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Two-pore domain (K2P) potassium channels perform essential roles in neuronal function. These
channels produce background leak type potassium currents that act to regulate resting membrane
potential and levels of cellular excitability. 15 different K2P channels have been identified in mammals

. and these channels perform important roles in a wide number of physiological systems. However,

. todate there is only limited data available concerning the expression and role of K2P channels in

© the retina. In this study we conduct the first comprehensive study of K2P channel expression in the

. retina. Our data show that K2P channels are widely expressed in the mouse retina, with variations in
expression detected at different times of day and throughout postnatal development. The highest
levels of K2P channel expression are observed for Miller cells (TWIK-1, TASK-3, TRAAK, and TREK-

2) and retinal ganglion cells (TASK-1, TREK-1, TWIK-1, TWIK-2 and TWIK-3). These data offer new
insight into the channels that regulate the resting membrane potential and electrical activity of retinal
cells, and suggests that K2P channels are well placed to act as central regulators of visual signalling

. pathways. The prominent role of K2P channels in neuroprotection offers novel avenues of research into

. the treatment of common retinal diseases.

The retina is the primary light detecting tissue in mammals and performs an essential role in vision. The retina is
organised into three cellular layers containing six major neuronal cell types, each tasked with performing different
. functional roles*?. Rods and cones of the outer retina detect light, and are modulated by feedback inhibition from
: horizontal cells. Bipolar cells and amacrine cells of the inner retina modulate and integrate rod and cone driven
© signals and provide synaptic input to retinal ganglion cells (RGCs) that ultimately project light information to
retinorecipient areas of the brain. Miiller cells are the major glial cell type of the retina and provide homeostatic
. and metabolic support for retinal neurons, and may also perform roles in transmission of light to outer retinal
: photoreceptors®*. Like all neuronal tissues, the cells of the retina use changes in membrane potential and intra-
cellular ion concentrations to generate and transmit electrical signals, and ultimately encode visual information.
However, the signalling pathways of the retina are highly complex and the precise roles performed by distinct
classes of ion channels are currently unknown. Most notably, the K" ion channels responsible for regulating the
resting membrane potential and cellular excitability of retinal ganglion cells (RGCs) remain to be determined.
RGCs are the first cells in the visual pathway to encode light as tonic and transient patterns of action potential
firing® and are required to maintain responses over a wide range of light intensities®. The regulation of RGC
excitability is therefore fundamental to preventing signal saturation and increasing the dynamic range of the
retina. Furthermore, different components of the visual signal are encoded by distinct subtypes of RGC which
show characteristically different levels of sustained activity and responses to light (sustained and transient ON,
OFF and ON-OFF responses for example)*’. However, the mechanisms that set resting membrane potential and
regulate these differing levels of tonic and transient activity in RGCs remain to be fully determined®’.
The importance of K* leak currents to resting membrane potential and neuronal function was first proposed
in the original Hodgkin-Huxley model of action potential generation!’. The continuous efflux of K™ ions across

© The Nuffield Laboratory of Ophthalmology, Sleep and Circadian Neuroscience Institute, Nuffield Department of

* Clinical Neurosciences, University of Oxford, Sir William Dunn School of Pathology, OMPI G, South Parks Road,
Oxford, OX1 3RE, UK. Correspondence and requests for materials should be addressed to S.H. (email: steven.
hughes@ndcn.ox.ac.uk) or M.W.H. (email: mark.hankins@eye.ox.ac.uk)

SCIENTIFICREPORTS | 7:46085 | DOI: 10.1038/srep46085 1


mailto:steven.hughes@ndcn.ox.ac.uk
mailto:steven.hughes@ndcn.ox.ac.uk
mailto:mark.hankins@eye.ox.ac.uk

www.nature.com/scientificreports/

A B

0.14 4 r 0.01 4
0.12 4
= =
£ 01 =
@ @
o 14
‘g_ 0.08 §
5 1 & 0.005 o
- 0.06 - -
Q Q
2 2
© 0.04 - =
= £
o o
o 0.02 4 o
=4 =z
0 i ~ 0+
O 9 M o o ¥ o 2 My x o oo 8 o O M d A ¥ o d 0wy o8 od oo o
¥ ¥ ¥ > 5> g ¥ X X X O x > > ¥ ¥ ¥ ¥ ¥ > 5 g ¥ ¥ ¥ ¥ 0B ¥ > > ¥ ¥
ss:gz3gz222¢8z¢g2+4 ::ggipgz222gzrggaz
EEEWWE'—*—'—'—"’_EE'—’— EEEMNF—"—'—'—'—"'—EE'—"
x c o«
- = (== = F
Inward AA, PUFA Acid Ca2+ Halothane Alkaline Inward AA, PUFA Acid Ca2+ Halothane Alkaline

rectifying sensitive sensitive sensitive inhibited  sensitive rectifying sensitive sensitive sensitive inhibited  sensitive

Figure 1. qPCR analysis of K2P channel expression in the adult mouse retina. (A) qPCR analysis shows
expression of multiple K2P channel mRNA transcripts in the wildtype mouse retina (C3H, non rd) (n=5,
P130-135, retinae collected at Zeitgeber time ZT8, 8 hours after light onset). (B) The same graph shown in (A)
with an enlarged scale to highlight the expression of K2P channels expressed at lower levels. Data are shown
following normalization to the expression of three house-keeping genes. All data are shown as mean + S.E.M.

the cell membrane is essential for setting a hyperpolarised resting cell membrane potential and directly influences
the likelihood, duration and frequency of action potential firings'!2. However, it was not until the late 1990’s,
and the discovery of the two-pore domain (K2P) potassium channels'>', that the ion channels responsible for
generating background leak K* currents were identified. K2P channels are characterised by the presence of two
pore forming regions and four trans-membrane spanning (4TMS) regions in each channel subunit and unlike
other classes of K* channels form functional dimers (not tetramers). Typically these channels elicit spontaneously
active, outwardly rectifying ‘background leak’ type K™ conductances and show no classical time-dependent or
voltage-dependent activity!15-19,

To date at least 15 different K2P channels have been identified in mammals, that can be broadly split into
six subfamilies according to their biophysical characteristics and pharmacological properties!»!>171820 Thege
include the weak inward rectifiers (TWIK-1, TWIK-2 and TWIK-3), acid sensitive rectifiers (TASK-1, TASK-
3, and TASK-5), lipid sensitive mechano-gated channels (TREK-1, TREK-2 and TRAAK), halothane inhibited
channels (THIK-1 and THIK-2), alkaline sensitive channels (TALK-I, TALK-2 and TASK-2) and the fatty acid
inhibited calcium activated channel (TRESK). In addition to important biophysical stimuli, such as pH, temper-
ature and mechanical pressure, K2P channels are also targets for a range of clinically important drugs including
inhalational and local anaesthetics, anti-psychotics, anti-depressants and neuroprotective agents (for reviews see
refs 19, 21-25). K2P channels are also widely modulated by G protein signalling pathways and show sensitivities
to a diverse array of second messenger systems!>!>17:18:2627 K2P channels are therefore capable of fine-tuning
levels of cellular excitability under a wide range of biochemical and physiological conditions, and can be con-
sidered as central regulators of neuronal activity. Alternate splicing?®-%1, alternative translation initiation®, and
hetero-dimerisation of K2P channel subunits®*~** further increases the level of functional complexity achievable
by K2P channels.

At least one member of the K2P channel family has been identified in all mammalian cells investigated (neu-
ronal and non-neuronal), with numerous cell types shown to express multiple K2P channels simultaneously
(for example see ref. 36). K2P channels have been assigned prominent roles in many physiological systems,
including cardiovascular®”®, pain®**, respiration*!, hearing***, taste*, anaesthesia?>*>¢ and sleep*’-*. K2P
channels have also been implicated in a number of pathological conditions, including autoimmune and degen-
erative diseases®, tumourgenesis®*2, mental retardation (Barel-Birk-syndrome)**, migraine*, ischemia®®>>°,
epilepsy*® and depression*®*”*8. However, despite the accepted importance of K2P channels to neuronal
function'>!617%, the expression and role of these channels in the retina remains largely unexplored. To date only
one study has confirmed a role for K2P channels in the retina. Ford et al.*’, have shown that TREK-1 contributes
to slow after-hyperpolarisation events and regulates the frequency of retinal waves within starburst amacrine cells
during early postnatal development. However, this study did not investigate the role of TREK-1 (or other K2P
channels) in the adult retina.

In this study we have used qPCR and immunohistochemistry to conduct the first comprehensive study of
K2P channel expression in the mouse retina. We show that K2P channels are widely expressed in the retina, with
multiple K2P channels detected within Miiller cells and retinal ganglion cells. These data offer new insight into
the mechanisms that regulate electrical activity within the retina and indicate that K2P channels likely perform
important physiological functions within visual signalling pathways.

Results

gPCR profiling of K2P channel mRNA expression in the mouse retina. Quantitative PCR analysis
shows widespread expression of K2P channel mRNA in the wildtype mouse retina (n=>5, P135, tissue collected
at Zeitgeber time ZT8, 8 hours after light onset) (Fig. 1). The highest levels of mRNA expression were detected
for TWIK-1, TASK-1, TRAAK, and TRESK, with mRNA transcripts for TWIK-2, TWIK-3, TREK-1, TREK-2,
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K2P channel PR/ONL | INL RGCs Miiller cells
TWIK-1 - - ++ ++
TWIK-2 - - ++ -
TWIK-3 - - ++ -
TASK-1 - + +++ -
TASK-3 - + - +++
TREK-1 + ++ +++ -
TREK-2 - + + +++
TRAAK - + + +++
TRESK - - +/— -
TASK-2 - - - -

Table 1. Summary of K2P channel immunoreactivity in the adult mouse retina. PR; photoreceptors, ONL;
outer nuclear layer, RGCs; retinal ganglion cells.

TASK-3, TASK-5 and THIK-1 detected at lower levels. mRNA encoding TASK-2, THIK-2 and TALK-1 were
not detected in retina cDNA samples (as determined by a lack of measurable CT value after 40 cycles of PCR).
Levels of K2P channel mRNA expression are seemingly highly dynamic in the mouse retina with developmental
and circadian variation of expression detected for nearly all channels investigated (Supplementary Figure 1). For
the majority of K2P channels, including TWIK-2, TREK-1, TRAAK, TASK-1, TASK-3, TASK-5, and TRESK, a
clear up regulation of mRNA expression was detected throughout postnatal development with expression typ-
ically reaching maximal levels by P14. By contrast, TWIK-1 and TASK-2 were expressed at higher levels early
during postnatal development (all tissue collected at ZT8) (Supplementary Figure 1A). Furthermore, numer-
ous K2P channels were found to exhibit rhythmic patterns of mRNA expression under 12:12 light dark cycles
(Supplementary Figure 1B). For the majority of channels, including TWIK-1, TWIK-2, TRAAK, TASK-1,
TASK-3 and TASK-5, levels of mRNA expression were highest during the subjective night and typically lowest
8hours after light onset (ZT8). In contrast, TREK-1 and TRESK showed opposing patterns of expression, with
mRNA for these channels peaking at ZT8.

Localisation of K2P channel proteins in the mouse retina.  Following qPCR analysis, immunohisto-
chemistry was performed with anti-K2P channel antibodies to confirm the expression and localisation of K2P
channel proteins within the mouse retina. Overall our data show that TWIK-type, TREK-type and TASK-type
channels are widely expressed in the mouse retina, with the highest levels of expression detected within retinal
ganglion cells (TASK-1, TREK-1, TWIK-1, TWIK-2, TWIK-3, and to a lesser extent TREK-2, TRAAK, and
TRESK) and Miiller cells (TWIK-1, TASK-3, TRAAK, and TREK-2) (Figs 2-6, results summarised in Table 1).

Localisation of weak inward rectifying TWIK type K2P channels in the mouse retina. TWIK-
1; Expression of TWIK-1 was detected in numerous cell types of the adult mouse retina (Fig. 2), and showed a
different pattern of expression throughout postnatal development (Supplementary Figure 2). In the adult retina,
TWIK-1 immunoreactivity was detected predominantly in Mbller cells and a subset of cells located in the gan-
glion cell layer (GCL) (Fig. 2A-C). The intensity of TWIK-1 immunoreactivity within Miiller cells was found to
be somewhat variable across the adult retina, with areas of high and low expression often observed in the same
retina sections. Based on our analysis it was not possible to determine the extent or patterning of this distribution
across the entire retina. Double labelling for the retinal ganglion cell marker Brn3a (brain-specific homeobox/
POU domain protein 3A) that is expressed in the majority, but not all classes of retinal ganglion cells®’, confirms
the expression of TWIK-1 within 30.7% of RGCs (68 of 196 cells counted), but was also detected in a number
of Brn3a negative cells (Fig. 2D-F). In addition to expression of TWIK-1 in Mdller cells and RGCs of the adult
retina, we also observed TWIK-1 immunoreactivity during early development in a population of cells located
in the middle of the neuroblastic cell layer, resembling developing horizontal cells (Supplementary Figure 2).
Immunoreactivity was weak in these cells at P3, and was increased by P5. By P10 the morphology of these cells
clearly resembled horizontal cells, with strong labelling of processes evident in the forming outer plexiform layer.
TWIK-1 immunoreactivity was absent from these presumed horizontal cells after P10. Although expression of
the RGC marker Brn3a was detected as early as PO, TWIK-1 immunoreactivity was absent from these developing
ganglion cells prior to P10 and shows a significant increase by P14 and P30 (Supplementary Figure 2). TWIK-1
immunoreactivity was absent from Miiller cells during early postnatal development (Supplementary Figure 2).
TWIK-2; TWIK-2 immunoreactivity was consistently detected in cells of the GCL (Fig. 2G,H). Double label-
ling with Brn3a confirms these cells to be RGCs, with TWIK-2 immunoreactivity detected for 60.8% (73 of
120 cells counted) of all Brn3a positive RGCs in the adult retina including RGCs with multiple distinct mor-
phologies (Fig. 2I). Typically, the highest level of TWIK-2 immunoreactivity was observed along dendrites of
immunoreactive cells, with lower levels of immunoreactivity observed for cell bodies. Consistent with qPCR
analysis (Supplementary Figure 1), levels of TWIK-2 expression are low during early postnatal develop-
ment with TWIK-2 immunoreactivity not detected within RGCs prior to P10, and increased by P14 and P30
(Supplementary Figure 3). TWIK-3; TWIK-3 immunoreactivity was observed for 50.5% (54 of 107 cells counted)
of cells within the ganglion cell layer of the adult retina (Fig. 2J-L). TWIK-3 immunoreactivity was largely
restricted to the cell membrane of reactive cell bodies, with only minimal labelling detected along cellular process.
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Figure 2. Expression and localisation of inward rectifying TWIK-type K2P channels in the mouse
retina. (A-C) Images showing the localisation of TWIK-1 immunoreactivity in the mouse retina. (D-F)
Co-localisation of TWIK-1 and the RGC marker Brn3a. (G,H) Images showing the localisation of TWIK-2
immunoreactivity in the mouse retina. (I) Co-localisation of TWIK-2 and Brn3a. (J-L) Images showing the
localisation of TWIK-3 immunoreactivity in the mouse retina. ONL; outer nuclear layer, INL; inner nuclear
layer, GCL; ganglion cell layer, Brn3a; brain-specific homeobox/POU domain protein 3A, DAPI nuclear
counterstain is shown in blue.
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Figure 3. Expression and localisation of acid sensitive TASK-type K2P channels in the mouse retina.

(A-C) Images showing the localisation of TASK-1 immunoreactivity in the mouse retina. (D-F) Co-localisation
of TASK-1 and the RGC marker Brn3a. (G-I) Images showing the localisation of TASK-3 immunoreactivity in
the mouse retina and co-localisation with the Miiller cell marker glutamine synthetase (GS). ONL; outer nuclear
layer, INL; inner nuclear layer, GCL; ganglion cell layer, Brn3a; brain-specific homeobox/POU domain protein
3A, GS; glutamine synthetase, DAPI nuclear counterstain is shown in blue.

However, due to species limitations it was not possible perform double labelling with this TWIK-3 antibody and
the Brn3a antibody used to identify RGCs (both raised in goat).

Localisation of acid sensitive TASK type K2P channels in the mouse retina. TASK-1; Of all
the K2P channel antibodies tested, the highest levels of immunoreactivity were observed for TASK-1 (Fig. 3).
In adult retina TASK-1 immunoreactivity was restricted to the inner retina, with the highest levels of staining
detected for cells located in the GCL (Fig. 3A-C). Double labelling with Brn3a and TASK-1 antibodies con-
firmed the expression of TASK-1 in 67.4% of RGCs (91 of 135 cells counted) with high levels of TASK-1 immu-
noreactivity detected on the cell bodies and also along the dendrites of labelled cells (Fig. 3D-F). Lower levels
of TASK-1 staining were also observed for a subset of cells located in the INL, consistent with the location of
amacrine cells (Fig. 3A). TASK-1 immunoreactivity was detected throughout postnatal development. Consistent
with our qPCR data, low levels of TASK-1 immunoreactivity were observed for Brn3a positive RGCs as early as
PO, with levels of TASK-1 staining increasing through postnatal development and reaching maximal levels by
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P14 (Supplementary Figure 4). In addition, during postnatal development TASK-1 immunoreactivity was also
observed for cells located in the neuroblastic cell layer, with morphologies resembling developing horizontal cells.
TASK-1 immunoreactivity was evident in these cells only between P3 and P10, was absent from these cells by P14,
and was not detected in P30 adult samples (Supplementary Figure 4).

TASK-3; TASK-3 immunoreactivity was predominantly observed for Miiller cells (Fig. 3G), where expres-
sion of TASK-3 within Miiller cells was confirmed by double labelling for the Mbller cell marker glutamine
synthetase®? (Fig. 3G-I). TASK-5; Due to the low levels of TASK-5 mRNA detected in the mouse retina we have
not investigated the expression and distribution of TASK-5 protein.

Localisation of arachidonic acid and mechanosensitive sensitive TREK/TRAAK type K2P chan-
nels in the mouse retina. TREK-1; TREK-1 immunoreactivity was detected for multiple cell types in the
adult mouse retina (Fig. 4). The highest levels of TREK-1 immunoreactivity were observed for cells located in the
GCL (Fig. 4A,B), with 63.6% (75 of 118 cells counted) of Brn3a positive RGCs labelled for TREK-1 (Fig. 4D-F).
Weaker labelling of TREK-1 was also detected for a number of cells located on the inner surface of the INL, likely
amacrine cells (Fig. 4A), and a number of cells positioned towards the outer surface of the INL with morpholo-
gies resembling horizontal cells (Fig. 4C). TREK-1 immunoreactivity was also detected in the outer retina, with
TREK-1 labelling observed for photoreceptor outer segments and also photoreceptor pedicles located in the outer
plexiform layer (OPL) (Fig. 4A). Consistent with qPCR analysis (Supplementary Figure 1), expression of TREK-1
protein was not detected in the retina prior to P10 (Supplementary Figure 5).

TREK-2; TREK-2 immunoreactivity was detected predominantly within Mller cells (Fig. 4G,H and J,K).
However, low levels of TREK-2 immunoreactivity were also observed for a number of cells located in the GCL
(Fig. 4H and K) and also the INL (typically only 3-5 cells per retina section) (Fig. 4]), including 30.3% (30 of 99
cells counted) of Brn3a positive RGCs (Fig. 4L). TRAAK; The pattern of TRAAK immunoreactivity observed in
the adult mouse retina was highly similar to that observed for TREK-2 (Fig. 5). TRAAK immunoreactivity was
detected at high levels within Moller cells (Fig. 5A,B), with lower levels of staining observed for a subset of cells
located in the GCL (Fig. 5B) and INL (Fig. 5C). Low levels of TRAAK immunoreactivity were detected for 15.5%
(14 of 90 cells counted) of Brn3a positive RGCs. (Fig. 5D-F). Consistent with our gPCR data, TRAAK immuno-
reactivity was not observed in the retina prior to P14.

Localisation of calcium sensitive TRESK, alkaline sensitive TALK type and halothane inhib-
ited THIK type K2P channels in the mouse retina. TRESK; Despite the high levels of TRESK mRNA
detected by qPCR analysis, the levels of TRESK immunoreactivity detected in the adult mouse retina were low
with the antibody used in this study (Fig. 6A-C). TRESK immunoreactivity was limited to a small number of cells
in the GCL, typically only 4-6 cells per section. However, positive staining with this antibody was inconsistent
between different retina samples.

TASK-2; Our qPCR analysis indicates only minimal expression of any TALK type channels in the adult mouse
retina. Consistent with our mRNA studies, we could not detect expression of TASK-2 protein in the adult mouse
retina with the antibody used in this study (Fig. 6D). However, strong TASK-2 immunoreactivity was observed in
the conjunctival epithelium which covers the outer surface of the sclera (not included in retina samples used for
mRNA analysis) (Fig. 6E,F). Collectively, our data indicate a lack of TASK-2 expression in the adult mouse retina.
TALK-1 and THIK type channels; Due to lack of detectable mRNA expression in the retina we have not inves-
tigated the expression of TALK-1 protein, nor the expression of THIK type channel proteins in the mouse retina.

Discussion

This study represents the first comprehensive investigation of two-pore domain (K2P) K ion channel expression
within the mammalian retina. Our data indicate that mRNA transcripts for numerous K2P channels are detected
in the mouse retina, including inwardly rectifying TWIK-type channels, acid sensitive TASK-type channels, ara-
chidonic acid mechanosensitive TREK-type channels and calcium sensitive TRESK channels, with many K2P
channel transcripts showing dynamic patterns of expression throughout the day and during postnatal develop-
ment. Antibody labelling confirms the widespread expression of K2P channels in the mouse retina and indicates
that the highest levels of K2P channel expression are observed in retinal ganglion cells and Miiller cells. Overall,
levels of K2P channel protein detected are broadly consistent with our mRNA studies in adult tissue and during
postnatal development. Typically, channels showing high levels of mRNA expression resulted in high levels of
convincing immunoreactivity (TWIK-1, TASK-1, TREK-1, TRAAK), whereas channels showing low levels of
mRNA expression typically showed low or absent levels of protein expression (TASK-2). One notable exception
was TRESK. Despite high levels of mRNA consistently detected by qPCR analysis (and by gene microarray anal-
ysis — Hughes et al., unpublished data) we detected only low levels of TRESK protein, with few cells convincingly
labelled (including samples collected at various circadian time points). The reasons for this discrepancy are not
clear, but likely reflect technical limitations of the antibody used.

There have been a small number of previous reports indicating the expression of certain K2P channels in the
mammalian retina, most commonly as part of the initial tissue panel screen conducted following cloning of the
specific channel subunits. For example, expression of TRAAK in the mouse retina has previously been confirmed
by RT-PCR and in situ hybridisation®® whereas RT-PCR and immunohistochemistry indicate expression of
TWIK-3 (previously termed TWIK-2) in the ganglion cell layer of the mouse retina®. However, in both cases the
specific cell types expressing these channels has not been determined. A further report has indicated that TASK-2
(a TALK type channel) is expressed in the majority of ganglion cells and both dopaminergic and cholinergic ama-
crine cells of the rat retina®. Our data are largely consistent with these previous reports. In agreement with Fink
et al.®3, TRAAK was identified in the mouse retina, although we now confirm this expression is largely restricted
to Miiller cells with lower levels of expression detected for RGCs. We also confirm that TWIK-3 is expressed
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Figure 4. Expression and localisation of arachidonic acid mechanosensitive TREK- type K2P channels in
the mouse retina. (A-C) Images showing the localisation of TREK-1 immunoreactivity in the mouse retina.
(D-F) Co-localisation of TREK-1 and the RGC marker Brn3a. (G-I) Images showing the localisation of
TREK-2 immunoreactivity in the mouse retina. (J,K) Co-localisation of TREK-2 and the Miiller cell marker
glutamine synthetase (GS). (L) Co-localisation of TREK-2 and Brn3a. PR; photoreceptors, ONL; outer nuclear
layer, INL; inner nuclear layer, GCL; ganglion cell layer, Brn3a; brain-specific homeobox/POU domain protein
3A, GS; glutamine synthetase, DAPI nuclear counterstain is shown in blue.
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Figure 5. Expression and localisation of arachidonic acid mechanosensitive TRAAK channel in the mouse
retina. (A-C) Images showing the localisation of TRAAK immunoreactivity in the mouse retina. (D-F) Co-
localisation of TRAAK and the RGC marker Brn3a (brain-specific homeobox/POU domain protein 3A). ONL;
outer nuclear layer, INL; inner nuclear layer, GCL; ganglion cell layer. DAPI nuclear counterstain is shown in
blue.

within RGCs as previously indicated®*. However, contrary to previous reports in the rat retina, we did not detect
TASK-2 in the adult mouse retina using either gPCR or immunostaining methods. We did however detect
TASK-2 mRNA in the postnatal mouse retina, potentially indicating different roles for TASK-2 in the mouse and
rat retina. In addition to validating these earlier studies, our data show that the expression of K2P channels in the
mammalian retina is highly complex with multiple K2P channels detected within RGCs and Miiller cells.

Our data indicate that at least five and possibly as many as eight distinct K2P channels may be expressed within
RGCs, including inward rectifying TWIK-type channels, acid sensitive TASK-type channels and arachidonic acid
mechanosensitive TREK/TRAAK type channels. Based on levels of immunoreactivity, and the number of posi-
tively stained cells, TASK-1 is seemingly expressed at the highest levels, followed by TREK-1, TWIK-2, TWIK-1
and TWIK-3, with TREK-2 and TRAAK detected at only at low levels and TRESK only rarely (and inconsistently)
detected. Based on the high number of positively stained cells observed for several K2P channel antibodies, it is
highly likely that individual RGCs express multiple K2P channels simultaneously - likely generating complex
profiles of K* leak conductances within these cells*. Further work will be required to determine the precise
functional roles performed by K2P channels within RGCs. However, based on their biophysical properties and
known roles in other cell types we might expect K2P channels to make significant contributions to setting resting
membrane potential and the regulation of action potential firing, as well as potentially performing roles in signal
desensitisation and adaptation'-'5%. In addition to their originally prescribed role as background leak channels
it is now becoming clear that the function of many K2P channels is far more complex'®. K2P channels may con-
tribute directly to action potential waveforms and drive repolarisation of rapidly firing neurones'®, with TASK-1
and TREK-1 capable of supporting action potential generation in the absence of voltage gated K* channels®.
It is therefore possible that K2P channels perform a number of diverse roles in RGCs, regulating both the likeli-
hood and also the nature of electrical signalling events.

Based on our data the membrane potential of RGCs, and therefore levels of excitability, are likely sensitive to
a wide range of physiological and pharmacological factors to which K2P channels show sensitivities. For example
TASK-1 channels are characteristically sensitive to changes in extracellular pH and hypoxia®®-"°, whereas TREK-1
channels (and TREK-2 and TRAAK) are mechanosensitive, temperature sensitive, and are directly modulated by
lysophospholipids and polyunsaturated fatty acids (PUFAs)*”#7172, By contrast TWIK channels typically show
lower levels of modulation compared to other K2P channels and can be considered as more typical K* leak chan-
nels'®. It would therefore seem that K2P channels are well placed to act as central regulators of RGC excitability
(and therefore photosensitivity) under a wide range of conditions. We propose that the differential profile of K2P
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Figure 6. Expression and localisation of calcium sensitive TRESK channel and the alkaline sensitive
TALK-type K2P channel TASK-2 in the mouse retina. (A-C) Images showing the localisation of TRESK
immunoreactivity in the mouse retina. (D,E) Images showing the localisation of TASK-2 immunoreactivity
in the mouse retina. CE; conjunctival epithelium, SCL; sclera, RPE; retinal pigment epithelium, ONL; outer
nuclear layer, INL; inner nuclear layer, GCL; ganglion cell layer, DAPI nuclear counterstain is shown in blue.

channel expression likely contributes to the functional diversity of RGC subtypes’, and offers a potential mecha-
nism to fine tune the functional properties of individual RGCs under specific physiological conditions. Further
work will be required to determine if the differential expression of K2P channels contribute to the different levels
of sustained and transient activity observed from distinct subtypes of RGCs’.

It is interesting to note that the majority of K2P channels show an up-regulation of expression in the ret-
ina between P10 and P14, at a similar time point to the functional maturation of visual pathways of the mouse
retina’>7%. This observation may indicate that K2P channels perform important roles in vision. Glutamate is the
key neurotransmitter by which bipolar cells transmit rod and cone derived signals to RGCs”>~”7, and a previous
study has described the presence of a glutamate sensitive background leak type K* current in cultured mouse
RGCs with properties of a TASK like current, most likely TASK-1 or TASK-37%. Inhibition of this TASK-type
current by the group I mGluR agonist (S)-3,5-dihydroxyphenylglycine (DHPG) results in the depolarisation of
retinal ganglion cells and increased levels of action potential firing, suggesting a significant role for TASK type
channels in the regulation of RGC excitability by glutamate. Based on the results of our immunostaining data it
would seem likely that TASK-1 channels, and not TASK-3 channels, may be responsible for the K* leak current
identified by these authors. However, in addition to TASK-1 (and TASK-3), several other K2P channels are known
to be modulated by glutamate signalling pathways, including TREK-1 and TREK-27°-81. Tt is therefore likely that
K2P channels may mediate complex responses to glutamate within RGCs via multiple mechanisms.

Compared to RGCs, only low levels of K2P channel expression were detected within other retinal neurones,
including photoreceptors, horizontal cells, bipolar cells and amacrine cells. This pattern of expression is poten-
tially in keeping the nature of electrical activity observed within the retina. With the exception of RGCs (and a
few specialised subtypes of bipolar cells®? and amacrine cells®*3%), the majority of retinal cell types do not clas-
sically encode light signals as patterns of action potential firing but instead show graded changes in membrane
potential®#>%_ Tt is therefore possible that these cell types show less functional reliance on K* leak currents than
typical spike firing neurones, such as RGCs. Our data do however indicate the expression of at least four distinct
K2P channels within Miiller cells, including TWIK-1, TASK-3, TRAAK, and TREK-2. A previous study has
reported the presence of a pH sensitive background leak K* current in Miiller cells of mice (and also rat and
guinea pig)¥’, and expression of multiple K2P channels have been reported in Miiller cells of the amphibian retina
(Rana pipiens) where they have been shown to perform roles in cell volume regulation and responses to retinal
ischemia®”%8. Based on our data it is possible that TWIK-1, TASK-3, TRAAK and TREK-2 may perform similar
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Target Forward Primer 5/-3/ Reverse Primer 3/-5’ Genebank Acc.
KCNK1 CTACCTGGTGTTCGGCGCCG CTGCGGGTGACATGCACGGT NM_008430.2
KCNK2v1 ATGCTGCATGCCTCATGCTTGCC ACACCGTGGCTCCGATGATCA NM_001159850.1
KCNK2v2 CTGCAGTGATCACCCCCTCGC TATTCCAAGACGGGCTGCGCG NM_010607.3
KCNK3 TGGCTCTCATCGTGTGCACCTTC GAACACCTTGCCTCCGTCCGT NM_010608
KCNK4 GTGACCCAGCGAACTGGGCC GCCACGCTCACTCTGCGTGT NM_008431
KCNK5 ACCCATGGCTGAGGCACCCT AGGCCTGTCCTGGGCCAACA NM_021542
KCNK6 TCCCAGACTCAGTGCCATGCTATGG TGTGCTCTCAGGACCGCACCTA NM_001033525
KCNK7 TTGCTGCCTGCCCATGGACG CTCCCGCTCAGGTCCCCCAA NM_010609
KCNK9 AGCGGCAGAACGTGCGTACC AGGTGTTCATGCGCTCGCCC NM_001033876
KCNK10 GCGAGACCCAACCACTCCGC GGCCCGGAAGACAAGGCCAC NM_029911
KCNK12 CACGCTGCGCAACTTCAGCG GCGCAGCCGAACAGTCCGTA NM_199251
KCNK13v1 CTCCAGAGCTCATGCGGTCCG TGCTTCGACTTGGTGCGAGGG NM_001164427.1
KCNK13v2 GGTGCGTTTGGGAAGCGGTCC GGTCCGGGTTCCTCGGAGCAT NM_001164426.1
KCNK13v3 ACCTGTTCCACAGAGCAGCGGTC TCGGTGCCTCTCCAGGTGGATC NM_146037.2
KCNK15 TACCGCTTCTCCGCCGACGA AGGCAGCGCTTGGCTGTCAG NM_001030292.1
KCNK16 AGACCAGCAGGCCCTGGAGC ATGCCTGGGGTGGTCCTCCC NM_029006.1
KCNK18 GCTCTGCCGGAAGCAGCCTG CCTCTCCACCTGCTGGCCCA NM_207261.3
GAPDH TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTC NM_008084.2
ARBP CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG NM_007475.5
PSMB2 AAATGCGGAATGGATATGAAT GAAGACAGTCAGCCAGGTT NM_011970.4
B-actin ACCAACTGGGACGATATGGAGAAGA CGCACGATTTCCCTCTCAGC NM_007393.3

Table 2. Primer sequences for QPCR analysis. v1, v2 and v3 refer to splice variant isoforms of these genes.

roles in Miiller cells of the mammalian retina, and that TASK-3 may be responsible for the pH sensitive current
previously described.

In summary we have shown that K2P channels are widely expressed within the adult mammalian retina, with
the highest levels of expression detected within RGCs and Miiller cells. Our data suggest that K2P channels likely
perform important roles in retinal function and vision, and likely contribute significantly to the resting mem-
brane potential and cellular excitability of retinal ganglion cells under a diverse array of physiological conditions.
The prominent role of K2P channels in neuroprotective pathways*>46568 offers new potential avenues of research
into the treatment of retinal disease. Notably, K2P channels may represent valuable targets for manipulation of
resting membrane potential and suppression of pathological increases in spontaneous spike firing rates observed
from RGCs following retinal degeneration?-*2,

Methods

Animals. All animal procedures were performed in accordance with the United Kingdom Animals (Scientific
Procedures) Act of 1986 and the University of Oxford Policy on the Use of Animals in Scientific Research. All
experiments were approved by the University of Oxford Animal Welfare and Ethical Review Board, and were
conducted under PPL 30/3068.

C3H mice (C3H/He; not carrying rd mutation)®® were housed under a 12:12 LD cycle with food and water ad
libitum. For initial QPCR and antibody analysis eyes (n =5, P130-135) were collected at Zeitgeber time ZT8 (8
hours after light onset) and processed as described below. Developmental and circadian samples (mRNA and ret-
ina sections) were originally collected as part of a previous study®*. Developmental samples were collected from
wildtype C3H/He mice at PO, P3, P5, P10, P14 and P30 (n=6) at ZT8. Circadian samples were collected from
wildtype C3H/He mice (>P45) at ZT3, ZT8, ZT13, ZT18 and ZT23 (n=6).

gPCR. Following enucleation, retinae were dissected, flash frozen on dry ice and stored at —80 °C prior to
use. Tissue was homogenised in TRIzol Reagent (Life Technologies) and total RNA isolated using RNeasy spin
columns (Qiagen) with on column DNase treatment (Qiagen). 1 g of total RNA was reverse transcribed using
SuperScript III with oligo(dT),, primers (Life Technologies) and quantitative PCR performed using Quantifast
Sybr Green PCR mastermix (Qiagen) on a StepOne thermal cycler (Applied Biosystems) as described previ-
ously®. Quantification of transcript levels was performed using a comparative CT approach with levels of target
gene expression normalised to the geometric mean expression of three house-keeping genes®. K2P channel prim-
ers were designed using PrimerBlast (NCBI). Primer sequences are shown in Table 2.

Immunohistochemistry. Preparation and labelling of retina cryostat sections was performed as described
previously®””?. Briefly, 18 pm sections were permeabilised with 0.2% Triton-X100 (Sigma) for 20 minutes, blocked
with 10% normal donkey serum (Sigma) before incubation with primary antibodies for 24 h at 4 °C. Details of all
antibodies used are shown in Table 3. Secondary antibodies were donkey anti-rabbit, donkey anti-goat and don-
key anti-mouse labelled with Alexa488 and Alexa568 fluorophores (Life Technologies) incubated at 1:200 for 2h
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Target Host Source Dilution
KCNKI1 (TWIK-1) Rabbit Abcam, ab8397 1:1000
KCNK2 (TREK-1) Rabbit Abcam, ab83932 1:1000
KCNK3 (TASK-1) Rabbit Abcam, ab83725 1:1000
KCNK4 (TRAAK) Rabbit Abcam, ab83726 1:1000
KCNKS5 (TASK-2)* Rabbit Abcam, ab113966 1:100-3200
KCNK6 (TWIK-2) Rabbit Abcam, ab83728 1:500
KCNK7 (TWIK-3) Goat | Santa Cruz Biotech, sc-241107 1:1000
KCNKO9 (TASK-3) Rabbit Abcam, ab83742 1:1000
KCNK10 (TREK-2) Rabbit Abcam, ab84210 1:1000
KCNK18 (TRESK) Rabbit Abcam, ab83930 1:400
Glutamine synthetase Mouse Abcam, ab64613 1:1000
Brn3a Goat | Santa Cruz Biotech, sc-31985 1:1000

Table 3. Primary antibodies used for immunostaining. “This antibody did not produce detectable levels of
staining in the mouse retina under any conditions tested.

at RT. All antibodies were diluted in PBS containing 2% normal donkey serum and 0.2% Triton-X100. Sections
were mounted with Prolong Gold anti-fade media containing DAPI (Life Technologies).

Image collection. Fluorescence images were collected using an inverted LSM 710 laser scanning confocal
microscope (Zeiss) and Zen 2009 image acquisition software (Zeiss). Individual channels were collected sequen-
tially. Laser lines for excitation were 405nm, 488 nm and 561 nm, with emissions collected between 440-480,
505-550 and 580-625nm for blue, green and red fluorescence respectively. Typically, images were collected using
a x40 objective with images collected every 1 um in the z-axis. Global enhancement of brightness and contrast was
performed using ZenLite 2011 software (Zeiss).

Co-expression analysis. The percentage of retinal ganglion cells (RGCs) showing K2P channel immuno-
reactivity was determined by manual counting of adult retinal sections co-stained for the RGC marker Brn3a
(brain-specific homeobox/POU domain protein 3A) and relevant K2P channel antibodies. Data values shown
represent pooled analysis from counting cells from randomly chosen areas of multiple sections (>10) collected
from n =3 mice at P30.

References
1. Masland, R. H. & Raviola, E. Confronting complexity: strategies for understanding the microcircuitry of the retina. Annual review
of neuroscience 23, 249-284, doi: 10.1146/annurev.neuro.23.1.249 (2000).
2. Masland, R. H. The neuronal organization of the retina. Neuron 76, 266-280, doi: 10.1016/j.neuron.2012.10.002 (2012).
3. Franze, K. et al. Muller cells are living optical fibers in the vertebrate retina. Proc Natl Acad Sci USA 104, 8287-8292, doi: 10.1073/
pnas.0611180104 (2007).
4. Reichenbach, A. & Bringmann, A. New functions of Muller cells. Glia 61, 651-678, doi: 10.1002/glia.22477 (2013).
5. Velte, T. J. & Masland, R. H. Action potentials in the dendrites of retinal ganglion cells. ] Neurophysiol 81, 1412-1417 (1999).
6. Lucas, R. ], Lall, G. S., Allen, A. E. & Brown, T. M. How rod, cone, and melanopsin photoreceptors come together to enlighten the
mammalian circadian clock. Progress in brain research 199, 1-18, doi: B978-0-444-59427-3.00001-0 (2012).
7. Baden, T. et al. The functional diversity of retinal ganglion cells in the mouse. Nature 529, 345-350, doi: 10.1038/nature16468
(2016).
8. Awatramani, G. B. & Slaughter, M. M. Origin of transient and sustained responses in ganglion cells of the retina. J Neurosci 20,
7087-7095 (2000).
9. Zhao, X. et al. Mechanisms creating transient and sustained photoresponses in mammalian retinal ganglion cells. ] Gen Physiol, doi:
10.1085/jgp.201611720 (2017).
10. Hodgkin, A. L. & Huxley, A. E. A quantitative description of membrane current and its application to conduction and excitation in
nerve. ] Physiol 117, 500-544 (1952).
11. Lesage, F. & Lazdunski, M. Molecular and functional properties of two-pore-domain potassium channels. Am ] Physiol Renal Physiol
279, F793-801 (2000).
12. Talley, E. M., Sirois, J. E., Lei, Q. & Bayliss, D. A. Two-pore-Domain (KCNK) potassium channels: dynamic roles in neuronal
function. Neuroscientist 9, 46-56 (2003).
13. Patel, A. J. et al. A mammalian two pore domain mechano-gated S-like K+ channel. EMBO ] 17, 4283-4290, doi: 10.1093/
emboj/17.15.4283 (1998).
14. Ketchum, K. A., Joiner, W. ], Sellers, A. J., Kaczmarek, L. K. & Goldstein, S. A. A new family of outwardly rectifying potassium
channel proteins with two pore domains in tandem. Nature 376, 690695, doi: 10.1038/376690a0 (1995).
15. Patel, A. J. & Honore, E. Properties and modulation of mammalian 2P domain K+ channels. Trends Neurosci 24, 339-346, doi:
S0166-2236(00)01810-5 (2001).
16. Renigunta, V., Schlichthorl, G. & Daut, J. Much more than a leak: structure and function of K(2)p-channels. Pflugers Arch 467,
867-894, doi: 10.1007/s00424-015-1703-7 (2015).
17. Lotshaw, D. P. Biophysical, pharmacological, and functional characteristics of cloned and native mammalian two-pore domain K+
channels. Cell Biochem Biophys 47, 209-256, doi: CBB:47:2:209 (2007).
18. Kim, D. Physiology and pharmacology of two-pore domain potassium channels. Curr Pharm Des 11, 2717-2736 (2005).
19. Lesage, F. Pharmacology of neuronal background potassium channels. Neuropharmacology 44, 1-7, doi: S0028390802003398
(2003).
20. Goldstein, S. A., Bockenhauer, D., O’Kelly, I. & Zilberberg, N. Potassium leak channels and the KCNK family of two-P-domain
subunits. Nat Rev Neurosci 2, 175-184, doi: 10.1038/35058574 (2001).
21. Patel, A. J. & Honore, E. Anesthetic-sensitive 2P domain K+ channels. Anesthesiology 95, 1013-1021 (2001).

SCIENTIFIC REPORTS | 7:46085 | DOI: 10.1038/srep46085 11



www.nature.com/scientificreports/

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Patel, A. J. et al. Inhalational anesthetics activate two-pore-domain background K+ channels. Nat Neurosci 2, 422-426, doi:
10.1038/8084 (1999).

Kennard, L. E. et al. Inhibition of the human two-pore domain potassium channel, TREK-1, by fluoxetine and its metabolite
norfluoxetine. Br ] Pharmacol 144, 821-829, doi: 0706068 (2005).

Duprat, E. et al. The neuroprotective agent riluzole activates the two P domain K(+) channels TREK-1 and TRAAK. Mol Pharmacol
57, 906-912 (2000).

Thummler, S., Duprat, F. & Lazdunski, M. Antipsychotics inhibit TREK but not TRAAK channels. Biochem Biophys Res Commun
354, 284-289, doi: S0006-291X(06)02890-7 (2007).

Mathie, A. Neuronal two-pore-domain potassium channels and their regulation by G protein-coupled receptors. J Physiol 578,
377-385, doi: jphysiol.2006.121582 (2007).

Chemin, J. et al. Lysophosphatidic acid-operated K+ channels. J Biol Chemn 280, 4415-4421, doi: 10.1074/jbc.M408246200 (2005).

Rinne, S. et al. A splice variant of the two-pore domain potassium channel TREK-1 with only one pore domain reduces the surface
expression of full-length TREK-1 channels. Pflugers Arch 466, 1559-1570, doi: 10.1007/s00424-013-1384-z (2014).

Han, J., Kang, D. & Kim, D. Functional properties of four splice variants of a human pancreatic tandem-pore K+ channel, TALK-1.
Am ] Physiol Cell Physiol 285, C529-538, doi: 10.1152/ajpcell.00601.2002 (2003).

Gu, W. et al. Expression pattern and functional characteristics of two novel splice variants of the two-pore-domain potassium
channel TREK-2. ] Physiol 539, 657-668, doi: PHY_13432 (2002).

Xian Tao, L. et al. The stretch-activated potassium channel TREK-1 in rat cardiac ventricular muscle. Cardiovasc Res 69, 86-97, doi:
S0008-6363(05)00424-4 (2006).

Thomas, D., Plant, L. D., Wilkens, C. M., McCrossan, Z. A. & Goldstein, S. A. Alternative translation initiation in rat brain yields
K2P2.1 potassium channels permeable to sodium. Neuron 58, 859-870, doi: 10.1016/j.neuron.2008.04.016 (2008).

Levitz, J. et al. Heterodimerization within the TREK channel subfamily produces a diverse family of highly regulated potassium
channels. Proc Natl Acad Sci USA 113, 4194-4199, doi: 10.1073/pnas.1522459113 (2016).

Czirjak, G. & Enyedi, P. Formation of functional heterodimers between the TASK-1 and TASK-3 two-pore domain potassium
channel subunits. ] Biol Chem 277, 5426-5432, doi: 10.1074/jbc.M107138200 (2002).

Hwang, E. M. et al. A disulphide-linked heterodimer of TWIK-1 and TREK-1 mediates passive conductance in astrocytes. Nature
communications 5, 3227, doi: 10.1038/ncomms4227 (2014).

Han, J., Gnatenco, C., Sladek, C. D. & Kim, D. Background and tandem-pore potassium channels in magnocellular neurosecretory
cells of the rat supraoptic nucleus. J Physiol 546, 625-639, doi: PHY_032094 (2003).

Schmidt, C., Wiedmann, F, Schweizer, P. A., Katus, H. A. & Thomas, D. Inhibition of cardiac two-pore-domain K+ (K2P) channels-
an emerging antiarrhythmic concept. Eur ] Pharmacol 738, 250-255, doi: 10.1016/j.ejphar.2014.05.056 (2014).

Gurney, A. & Manoury, B. Two-pore potassium channels in the cardiovascular system. Eur Biophys ] 38, 305-318, doi: 10.1007/
$00249-008-0326-8 (2009).

Li, X. Y. & Toyoda, H. Role of leak potassium channels in pain signaling. Brain research bulletin 119, 73-79, doi: 10.1016/j.
brainresbull.2015.08.007 (2015).

Mathie, A. & Veale, E. L. Two-pore domain potassium channels: potential therapeutic targets for the treatment of pain. Pflugers Arch
467, 931-943, doi: 10.1007/s00424-014-1655-3 (2015).

Bayliss, D. A., Barhanin, J., Gestreau, C. & Guyenet, P. G. The role of pH-sensitive TASK channels in central respiratory
chemoreception. Pflugers Arch 467, 917-929, doi: 10.1007/s00424-014-1633-9 (2015).

Kanjhan, R., Balke, C. L., Housley, G. D., Bellingham, M. C. & Noakes, P. G. Developmental expression of two-pore domain K+
channels, TASK-1 and TREK-1, in the rat cochlea. Neuroreport 15, 437-441, doi: 00001756-200403010-00011 (2004).

Cazals, Y. et al. KCNK5 channels mostly expressed in cochlear outer sulcus cells are indispensable for hearing. Nature
communications 6, 8780, doi: 10.1038/ncomms9780 (2015).

Richter, T. A., Dvoryanchikov, G. A., Chaudhari, N. & Roper, S. D. Acid-sensitive two-pore domain potassium (K2P) channels in
mouse taste buds. ] Neurophysiol 92, 1928-1936, doi: 10.1152/jn.00273.2004 (2004).

Franks, N. P. & Honore, E. The TREK K2P channels and their role in general anaesthesia and neuroprotection. Trends Pharmacol Sci
25, 601-608, doi: S0165-6147(04)00253-6 (2004).

Heurteaux, C. et al. TREK-1, a K+ channel involved in neuroprotection and general anesthesia. EMBO J 23, 2684-2695, doi:
10.1038/sj.emb0j.7600234 (2004).

Steinberg, E. A., Wafford, K. A., Brickley, S. G., Franks, N. P. & Wisden, W. The role of K(2)p channels in anaesthesia and sleep.
Pflugers Arch 467, 907-916, doi: 10.1007/s00424-014-1654-4 (2015).

Pang, D. S. et al. An unexpected role for TASK-3 potassium channels in network oscillations with implications for sleep mechanisms
and anesthetic action. Proc Natl Acad Sci USA 106, 17546-17551, doi: 10.1073/pnas.0907228106 (2009).

Bista, P. et al. The role of two-pore-domain background K(+) (K(2)p) channels in the thalamus. Pflugers Arch 467, 895-905, doi:
10.1007/s00424-014-1632-x (2015).

Ehling, P, Cerina, M., Budde, T., Meuth, S. G. & Bittner, S. The CNS under pathophysiologic attack-examining the role of K(2)p
channels. Pflugers Arch 467, 959-972, doi: 10.1007/s00424-014-1664-2 (2015).

Patel, A. J. & Lazdunski, M. The 2P-domain K+ channels: role in apoptosis and tumorigenesis. Pflugers Arch 448, 261-273, doi:
10.1007/500424-004-1255-8 (2004).

Williams, S., Bateman, A. & O’Kelly, I. Altered expression of two-pore domain potassium (K2P) channels in cancer. PLoS One 8,
€74589, doi: 10.1371/journal.pone.0074589 (2013).

Barel, O. et al. Maternally inherited Birk Barel mental retardation dysmorphism syndrome caused by a mutation in the genomically
imprinted potassium channel KCNK9. Am ] Hum Genet 83, 193-199, doi: 10.1016/j.ajhg.2008.07.010 (2008).

Lafreniere, R. G. & Rouleau, G. A. Migraine: Role of the TRESK two-pore potassium channel. The international journal of
biochemistry & cell biology 43, 1533-1536, doi: 10.1016/j.biocel.2011.08.002 (2011).

Ehling, P. et al. Two pore domain potassium channels in cerebral ischemia: a focus on K2P9.1 (TASK3, KCNKO9). Exp Transl Stroke
Med 2, 14, doi: 2040-7378-2-14 (2010).

Lauritzen, I. et al. Polyunsaturated fatty acids are potent neuroprotectors. EMBO ] 19, 1784-1793, doi: 10.1093/embo0j/19.8.1784
(2000).

Mazella, J. et al. Spadin, a sortilin-derived peptide, targeting rodent TREK-1 channels: a new concept in the antidepressant drug
design. PLoS Biol 8, €1000355, doi: 10.1371/journal.pbio.1000355 (2010).

Heurteaux, C. et al. Deletion of the background potassium channel TREK-1 results in a depression-resistant phenotype. Nat
Neurosci 9, 1134-1141, doi: nn1749 (2006).

Enyedi, P. & Czirjak, G. Molecular background of leak K+ currents: two-pore domain potassium channels. Physiol Rev 90, 559-605,
doi: 90/2/559 (2010).

Ford, K. J. et al. A role for TREKI in generating the slow afterhyperpolarization in developing starburst amacrine cells. ] Neurophysiol
109, 2250-2259, doi: 10.1152/jn.01085.2012 (2013).

Badea, T. C. & Nathans, J. Morphologies of mouse retinal ganglion cells expressing transcription factors Brn3a, Brn3b, and Brn3c:
analysis of wild type and mutant cells using genetically-directed sparse labeling. Vision Res 51, 269-279, doi: S0042-6989(10)00434-
7 (2011).

Riepe, R. E. & Norenburg, M. D. Muller cell localisation of glutamine synthetase in rat retina. Nature 268, 654-655 (1977).

SCIENTIFIC REPORTS | 7:46085 | DOI: 10.1038/srep46085 12



www.nature.com/scientificreports/

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Fink, M. et al. A neuronal two P domain K+ channel stimulated by arachidonic acid and polyunsaturated fatty acids. EMBO J 17,
3297-3308, doi: 10.1093/emboj/17.12.3297 (1998).

Salinas, M. et al. Cloning of a new mouse two-P domain channel subunit and a human homologue with a unique pore structure. J
Biol Chem 274, 11751-11760 (1999).

Zhang, X. M., Zhong, Y. M. & Yang, X. L. TASK-2 is expressed in proximal neurons in the rat retina. Neuroreport 20, 946-950, doi:
10.1097/WNR.0b013e32832c7e50 (2009).

O’Connell, A. D., Morton, M. J. & Hunter, M. Two-pore domain K+ channels-molecular sensors. Biochim Biophys Acta 1566,
152-161, doi: S0005273602005977 (2002).

MacKenzie, G., Franks, N. P. & Brickley, S. G. Two-pore domain potassium channels enable action potential generation in the
absence of voltage-gated potassium channels. Pflugers Arch 467, 989-999, doi: 10.1007/s00424-014-1660-6 (2015).

Kim, Y., Bang, H. & Kim, D. TBAK-1 and TASK-1, two-pore K(+) channel subunits: kinetic properties and expression in rat heart.
Am ] Physiol 277, H1669-1678 (1999).

Duprat, E. et al. TASK, a human background K+ channel to sense external pH variations near physiological pH. EMBO ] 16,
5464-5471, doi: 10.1093/emboj/16.17.5464 (1997).

Buckler, K. J., Williams, B. A. & Honore, E. An oxygen-, acid- and anaesthetic-sensitive TASK-like background potassium channel
in rat arterial chemoreceptor cells. ] Physiol 525 Pt 1, 135-142 (2000).

Honore, E. The neuronal background K2P channels: focus on TREK1. Nat Rev Neurosci 8, 251-261, doi: nrn2117 (2007).
Maingret, E, Patel, A. J., Lesage, F.,, Lazdunski, M. & Honore, E. Lysophospholipids open the two-pore domain mechano-gated K(+)
channels TREK-1 and TRAAK. J Biol Chem 275, 10128-10133 (2000).

Tarttelin, E. E. et al. Expression of opsin genes early in ocular development of humans and mice. Exp Eye Res 76, 393-396 (2003).
Tian, N. & Copenhagen, D. R. Visual stimulation is required for refinement of ON and OFF pathways in postnatal retina. Neuron
39, 85-96 (2003).

Chen, S. & Diamond, J. S. Synaptically released glutamate activates extrasynaptic NMDA receptors on cells in the ganglion cell layer
of rat retina. ] Neurosci 22, 2165-2173 (2002).

Bloomfield, S. A. & Dowling, J. E. Roles of aspartate and glutamate in synaptic transmission in rabbit retina. II. Inner plexiform layer.
J Neurophysiol 53, 714-725 (1985).

Yang, X. L. Characterization of receptors for glutamate and GABA in retinal neurons. Progress in neurobiology 73, 127-150, doi:
10.1016/j.pneurobio.2004.04.002 (2004).

Yu, ], Daniels, B. A. & Baldridge, W. H. Slow excitation of cultured rat retinal ganglion cells by activating group I metabotropic
glutamate receptors. ] Neurophysiol 102, 3728-3739, doi: 00650.2009 (2009).

Deng, P. Y. et al. GABA(B) receptor activation inhibits neuronal excitability and spatial learning in the entorhinal cortex by
activating TREK-2 K+ channels. Neuron 63, 230-243, doi: 10.1016/j.neuron.2009.06.022 (2009).

Sandoz, G., Douguet, D., Chatelain, E, Lazdunski, M. & Lesage, F. Extracellular acidification exerts opposite actions on TREK1 and
TREK?2 potassium channels via a single conserved histidine residue. Proc Natl Acad Sci USA 106, 14628-14633, doi: 0906267106
(2009).

Chemin, J. et al. Mechanisms underlying excitatory effects of group I metabotropic glutamate receptors via inhibition of 2P domain
K+ channels. EMBO ] 22, 5403-5411, doi: 10.1093/emboj/cdg528 (2003).

Saszik, S. & DeVries, S. H. A mammalian retinal bipolar cell uses both graded changes in membrane voltage and all-or-nothing Na+
spikes to encode light. J Neurosci 32, 297-307, doi: 10.1523/J]NEUROSCI.2739-08.2012 (2012).

Heflin, S. J. & Cook, P. B. Narrow and wide field amacrine cells fire action potentials in response to depolarization and light
stimulation. Vis Neurosci 24, 197-206, doi: 10.1017/5095252380707040X (2007).

Reifler, A. N. et al. All Spiking, Sustained ON Displaced Amacrine Cells Receive Gap-Junction Input from Melanopsin Ganglion
Cells. Curr Biol, doi: 10.1016/j.cub.2015.09.018 (2015).

Werblin, E S. & Dowling, J. E. Organization of the retina of the mudpuppy, Necturus maculosus. II. Intracellular recording. J
Neurophysiol 32, 339-355 (1969).

Kaneko, A. Physiological and morphological identification of horizontal, bipolar and amacrine cells in goldfish retina. J Physiol 207,
623-633 (1970).

Skatchkov, S. N. ef al. Tandem-pore domain potassium channels are functionally expressed in retinal (Muller) glial cells. Glia 53,
266-276, doi: 10.1002/glia.20280 (2006).

Eaton, M. J. et al. Tandem-pore K(+) channels display an uneven distribution in amphibian retina. Neuroreport 15, 321-324, doi:
00001756-200402090-00022 (2004).

Bittner, S., Budde, T., Wiendl, H. & Meuth, S. G. From the background to the spotlight: TASK channels in pathological conditions.
Brain Pathol 20, 999-1009, doi: BPA407 (2010).

Margolis, D. J. & Detwiler, P. B. Cellular origin of spontaneous ganglion cell spike activity in animal models of retinitis pigmentosa.
J Ophthalmol 2011, doi: 10.1155/2011/507037 (2011).

Sekirnjak, C. et al. Changes in physiological properties of rat ganglion cells during retinal degeneration. ] Neurophysiol 105,
2560-2571, doi: jn.01061.2010 (2011).

Gross, R. L., Hensley, S. H., Gao, F. & Wu, S. M. Retinal ganglion cell dysfunction induced by hypoxia and glutamate: potential
neuroprotective effects of beta-blockers. Surv Ophthalmol 43 Suppl 1, S162-170 (1999).

Freedman, M. S. et al. Regulation of mammalian circadian behavior by non-rod, non-cone, ocular photoreceptors. Science 284,
502-504 (1999).

Hughes, S. et al. Differential expression of melanopsin isoforms Opn4L and Opn4S during postnatal development of the mouse
retina. PLoS One 7, €34531, doi: 10.1371/journal.pone.0034531 (2012).

Pires, S. S. et al. Differential expression of two distinct functional isoforms of melanopsin (Opn4) in the mammalian retina. J
Neurosci 29, 12332-12342, doi: 29/39/12332 (2009).

Peirson, S. N., Butler, . N. & Foster, R. G. Experimental validation of novel and conventional approaches to quantitative real-time
PCR data analysis. Nucleic Acids Res 31, 73 (2003).

Hughes, S. et al. Profound defects in pupillary responses to light in TRPM-channel null mice: a role for TRPM channels in non-
image-forming photoreception. Eur ] Neurosci 35, 34-43, doi: 10.1111/j.1460-9568.2011.07944.x (2012).

Hughes, S. et al. Using siRNA to define functional interactions between melanopsin and multiple G Protein partners. Cell Mol Life
Sci 72, 165-179, doi: 10.1007/s00018-014-1664-6 (2015).

Acknowledgements
This work was supported by a BBSRC grant awarded to M.W.H. and S.H. (BB/M009998/1) and a Wellcome Trust
Programme Grant awarded to R.G.F. (090684/Z/09/Z).

SCIENTIFIC REPORTS | 7:46085 | DOI: 10.1038/srep46085 13



www.nature.com/scientificreports/

Author Contributions

S.H. conceived the study, collected data, analysed data, prepared and edited manuscript. R.G.E. edited manuscript.
S.N.P. assisted with data analysis, prepared and edited manuscript. M.W.H. conceived the study, prepared and
edited manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Hughes, S. et al. Expression and localisation of two-pore domain (K2P) background
leak potassium ion channels in the mouse retina. Sci. Rep. 7, 46085; doi: 10.1038/srep46085 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:46085 | DOI: 10.1038/srep46085 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Expression and localisation of two-pore domain (K2P) background leak potassium ion channels in the mouse retina

	Results

	qPCR profiling of K2P channel mRNA expression in the mouse retina. 
	Localisation of K2P channel proteins in the mouse retina. 
	Localisation of weak inward rectifying TWIK type K2P channels in the mouse retina. 
	Localisation of acid sensitive TASK type K2P channels in the mouse retina. 
	Localisation of arachidonic acid and mechanosensitive sensitive TREK/TRAAK type K2P channels in the mouse retina. 
	Localisation of calcium sensitive TRESK, alkaline sensitive TALK type and halothane inhibited THIK type K2P channels in the ...

	Discussion

	Methods

	Animals. 
	qPCR. 
	Immunohistochemistry. 
	Image collection. 
	Co-expression analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ qPCR analysis of K2P channel expression in the adult mouse retina.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Expression and localisation of inward rectifying TWIK-type K2P channels in the mouse retina.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Expression and localisation of acid sensitive TASK-type K2P channels in the mouse retina.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Expression and localisation of arachidonic acid mechanosensitive TREK- type K2P channels in the mouse retina.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Expression and localisation of arachidonic acid mechanosensitive TRAAK channel in the mouse retina.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Expression and localisation of calcium sensitive TRESK channel and the alkaline sensitive TALK-type K2P channel TASK-2 in the mouse retina.
	﻿Table 1﻿﻿. ﻿  Summary of K2P channel immunoreactivity in the adult mouse retina.
	﻿Table 2﻿﻿. ﻿  Primer sequences for qPCR analysis.
	﻿Table 3﻿﻿. ﻿  Primary antibodies used for immunostaining.



 
    
       
          application/pdf
          
             
                Expression and localisation of two-pore domain (K2P) background leak potassium ion channels in the mouse retina
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46085
            
         
          
             
                Steven Hughes
                Russell G. Foster
                Stuart N. Peirson
                Mark W. Hankins
            
         
          doi:10.1038/srep46085
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46085
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46085
            
         
      
       
          
          
          
             
                doi:10.1038/srep46085
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46085
            
         
          
          
      
       
       
          True
      
   




