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ARTICLE INFO ABSTRACT

Article history:

Two pore domain potassium (K2P) channels are mostly present in the central nervous system (CNS)
where they play important roles in modulating neuronal excitability. K2P channels give rise to back-
ground K* currents (IKso) a key component in setting and maintaining the resting membrane potential
in excitable cells. Here, we studied the expression and relative abundances of K2P channels in cerebellar
granule neurons (CGNs), combining molecular biology, electrophysiology and immunologic techniques.
The CGN IKso was very sensitive to external pH, as previously reported. Quantitative determination of
mRNA expression level demonstrated the existence of an accumulation pattern of transcripts in CGN that
encode K2P9 > K2P1 > K2P3 > K2P18 > K2P2 = K2P10 > K2P4 > K2P5 subunits. The presence of the major
K2P subunits expressed was then confirmed by Western blot and immunofluorescence analysis, demon-
strating robust expression of K2P1 (TWIK-1), K2P3 (TASK-1), K2P9 (TASK-3) and K2P18 (TRESK) channel
protein. Based, on these results, it is concluded that K2P1, -3, -9 and -18 subunits represent the majority
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1. Introduction

Two pore domain potassium channels (K2P) give rise to the leak
or background potassium currents which are voltage independent
and constitutively active in many excitable cells. In mammals, K2P
channels are formed from 15 different subunits, which are divided
in six subfamilies based on the structural and functional properties
[10,17,19]. Structurally, each K2P subunit contains four transmem-
brane domains and two pore forming domains in tandem [5,18,22].
A functional channel is composed of two identical (homomeric) or
different subunits (heterodimeric), that each imparts different
functional properties to the channel [1,6,15,26,30]. The heterodi-
meric configuration of K2P channels increases the functional diver-
sity thereby conferring versatility and dynamic adaptation to fulfill
the physiological roles which are implicated [26].

K2P channels are highly regulated by several molecules or
stimuli such as kinases, phosphatases, lipids, G proteins, internal
and external pH [9,19]. Extracellular pH modulates K2P channels
by acting on the upper gate [16]. At the molecular level, the
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mechanism that confer pH sensitivity has been identified for sev-
eral members of the K2P family [16]. In the case of the pH-sensitive
channels K2P1 (also called TWIK-1 or KCNK1), K2P3 (also called
TASK-1 or KCNK3) and K2P9 (also called TASK-3 or KCNK9), acidi-
fication blocks the pore of the channel by protonating a histidine at
position 98 for K2P3 and 9 and 122 for K2P1. These histidine resi-
dues are located adjacent to the potassium selectivity sequence in
the first pore forming loop of each subunit of the channel
[23,27,29].

In neurons, where K2P channels are highly expressed, the cur-
rents generated by these proteins have been well characterized
and are known as IKsg (for standing outward potassium current)
[21,32]. The IKso current is strongly modulated by extracellular
pH [12,15,21]. And the inhibition of IKso by acidosis has been asso-
ciated with an increased of excitability [24,25].

CGNs are glutamatergic interneurons that provide an excitatory
input in the molecular layer of the cerebellum. The IKso in these
cells has been correlated with the expression of four K2P genes:
K2P1, K2P10 (TREK-2, KCNK10), K2P3 and K2P9
[1,4,11,12,14,21,26,28,31]. Of these subunits, K2P3, K2P9 and
K2P1 can also combine to form heterodimeric channels
[1,6,15,26,30]. Furthermore, the regulation of K2P1, K2P3 and
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K2P9 heterodimers has been recently studied in CGNs [26]. How-
ever, at present, the full contribution of the different K2P channels
in determining the resting membrane potential in CGNs remains
unknown.

The aim of our study was to explore the K2P channel contribu-
tion to IKso currents using molecular biology, electrophysiology
and immunological approaches. We present evidence that K2P1,
-3, -9 and -18 subunits contribute the majority of the IKso in rat
CGN.

2. Materials and methods
2.1. Cerebellar granule neurons cultures

CGNs dissociated from 7 to 8 day-old Sprague-Dawley rat cere-
bellum were isolated as previously described [2]. At the end of the
isolation procedure, cerebella were triturated and the dissociated
neurons plated onto glass coverslips coated with poly-L-lysine
(1 uM/ml) at a density of 2.5 x 10° cells/cm?. Cultured cells were
incubated at 37 °C in a 5% CO, in DMEM medium supplemented
with 10% fetal calf serum, 5mM glutamine, 39 mM glucose,
25 mM KCl, and 1% antibiotic (Penicillin/Streptomycin). The med-
ium was renewed every 4 days. All experiments were carried out
using CGN cultured for 7-8 days. The experimental procedures
were approved by our Institutional Bioethical and Biosafety Com-
mittee and by the local government bioethics advisory committee
(Fondecyt—Conicyt).

2.2. Extraction and quantification of mRNA from CGN neurons for PCR
assays

Total RNA from CGN neurons was extracted from cell cultures
using TRIzol Reagent (Life technologies). The RNA quality and
integrity were evaluated by spectrophotometric analysis
(OD 260/280) and visualized by agarose gel electrophoresis.
First-strand ¢cDNA was primed with oligo(dT) from 1 pug of RNA
and synthesized using the RevertAid First Strand cDNA Synthesis
Kit (Fermentas) at 42 °C for 50 min. Conventional PCR experiments
were performed using a reaction mixture consisting of 0.75 U Taq
polymerase (Fermentas), 1.5 mM MgCl,, 0.2 mM of each dNTP, and

Table 1

50 pmol of each primer. The following PCR protocol was used:
15 min at 95 °C, 35 cycles: 15s at 95 °C, 1 min at 58 °C, 1 min at
72°C, 7min at 72°C, using a LifePro Thermal Cycler (Bioer
Technology). The PCR amplification product was visualized by
agarose gel electrophoresis (1%) containing ethidium bromide
and the images were digitally acquired.

Real-time PCR was performed using the KAPA SYBR® FAST UNI-
VERSAL kit (Kapa Biosystems). The cDNA was added to a 20 pl well
containing 12.5 pl 2 x buffer, 0.5 pul of 50 x SYBR Green master
mix and 5 pmol K2P specific primers, described previously [20] or
designed (Table 1). The real-time PCR conditions were: a cycle of
95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s, 60 °C for
155, 72 °C for 20 s and a final cycle at 95 °C for 1 min, 55 °C for
30, 95 °C for 30 s. These assays were performed in triplicate with
Mx 3000P Agilent-Stratagene thermal cycler and analyzed with
MxPro qPCR software (Agilent technologies). All primer pairs were
tested and the efficacies evaluated (Those giving 90-100% were
selected). Additionally, gel electrophoresis and melting curve analy-
ses, were done to confirm the specific PCR product sizes and the
absence of non-specific bands. The expression of each gene was nor-
malized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.3. Protein extraction and Western blotting

K2P channel protein levels in CGN neurons were assessed using
Western blot analysis. Briefly, cultured neurons grown in 35 mm
plates were lysed using a RIPA lysis buffer supplemented with
inhibitors of proteases and phosphatases. The whole cell lysates
were stored at —20 °C until the Western blot analysis.

For Western blot assays, 5—25 g of protein was loaded on to a
10% SDS-polyacrylamide gel and separated by electrophoresis.
Proteins were then transferred onto nitrocellulose membranes
(Thermo Scientific, USA) and incubated with primary antibodies
against K2P1, K2P3, K2P9 and K2P18 channels at the proper dilu-
tion. Then the membranes were incubated with the appropriate
peroxidase-conjugated secondary antibody and the protein band
was visualized using ECL Plus Kit and a hyper film MP (GE Health-
care). The following antibodies were used: anti K2P1 (sc-11481),
K2P3 (sc-32067), K2P9 (sc-11317) and K2P18 (sc-51240) and
anti-B-adaptin (sc-10762), used as control. All antibodies were
obtained from Santa Cruz biotechnology, Inc.

Genes and primer sets used for quantitative real time RT-PCR analysis of K2P K* channels.

Gene Common name GenBank accession Abbreviation Primer pair, sense (5'-3") Product size (bp)

Kenk1 K2P1, TWIK-1 NM_021688.3 qRnP1_F 5'-CTC AGC AAC GCC TCG GGG AAT-3' 157
qRnP1_R 5'-TGA ACG GGA TGC CAA TGA CAG AG-3’

Kcnk2 K2P2, TREK-1 NM_172041.2 qRnP2_F *5'-GTG GAG GAC ACA TTT ATT AAG T-3’ 93
qRnP2_R *5'-GAA GAG GAC ACA GCC AAA CA-3’

Kcnk3 K2P3, TASK-1 NM_033376.1 qRnP3_F *5'-TCA TCA CCA CAA TCG GCT AT-3' 76
qRnP3_R *5'-AGC GCG TAG AAC ATG CAG AA-3'

Kcnk4 K2P4, TRAAK NM_053804.2 qRnP4_F *5'-TGT AGG CTT TGG CGA TTA TGT-3’ 179
qRnP4_R *5'-TGA GGC CAC CCA TCT CT-3’

Kenk5 K2P5, TASK-2 NM_001039516.2 qRnP5_F *5'-CTA TTC CTT CAT CAC CAT CTC-3’ 120
qRnP5_R *5'-AGC CCC AGG TAG ATC CAA A-3'

Kcenk9 K2P9, TASK-3 NM_053405.2 qRnP9_F *5'-CCT TCT ACT TCG CTA TCA C-3’ 120
qRnP9_R *5'-CCA GCG TCA GAG GGA TAC-3’

Kenk10 K2P10, TREK-2 NM_023096.2 qRnP10_F *5'-GCT GTC CTC AGT ATG ATT-3' 76
qRnP10_R *5'-CTT TGA TCT CAC CCA CCT CTT-3'

Kcnk18 K2P18, TRESK NM_001003820.1 qRnP18_F *5'-CTC ACT TCT TCC TCT TCT TCT C-3’ 148
qRnP18_R *5'-TAG CAA GGT AGC GAA ACC TCT-3’

Gapdh GAPDH NM_017008.4 qRnGAPDH_F *5'-CGC ATC TTC TTG TGC AGT-3’ 149
qRnGAPDH_R *5'-AAT GAA GGG GTC GTT GAT GG-3'

K2P, two-pore domain potassium channels; TWIK-1, tandem of P domains in Weak Inward rectifier K* channel; TREK-1 and TREK-2, TWIK-related K* channel; TRAAK, TWIK-
related arachidonic acid-stimulated K* channel; TASK-1, TASK-2 and TASK-3, TWIK-related acid-sensitive K* channels; TRESK, TWIK-related spinal cord K* channel; GAPDH,
glyceraldehyde-3-phosphate-dehydrogenase. Asterisk (*) indicate primers described previously in Marsh et al. [20].



756 P. Burgos et al./Biochemical and Biophysical Research Communications 453 (2014) 754-760

2.4. Immunocytochemistry

The cellular localization of K2P channels in CGN neurons was
analyzed by immunofluorescence using a fluorescence microscope.
Briefly, CGN neurons seeded on coverslips were fixed using 4%
paraformaldehyde (PFA) for 10 min at room temperature, followed
by permeabilization with 2% bovine serum albumin in PBS contain-
ing 0.1% Triton X-100 for 30 min. Cells were incubated with block-
ing buffer, followed by incubation with goat polyclonal anti-K2P
antibodies overnight at 4 °C. The cells were then incubated with
donkey polyclonal secondary antibody to goat IgG - H&L (Alexa
Fluor® 594, ab150132; Abcam Inc.) at 1/1000 dilution for 1h at
room temperature. DAPI was used to stain the cell nuclei at a con-
centration of 0.1 pg/ml for 5 min. Images were digitally acquired
with an Olympus BX53 fluorescence microscope (Olympus), cou-
pled to a CCD camera. Digital images were taken using Image-Pro
Plus software (Media Cybernetics). Each staining was repeated 3
times in 3 different cultures.

2.5. Electrophysiological recordings

Macroscopic currents elicited from cultured CGN neurons were
evaluated using the whole-cell configuration (voltage clamp) of the
patch-clamp recording technique with a PC-501A amplifier
(Warner Instruments) as described in a previous study [33].
Voltage protocols and data acquisition were controlled by
pCLAMP10 with an acquisition card (DigiData 1440, Molecular
Devices). Membrane capacitive currents were electronically
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subtracted and series resistance compensated during on-line
acquisition. Glass microelectrodes (3-5MQ) were made from
borosilicate capillaries using a horizontal puller (P97 model, Sutter
Instruments). The intracellular solution was composed of (in mM):
140 KCl, 0.5 CaCl,, 5 EGTA, 10 Hepes, 2 K,-ATP, 1 MgCl,; adjusted
to pH 7.4 with KOH. The extracellular solution contained (in mM):
120 Nadl, 4 KCl, 2 MgCl,, 0.5 CaCl,, 10 glucose, 10 Hepes; pH 6.4,
7.4 and 8.4 were adjusted with NaOH. To isolate K2P-mediated
currents, the extracellular solution was supplemented with the
Na* channel blocker tetrodotoxin (TTX) at 0.2 pM.

3. Results
3.1. Characterization of pH sensitive IKso currents in CGN

Extracellular pH changes, in a physiological range from pH8.4 to
6.4, were used to demonstrate the contribution of pH-sensitive K2P
channels to IKso in cultured rat CGN, as previously reported [16].
IKso was evoked using a holding of —20 mV for 20 s followed by
a ramp of 200 ms of duration to —120 mV (Fig. 1B, inset). The
depolarized holding potential inactivates the majority of the
voltage-gated conductances in the CGN and the ramp protocol is
sufficiently slow to allow the membrane current to reach steady
state at each membrane potential such that only the constitutively
open channels pass currents that follow the ramp [21,32]. In
agreement with the previous studies [1,12,15], IKso was strongly
inhibited in presence of external pH of 6.4, with a decrease of
42.3 £ 5.4%, compared to currents studied in the same cell at pH
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Fig. 1. The standing outward ‘background’ potassium current (IKso) in CGN. (A) An example of a CGN culture highlighting the bipolar morphology of these cells. (B) Whole-
cell current studied using the ramp protocol shown in the inset. The cell membrane was ramped from —20 to —120 mV over 200 ms. (C) I/V curve relationship of the pH-
sensitive component of IKso recorded at different extracellular pH solutions. (D) A bar graph shows the effect of extracellular pH on the whole-cell current measured at
—20 mV. Each bar represents the mean + SEM of five different experiments. *Significant difference from control value observed at pH 7.4 (P < 0.05).
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7.4. In presence of an external alkaline pH (8.4), the opposite effect
was observed. Thus, when the external pH was raised from 7.4 to
8.4 IKso increased by 18.2 +7.9% (Fig. 1C and D) (n=5). The I-V
relationship of the IKso pH-sensitive current was characterized
by an outward rectification with an Ex (reversal potential for K*)
of —72.3+2.4mV at both pH 7.4 and 8.4 and —60.0 + 4.2 mV for
pH 6.4 (Fig. 1C; n=5), as previously reported for rat CGN
[21,25,26]. These results are consistent with those reported for
the K2P3 (TASK-1), K2P9 (TASK-3) and K2P1 (TWIK-1) channel cur-
rents [23,27,29].

3.2. Expression of K2P channels transcripts in rat CGN

To identify the K2P subunits expressed in rat CGN cultures,
which might be an important component in IKso currents, we eval-
uated the mRNA transcripts accumulation level by conventional
RT-PCR and quantitative real-time PCR (qPCR). Here, we limited
our studies to those K2P channels previously detected in CGN or
the granule cell layer of the cerebellum and to which functional
activity has been corroborated.

By conventional RT-PCR, strong amplification products of differ-
ent K2P subunits were detected, principally K2P1, 18 (also known
as TRESK, KCNK18), 9, and 3 whereas K2P2 and 5 (TASK-2, KCNK5)
were only detected at low levels (Fig. 2A; n=5). All the amplifica-
tion products detected were of the correct theoretical predicted
size (Table 1). Next, in order to determinate the K2P subunit
expression on a more sensitive and quantitative level, mRNA tran-
scripts were evaluated by real-time PCR. The mRNA expression
level of each K2P transcript was compared with transcript levels
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for the GAPDH housekeeping gene. As shown in Fig. 2B, strong sig-
nals were detected for K2P1, 3, 9, and 18 with these isoforms rep-
resenting 31.4 +0.2%, 5.4+ 1.1%, 58.6 £ 2.2% and 3.1 £ 1.0% of the
K2P transcripts respectively. K2P2, 4, 5 and 10 were less expressed
and minimally detected (sum of 1.5%) (Fig. 2C). The declining order
obtained for the K2P transcript accumulation (median values),
was: K2P9 > K2P1 > K2P3 > K2P18 > K2P2 = K2P10 > K2P4 > K2P5.

Although the presence of mRNA detected by qPCR for the K2P
channels, confirmed that K2P9, K2P1, K2P3 and K2P18 are the
dominant transcripts present in cultured CGN, the levels of each
protein might not correlate. To study this, K2P protein expression
was evaluated by Western blot analysis.

3.3. K2P channels protein expression

To corroborate the major expression of the K2P mRNA tran-
scripts in CGN, we performed a Western blot study (Fig. 3A). The
four K2P subunits that represent the majority of the mRNA tran-
scripts detected in the cells (K2P1, 3, 9 and 18), were studied using
specifics antibodies to assess protein expression for each K2P sub-
unit. As expected the K2P9 and K2P1 proteins were the most abun-
dant subunits with a strong signals at ~56 kDa, representing
32.7+4.7% and 24.2 £+ 1.4% of total amount of immunoreactive
proteins detected, respectively (Fig. 3B). K2P3 and K2P18, also
were detected with strong signals at approximately the same
molecular weight, representing 19.8 +2.6% and 23.4+3.1% of
immunoreactive proteins detected, respectively (Fig. 3B; n=4).

These results are in agreements with previous report regarding
to the presence of K2P1, 3, and 9 .However, the fourth channel
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Fig. 2. Expression of K2P subunit transcripts in rat CGN revealed by RT-PCR and gq-PCR. (A) Convectional RT-PCR analysis of K2P expression in comparison to GAPDH (n = 5).
(B) Real-time PCR amplification plot (number of cycles plotted vs the fluorescence (ARn)). (C) A bar graph showing the quantities of each transcript relative to GAPDH
expression in cerebella (n = 3). For quantitative analysis of K2P isoform mRNA transcripts (Panel C) GAPDH was used as housekeeping gene.
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Fig. 3. Protein expression of K2P subunits in CGN cells. The presence of K2P subunits was confirmed in the CGN cells by Western blotting. (A) Representative immunoblots of
K2P channels detected in total cells lysates. The positions and the MW’s of the respective bands are indicated. (B) Relative abundance of K2P expression, expressed as the ratio
of B-adaptin band which was used as protein loading control. Data are expressed as mean + SEM of 4 Experiments.

detected in this study (K2P18), has only previously been identified
in mouse cerebella tissue using conventional RT-PCR [7], and, the
best of our knowledge, has not been previously proposed to con-
tribute a significant fraction of IKsg to cultured rat CGN.

3.4. Immunofluorescence of K2P channels in CGNs

Next, CGN were incubated with specific antibodies for K2P1, 3,
9 and 18 to study the expression pattern for each subunit in intact
cells. Robust, positive staining was detected for each channel
(Fig. 4A, C, E and G), and exhibited a localization pattern expected
for membrane proteins. No signal was observed when the primary
antibody was omitted for each channel tested (Fig. 4B, D, F and H),
respectively. The staining detected for K2P1, K2P3 and K2P9 was
consistent with the previously reported [26]. The cell nuclei were
detected by DAPI staining (blue color).

4. Discussion

The importance of background potassium currents to the excit-
ability of neuronal cells was predicted over 70 years ago [8,13].
However, it was not until the late-1990s that K2P channels were
first described and shown to pass potassium selective currents in
excitable cells. Encoded by fifteen KCNK genes in humans, K2P
channels have emerged as a key regulator of the resting membrane
potential in excitable cells, determining the cellular input resis-
tance and the shape of action potentials. Because K2P channels
have distinct physiological and pharmacological properties, the
role of these proteins in determining the electrical properties of
specific subsets of neurons is predicated on determining which of
the different K2P subunits are expressed in particular cells.

Here, we present evidence for the functional activity, quantita-
tive mRNA transcript accumulation and immunolocalization of dif-
ferent K2P channels subunits expressed in primary cultures of rat
cerebellar granule neurons. The functional characterization of the
IKso current passed by these channels revealed a pH-sensitive
component of consistent with the expression of K2P1 (TWIK-1),
K2P3 (TASK-1) and K2P9 (TASK-3) [23,27,29]. Furthermore, we
show that mRNA transcripts for four K2P subunits are prevalent
in the cells. Thus, K2P9 representing the 58.6%, K2P1 31.4%, K2P3
5.4% and K2P18 3.1% of the K2P transcripts, normalized with a
housekeeping gene (GAPDH). Accordingly, the mRNA expression
profile  suggests that the channels expressed are

K2P9 > K2P1 > K2P3 > K2P18. These results are in line with those
previously reported, where K2Ps 9, 3 and 1 has been associated
to IKso currents in CGN cells [26].

K2P9 (also called TASK-3 or KCNK9), was previously identified
as the principal component of the IKso current by several different
groups. This channel was detected by in situ hybridization in mice
and rat models [1,4,14]. K2P9 was also identified, in a quantitative
level, by qPCR [15]. Consequently, these results were corroborated
by KO mice model where the CGN were depolarized and a small
current injection is able to generate action potentials [1,3]. And
recently, Plant et al. [26], shows that K2P9 subunits are an impor-
tant component of [Kso forming both homomeric channels and het-
erodimers with K2P1 or K2P3.

The second dominant channel identified, K2P1, has been omit-
ted in studies reported by several groups, independently of the
strong initially evidence that the channel is expressed in cerebellar
tissue [1,4] and single-channel analysis in CGN that identified an
unknown ‘type IV ion channel’ conductance of 30+2 pS at
—60mV [12] which is well correlated with the conductance
reported for K2P1 [9].

The third channel, K2P3 (TASK-1), was also previously consid-
ered as a key, acid-sensitive component of IKso. The channel has
been identified in cerebellar tissue by in situ hybridization
[1,4,14], RT-PCR, immunofluorescence [21] and qPCR studies [15].
Nonetheless, the KO mice generated for K2P3, has no a significant
effect over electrical properties of CGN cells [1]. These discrepan-
cies would be explained by a compensation mechanism in which
K2P9 can replace the functional activity of heteromeric K2P3/
K2P9 channels [1].

The fourth K2P subunit identified in our experiments corre-
sponds to K2P18 (also called TRESK). This channel has been identi-
fied only at the mRNA level using by conventional RT-PCR [7].
K2P18 has a single channel conductance of 13 pS at —60 mV [9],
this conductance can be associated to the ion channel type 1 in
CGN [12]. The type 1 conductance was previously associated with
K2P3 however, this correlation was not confirmed and was sug-
gested before K2P18 was cloned. We identified the presence of
K2P18 using different lines of evidence which support this channel
as a dominant component of the background K" current in CGN.
Thus, we conducted Western blot analysis of the K2P subunits
detected by mRNA accumulation analysis to confirm that the tran-
scripts represent protein produced in the neuronal cells. Our
results show that K2P9 protein was the most abundant
(K2P9 > K2P1 = K2P18 > K2P3). However, the veracity with which
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Fig. 4. Immunofluorescence of K2P channels in CGN cells. (A, C, E and G) Immunohistochemical localization of K2P1, 3, 9 and 18 proteins (red fluorescence), respectively. (B,
D, F and H) Inmunostaining images for K2P subunits when the primary antibodies were omitted. DAPI was used for cell nuclei staining (blue fluorescence). The scale bar
represents 10 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

protein levels can be quantified by Western blot analysis is limited
because each subunit was studied using different primaries anti-
bodies. Although Western blot analysis corroborate the presence
of these proteins (K2P9, 1, 3 and 18) and the immunofluorescence
revealed their localization pattern in CGN cells.
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