expression levels observed
for this isoform in transfected cells.

There is currently no homolog of Trek2b reported in
either human or rat. Alignment of mouse exon 1b with the
human TREK2 gene suggests a possible human homolog.
In rat, however, we were unable to detect a possible
Trek2b variant. As coding sequence in exon 1b is re-
stricted to a single adenosine at the intron–exon boundary,
the only sequence that can be used for alignment pur-
poses is 5=UTR, which may be less conserved across
species. Mouse Trek2b was so named because its first
exon is located between the exons that are utilized to
generate Trek2a and Trek2c. While a human TREK2B
variant has been reported (NP_612191; Gu et al., 2002), it
is clearly distinct from the mouse Trek2b variant charac-

terized herein. The human TREK2B variant exhibits a
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unique 18 amino-acid N-terminal domain and is expressed
in pancreas and kidney, but not brain (Gu et al., 2002).
Moreover, the first exon of human TREK2B is located
downstream of human exon 1c. Alignment of human exon
1b with the mouse Trek2 gene yielded no obvious homol-
ogy. Thus, species differences exist with respect to Trek2
gene structure and alternative splicing, producing multiple
distinct and species-specific Trek2 variants.

The Trek2-1p variant evaluated in this study, which
utilizes exon 1c and exon 5, resembles an inwardly recti-
fying K� (KIR) channel in terms of predicted membrane
topology, and is expressed in multiple tissues and brain
regions. We have also detected expression of Trek2-1p
variants utilizing exons 1a and 1b in the mouse CNS (not
shown). To date, we have been unable to detect novel
currents resulting from heterologous over-expression of
Trek2a/b/c-1p. While a C-terminal splice variant of Trek1
exhibiting only a single transmembrane segment was
shown recently to act as a dominant negative modulator of
Trek1 by limiting its surface delivery (Veale et al., 2010),
we observed no impact of Trek2-1p expression on current
amplitudes in cells expressing Trek2b. It is possible that
Trek2-1p variants require heteroassembly with another
channel subunit, or a binding partner, to form functional
channels. Alternatively, these variants might be regulated
in a distinct manner, such that our recording conditions
were not suitable to observe substantial channel activity.
Finally, these variants may be subject to nonsense-medi-
ated decay, where the splicing event serves to downregu-
late Trek2 activity.

CONCLUSION

We identified two novel alternative splice variants of the
mouse Trek2 gene that exhibit widespread distribution in
the mouse CNS. Our findings demonstrate that N-terminal
variation can influence current amplitude and surface level
of Trek2 channels. Accordingly, differential and dynamic
regulation of Trek2 isoform expression may mediate
changes in the intrinsic excitability of neurons.
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