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N E U R O S C I E N C E

Tandem pore domain acid-sensitive K channel 3  
(TASK-3) regulates visual sensitivity in healthy 
and aging retina
Xiangyi Wen1, Ping Liao2, Yuncheng Luo2, Linghui Yang2, Huaiyu Yang3,  
Longqian Liu1, Ruotian Jiang2*

Retinal ganglion cells (RGCs) not only collect but also integrate visual signals and send them from the retina to the 
brain. The mechanisms underlying the RGC integration of synaptic activity within retinal circuits have not been 
fully explored. Here, we identified a pronounced expression of tandem pore domain acid-sensitive potassium 
channel 3 (TASK-3), a two–pore domain potassium channel (K2P), in RGCs. By using a specific antagonist and 
TASK-3 knockout mice, we found that TASK-3 regulates the intrinsic excitability and the light sensitivity of RGCs 
by sensing neuronal activity–dependent extracellular acidification. In vivo, the blockade or loss of TASK-3 damp-
ened pupillary light reflex, visual acuity, and contrast sensitivity. Furthermore, overexpressing TASK-3 specifically 
in RGCs using an adeno-associated virus approach restored the visual function of TASK-3 knockout mice and aged 
mice where the expression and function of TASK-3 were reduced. Thus, our results provide evidence that impli-
cates a critical role of K2P in visual processing in the retina.

INTRODUCTION
The retina not only detects and transmits light signals but also per-
forms computations before transmitting visual signals to the brain. 
Retinal ganglion cells (RGCs), the output neurons of the retina, col-
lect presynaptic signals from retinal bipolar cells and amacrine cells 
and sculpt those signals by specific neuronal circuits and ion chan-
nels (1, 2). Although various ion channel types modulate the neuronal 
excitability and the pattern of spikes in RGCs via different channel 
properties (2), the molecular mechanisms and principles regulating 
visual signal transmission have not been fully explored.

Potassium (K+) channels are particularly important for shaping 
the sustained firing of neurons. As in other central nervous system 
regions, K+ channels are widely distributed in the retina and con-
tribute to both the resting membrane potential (RMP) and firing 
patterns of RGCs (2, 3). Two–pore domain K+ channels (K2Ps) 
are a tetraethylammonium-insensitive K+ channel group. K2Ps, 
also known as background leak K+ channels, can be regulated 
by various stimuli, such as mechanical force, arachidonic acid, and 
pH changes (4). Some K2Ps are known to be expressed in the retina 
(5), but their functions remain unclear. One particular K2P found in 
the retina is the tandem pore domain acid-sensitive K+ channel 3 
(TASK-3), which can be activated under extracellular alkaline con-
ditions and inhibited by extracellular acidification (6, 7). Neuronal 
activity–dependent extracellular acidification contributes to generate 
a negative feedback signal and thus helps to form the receptive field 
surround in the retina (8–11). As an acid-sensitive K+ channel, how 

does TASK-3 physiologically sense an extracellular pH change, and 
does it contribute to visual signal processing?

In this study, we tested the hypothesis that the high sensitivity of 
TASK-3 to extracellular protons makes it a potential candidate to 
detect extracellular pH changes and thereby regulate RGC excitabil-
ity. We investigated the acid-sensitive effects of TASK-3 on the ex-
citability and the light sensitivity of RGCs using a strong pH buffer 
combined with pharmacological antagonists and genetic deletion 
tools. Changes in RGC spiking accompanying the loss or blockade 
of TASK-3 in the retina were accompanied by changes in visual be-
havior in vivo, including the pupillary light reflex (PLR), visual acuity, 
and contrast sensitivity. Rescuing TASK-3 in the RGCs of TASK-3 
knockout (KO) mice using an adeno-associated virus (AAV) ap-
proach restored the visual function. We further found evidence that 
diminished visual capabilities in aging can be restored by overex-
pression of TASK-3 in RGCs using an AAV approach. Collectively, 
our results provide strong evidence that implicates a critical role of 
TASK-3, an acid-sensing K2P, in visual processing in the retina.

RESULTS
RGCs express TASK-3
Several K2Ps have been detected in mouse retina using quantitative 
polymerase chain reaction and immunohistochemistry (5). Given 
the potential lack of specificity and sensitivity of immunohisto-
chemistry, we used in situ RNA hybridization (RNAscope technique) 
to map transcripts encoding TASK-1 and TASK-3, TWIK-related 
potassium channel 1 (TREK-1) and TREK-2, and THIK-1 in mouse 
retina. We detected no or very low levels of transcripts encoding 
tandem-pore domain halothane-inhibited potassium channel 1 
(THIK-1) (gene name: Kcnk13), TREK-1 (gene name: Kcnk2), and 
TREK-2 (gene name: Kcnk10) in retinal slices (fig. S1, B to D). TASK-1 
transcript was abundant at the outer part of the inner nuclear layer 
(INL) but present at lower levels at the inner part of the INL and the 
ganglion cell layer (GCL) (fig. S1A). In contrast, TASK-3 transcript 
was not detectable at the outer part of INL but was abundantly 
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expressed at the inner part of the INL and the GCL. The high 
coexpression of TASK-3 mRNA with the RGC marker, RNA bind-
ing protein with multiple splicing (RBPMS), suggested that virtually 
96% of RGCs express TASK-3 (320 of 335 cells from seven slices, 
seven eyes, and four mice; Fig. 1A). In addition, we found that 
virtually 91% of the intrinsically photosensitive RGCs (ipRGCs) also 
express TASK-3, as the Opn4-positive cells also express TASK-3 
mRNA (64 of 70 cells from seven slices, seven eyes, and four 
mice; Fig. 1B).

Because TASK-3 has been identified in Müller cells on the basis 
of immunohistochemistry (5), we searched for its transcript in the 
retina of a Müller cell reporter mouse, the Hes5–green fluorescent 
protein (GFP) mouse (12), where GFP is expressed specifically in 
Müller cells. We found the transcript to be barely detectable in the 

soma or end feet of Müller cells (fig. S1E). Therefore, we focused on 
TASK-3 in RGCs in the following experiments. In addition to form-
ing homomeric channels, the TASK-3 subunit can efficiently form 
heteromeric channels with the TASK-1 subunit (13), which was also 
found in RGCs at low levels. Thus, we use “TASK-3 channels” to rep-
resent both TASK-3 homomers and TASK-3/TASK-1 heteromers 
in the following experiments.

TASK-3 mediates outwardly rectifying K+ currents in RGCs
We studied the intrinsic electrophysiological properties of TASK-3 
channels in RGCs. Retinas were light-adapted to minimize light- 
induced effects. We recorded and analyzed the RGCs (soma diameter 
of >15 m) that could generate sustained action potentials upon a 
current injection in flat-mounted retina.

Fig. 1. TASK-3 is expressed and mediates outwardly rectifying K+ currents in RGCs. (A) In situ hybridization using RNAscope for TASK-3 (Kcnk9; magenta) and immuno-
histochemistry (IHC) for RBPMS (green) in C57BL/6J mouse retina (left). The zoom-in view of the white box is on the right. ONL, outer nuclear layer; DAPI (blue), 
4′,6-diamidino-2-phenylindole. (B) RNAscope for TASK-3 (Kcnk9; magenta) and melanopsin (Opn4; green) in C57BL/6J mouse retina (left). The zoom-in view of the 
white box is on the right. White dashed circles illustrate two ipRGCs. (C) Left: Average current-voltage relation (I-V) curve of RGCs in vehicle control [dimethyl sulfoxide 
(DMSO)] and in PK-THPP (3 M). Right: Bar graph of the current densities in DMSO and in PK-THPP at +17 mV (n = 11 cells, paired t test). (D) Graphic represents the sub-
traction trace from (C) representative PK-THPP–sensitive current. (E) Left: Average I-V curve of RGCs from TASK-3 KO and wild-type (WT) mice. Right: Bar graph of the 
current densities in WT and TASK-3 KO RGCs at 17 mV (n = 12, unpaired t test). (F) The graph illustrates the subtraction trace from (E) representative TASK-3–mediated 
current. (G) Left: Average I-V curve of TASK-3 KO RGCs in vehicle control (DMSO) and in PK-THPP (3 M). Right: Bar graph of the current densities in DMSO and in PK-THPP 
at 17 mV (n = 8 cells, paired t test). (H) The graph shows the subtraction trace from (G) representative PK-THPP–sensitive current in KO. All data are presented as 
means ± SEM. n.s., not significant; *P < 0.05; ***P < 0.001.
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To isolate 4-aminopyridine (4-AP)–insensitive K+ currents, we 
held RGCs at +17 mV for 500 ms, and then the holding voltage was 
ramped down from +17 to −133 mV within 500 ms in the presence 
of tetrodotoxin (TTX; 500 nM) and 4-AP (5 mM) (fig. S2). The cur-
rents were normalized by cell capacitance (47 ± 15 pF, means ± SD, 
n = 164 cells) and then plotted against the holding voltage. Under 
these conditions, RGCs showed an outwardly rectifying current, 
which was significantly inhibited by the TASK-3–specific antagonist 
PK-THPP (1-[1-[6-[[1,1’-biphenyl]-4-ylcarbonyl)-5,6,7,8-tetra-
hydropyrido[4,3-d]pyrimidin-4-yl]-4-piperidinyl]-1-butanone) 
(3 M) (Fig. 1C). PK-THPP is a broadly used selective TASK-3 
inhibitor that has selectivity over other K2Ps and K+ channels 
including voltage-gated K+ channel subfamily A member 5 (Kv1.5), 
Kv2.1, human ether-à-go-go–related gene, G protein–activated inward 
rectifier K+ channel 4, and large-conductance Ca2+-activated K+ 
channels, and has been shown to display no activity on more than 
100 different receptors, ion channels, and enzymes at 10 M (14–17). 
In addition, PK-THPP did not affect the sodium (Na+) current of 
RGCs (fig. S3). Thus, the PK-THPP–sensitive currents revealed by 
graphic subtraction (Fig. 1D) likely represent TASK-mediated K+ 
currents. This was confirmed by showing that deleting the Kcnk9 

gene encoding TASK-3 (TASK-3 KO) reduced outwardly rectifying 
K+ currents (Fig. 1E), without altering retinal morphology (fig. S4). 
The currents that were lost upon deletion of this gene showed a 
similar current-voltage relationship (I-V) as the currents blocked 
by PK-THPP (Fig.  1F). The application of PK-THPP to RGCs 
from TASK-3 KO mice showed little effect on the I-V relationship, 
further confirming that PK-THPP–sensitive currents were mediated 
by TASK-3 in RGCs (Fig. 1, G and H).

TASK-3 regulates intrinsic excitability of RGCs
Next, we examined whether TASK-3–mediated K+ currents affect 
the intrinsic excitability of RGCs. Retinas were light-adapted and 
dissected under room light to minimize spontaneous activity. We 
maintained RGCs at a membrane potential near −70 mV under a 
current clamp. Action potentials were elicited by step currents of 
20 to 200 pA. PK-THPP reduced the threshold current required to 
elicit an action potential, and larger currents elicited fewer action po-
tentials with more accommodation (Fig. 2A). Figure 2B shows the 
number of action potentials normalized by the maximal one, which 
was plotted against the injected currents (Fig. 2B). As a control, the 
application of dimethyl sulfoxide (DMSO), instead of PK-THPP, had 

Fig. 2. TASK-3 regulates an intrinsic excitability of RGCs. (A) Examples of voltage traces of the RGCs in DMSO, PK-THPP (3 M), WT, and TASK-3 KO mice evoked by 
increasing current intensities. The current injection protocol is shown at the bottom. All RGCs were held at around −70 mV under a current clamp before current injections. 
(B) Normalized number of spikes under different current injections in DMSO and PK-THPP (n = 37 cells, paired t test). (C) Normalized number of spikes under different 
current injections from WT and TASK-3 KO mice (n = 47 to 66, unpaired t test). (D) Bar graph of the input resistance of RGCs in DMSO and PK-THPP (n = 37, Wilcoxon 
matched-pairs signed-rank test) and in WT and TASK-3 KO mice (n = 47 to 66, Mann-Whitney test). (E) Bar graph of the RMP of light-adapted RGCs in DMSO and PK-THPP 
(n = 37, paired t test) and in WT and TASK-3 KO mice (n = 47 to 66, unpaired t test). (F) Bar graph of the RMP of dark-adapted OFF and ON RGCs in WT and TASK-3 KO mice 
(n = 9 to 30, unpaired t test). All data are presented as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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no effect on the elicited action potentials (fig. S5). Consistent with 
the acute pharmacological inhibition, deletion of Kcnk9 had similar 
effects as the PK-THPP application (Fig. 2, A and C). We analyzed 
the profile of the initial elicited action potential. Either PK-THPP 
treatment or Kcnk9 KO “flattened” the action potentials, broadening 
their width and reducing their amplitude (fig. S6).

The treatment of PK-THPP or the genetic deletion of Kcnk9 en-
hanced the input resistance of RGCs (Fig. 2D). We measured the 
RMP of RGCs under the light-adapted condition. PK-THPP depo-
larized the RMP of RGCs by about 4 mV, whereas Kcnk9 KO depo-
larized them by only 1.2 mV, which was not significantly different 
from wild-type (WT) RGCs (Fig. 2E). Because the recorded RGCs 
of KO and WT mice were a mixture of ON and OFF RGCs, which 
have different RMPs (18), we distinguished and tested the RMP of 
ON and OFF RGCs, respectively, in dark-adapted TASK-3 KO and 
WT retina. When these cell types were analyzed, TASK-3 KO signifi-
cantly depolarized the RMP of both dark-adapted ON and OFF RGCs 
(Fig. 2F). These results suggest that blocking of TASK-3 increases 

the excitability of RGCs, both by increasing the cell input resistance 
and by depolarizing the RMP.

TASK-3 in OFF a RGCs regulates action potentials 
in response to extracellular acidification
TASK-3 is inhibited by extracellular acidification. Thus, it is possi-
ble that its activity is substantially inhibited by the drop to pH 6.9 
that occurs when presynaptic vesicles in retinal bipolar cells release 
their contents into synapses with RGCs (6–8). To test this idea, we 
used Ames’ saline with Hepes (10 mM) and HCO3

− free bubbled with 
O2 and adjusted to pH 7.4 before use to buffer the protons at the 
synaptic cleft as a strategy adopted by previous studies (8, 9). We re-
corded the spontaneous action potentials in HCO3

− and Hepes se-
quentially from the same dark-adapted OFF-sustained RGCs in WT 
retina that maintain sustained firing in darkness (Fig. 3, A and B). 
Spontaneous action potentials in darkness are triggered primarily 
by the presynaptic release of glutamatergic vesicles (19, 20), which 
transiently acidify the synaptic cleft (8). We found that changing the 

Fig. 3. TASK-3 in RGCs regulates action potentials in response to acidification of the synaptic cleft. (A) Z-stack image of an OFF-sustained RGC (top). Side projection 
shows the dendrites on OFF stratifications (bottom). (B) Examples of spontaneous action potentials (APs) from dark-adapted OFF-sustained RGCs of WT and TASK-3 KO 
mice. Action potentials were recorded in Ames’ saline with HCO3

− buffer and followed by Hepes buffer (10 mM) in the same cells. (C) Left: Bar graph of spontaneous action 
potential frequency recorded from WT or KO OFF-sustained RGCs with different pH buffers (n = 8 to 9 cells, paired t test). Right: Proportion of KO RGCs that generate action 
potentials. (D) Bar graph of action potential inhibition percentage by Hepes calculated from (C) (n = 8 to 9, unpaired t test). (E) Examples of spontaneous action potentials 
from dark-adapted OFF-sustained RGCs with DMSO or PK-THPP (3 M) in HCO3

− or Hepes (10 mM) buffer. (F) Bar graph of spontaneous action potential frequency recorded 
from OFF-sustained RGCs with DMSO or PK-THPP in different pH buffers (n = 8 to 10, unpaired t test). (G) Bar graph of action potential inhibition percentage by Hepes 
calculated from (F). (H) Schematic describing the action potential inhibition by Hepes. All data are presented as means ± SEM. *P < 0.05; **P < 0.01.
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bath medium from normal Ames’ saline with HCO3
− to the stronger 

Hepes buffer saline reduced the spontaneous firing rate of OFF- 
sustained RGCs (Fig. 3, B and C), which was restored when the 
medium was changed back to normal Ames’ saline with HCO3

− 
(fig. S7, A and B). This suggests that, in our experimental setting, we 
could reversibly block the transient acidification of the synaptic 
cleft and monitor the firing rate of RGCs. The amplitude of action 
potentials was slightly reduced in Hepes and could not be reversed 
after washing out with HCO3

−, which may be caused by a rundown 
effect after 15 min of recording.

Then, we tested whether TASK-3 was involved in the proton 
buffering–dependent regulation of spontaneous firing in OFF- 
sustained RGCs. In the retina from TASK-3 KO mice, 10 of 19 
OFF-sustained RGCs were too depolarized to generate measurable 
action potentials (Fig. 3C and fig. S7C). For the other nine of the 19 
RGCs that generated action potentials, Hepes failed to inhibit the 
firing rate of these OFF RGCs (Fig. 3C). Thus, the action potential 
inhibition percentage by Hepes in the TASK-3 KO mice was sig-
nificantly lower than that of the WT mice (Fig. 3D). Similar to the 
TASK-3 KO mice, PK-THPP blocked the ability of Hepes to inhibit 
spontaneous firing in OFF-sustained RGCs (Fig. 3, E to G). These 
results suggested that the contribution of TASK-3 channels to spon-
taneous firing in OFF-sustained RGCs was only measurable when 
the extracellular protons were sufficiently buffered. In other words, 
it suggested that, upon sustained presynaptic neuronal activity in 
darkness, TASK-3 channels may be strongly inhibited by transient 

acidic condition at the synaptic cleft, which contributed to the 
high firing rate of postsynaptic RGCs (Fig. 3H).

TASK-3 mediates nonlinear light responses in ON a RGCs by 
sensing a neuronal activity–dependent acidification
The generation of spontaneous sustained action potentials in dark-
ness is not only due to the release of glutamatergic vesicles (19, 20) 
but is also mediated by some intrinsic regulators of OFF RGCs (18). 
To further assess the role of TASK-3 in sensing extracellular pH drop 
during glutamatergic presynaptic vesicle release, we recorded the ON 
a RGCs, in which the action potentials can only be generated by 
light-evoked presynaptic vesicle release (18).

For firing rate measurement in ON a RGCs (Fig. 4A), we used a 
1-s spotlight stimulus with a diameter of 300 m and started with 
a light intensity of 12 log quanta cm−2 s−1. The 300-m diameter 
spotlight was small enough to minimize the effect of lateral inhibition 
at the outer plexiform layer, which could be attenuated by Hepes 
(21). To further exclude the light-evoked effects of amacrine cells 
to ON a RGCs, we added picrotoxinin and strychnine in the bath 
during recording (22, 23). Consistent with the OFF-sustained RGCs, 
compared to the light response in HCO3

−, Hepes reduced the light-
evoked firing rate, and this inhibitory effect of Hepes was suppressed 
by PK-THPP or TASK-3 KO (Fig. 4, B and C). These results 
strengthen the idea that TASK-3 channels strongly influence 
RGC action potentials via a neuronal activity–dependent pH change 
mechanism.

Fig. 4. TASK-3 mediates nonlinear light responses in RGCs by sensing acidification of the synaptic cleft. (A) Z-stack image of an ON RGC (top). Side projection shows 
the dendrites on ON stratifications (bottom). (B) Examples of light-evoked action potentials from dark-adapted ON RGCs with DMSO, PK-THPP, or KO in HCO3

− or Hepes 
buffer. Black bars represent 1-s spotlight stimulations (diameter, 300 m; light intensity, 12 log quanta cm−2 s−1). (C to E) Bar graphs of light-evoked action potential 
frequencies recorded from ON RGCs with DMSO, PK-THPP, or KO in different pH buffers at 10 (D), 11 (E), and 12 log quanta cm−2 s−1 (C) [n = 4 to 15 cells, one-way analysis 
of variance (ANOVA) test with Tukey’s post hoc test]. (F) Action potential frequencies in DMSO, PK-THPP, or KO with varied pH buffer from (C) to (E) are plotted against 
light intensities. All data are presented as means ± SEM. **P < 0.01; ***P < 0.001.
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The degree of synaptic cleft acidification should be proportional 
to the neuronal activity, which is, in turn, related with the inten-
sity of light stimuli to retinal bipolar cells (8, 24, 25). We therefore 
predicted that the extent of TASK-3 inhibition would depend on 
the intensity of light stimulus. The firing rates of ON RGC under 10 
and 11 log quanta cm−2 s−1 were low, and Hepes did not affect them 
in these conditions (Fig. 4, D and E). We plotted the relationship 
between the light intensity (input, x axis) and the firing rates in differ-
ent conditions (output, y axis) (Fig. 4F). We could easily identify a 
nonlinear relationship between the input and the output in the 
HCO3

− condition as expected for RGCs (20, 26). Switching from 
normal Ames’ saline with HCO3

− to Hepes buffer disrupted this non-
linear relationship, suggesting that synaptic acidification contributes 
to this effect. Consistent with this idea, PK-THPP was able to modify 
the nonlinear light response of ON RGC when the bath saline buffer 
was Hepes but not HCO3

− (Fig. 4F). Last, knocking out the TASK-3 
eliminated the nonlinear response by largely reducing the light re-
sponse at 12 log quanta cm−2 s−1 (Fig. 4F). Together, these results 
suggest that TASK-3 channels contribute to the intrinsic nonlinear 
light sensitivity of RGCs by detecting extracellular pH changes.

TASK-3 mediated nonimage- and image-forming behaviors
The electrophysiological ex vivo experiments suggested that TASK-3 
regulated light-evoked action potentials and contributed to shaping 
the light sensitivity of RGCs. We then asked whether the ability of 
TASK-3 to regulate RGCs correlated with the light sensitivity of the 
retina in vivo by using a battery of behavioral tests. TASK-3 mRNA 
was detected in ipRGCs (Fig. 1B) that contribute to some nonimage- 
forming functions of RGCs, including the PLR (27). We therefore 
measured the PLR in TASK-3 KO and WT (control) mice over a range 
of different light intensities (Fig. 5, A and B). The PLR of TASK-3 
KO mice was unchanged under dim-light (10 log quanta cm−2 s−1) or 
very bright light (13 and 14 log quanta cm−2 s−1) stimuli but showed 
weaker pupil constriction than control mice at intermediate inten-
sities (11 and 12 log quanta cm−2 s−1) (Fig. 5B). To test whether the 
weak PLR was caused by inhibition of TASK-3 in the retina, we in-
jected the antagonist PK-THPP intravitreally into one eye. We provided 
light stimuli to the drug-injected eye while testing the pupillary con-
striction in the other eye. Consistent with the effects observed in the 
TASK-3 KO, the injection of PK-THPP reduced the pupillary con-
striction at 11 log quanta cm−2 s−1 (Fig. 5C). We were concerned that 
the behavioral effects observed here were due to the inhibition/KO 
of TASK-3 in other cell types rather than those in RGCs, and to further 
test whether the TASK-3 channels in RGCs were sufficient to main-
tain the sensitivity of PLR, we sought to overexpress the TASK-3 
channels in RGCs in TASK-3 KO mice using viral vectors and an 
RGC-specific promoter (28). We generated AAV2-Ple345(NEFL)- 
kcnk9-HA (AAV2–TASK-3) and AAV2- Ple345(NEFL)-EGFP (AAV2- 
control) and injected them intravitreally into both eyes of the TASK-3 
KO mice. After 3 weeks, the expression specificity was examined. As 
expected, TASK-3 was expressed specifically in RGCs and not in 
other retinal layers (Fig. 5, D and E, and fig. S8A), and the TASK-3 
KO mice receiving the virus injection for TASK-3 overexpression 
showed an enhanced sensitivity of PLR when compared to the TASK-3 
KO mice receiving the control virus injection (Fig. 5F). The PLR ex-
periments indicate that TASK-3 in RGCs contributes to maintain the 
sensitivity for this nonimage-forming behavior.

Because we detected TASK-3 mRNA in almost all RGCs (Fig. 1A), 
including those involved in image-forming functions, we also 

examined whether these ion channels were involved in visual acuity 
(spatial frequency threshold) and contrast sensitivity threshold by 
using a visual water maze (Fig. 5G) (29). The details of the visual 
water maze test protocols are described in Materials and Methods. 
Deleting TASK-3 reduced the visual acuity by about 50% (Fig. 5H) 
and increased the contrast sensitivity threshold from 31 to 87% 
(Fig. 5I). Rescuing the expression of TASK-3 specifically in RGCs in 
TASK-3 KO mice restored the visual acuity and the contrast sensitiv-
ity threshold close to the level measured in WT mice (Fig. 5, H and I). 
Similarly, injecting PK-THPP intravitreally into both eyes strongly 
decreased the visual acuity (Fig. 5H) and increased the contrast 
sensitivity threshold (Fig. 5I). Consistent with the behavior data, in 
TASK-3 overexpression mice, the PK-THPP–sensitive current den-
sity, the intrinsic excitability, the pH sensitivity in OFF a RGCs, and 
the light responses in ON a RGCs were restored to a level that 
was similar to that in the WT mice (Fig. 5, J to N). Together, these 
results suggest the TASK-3 channels in RGCs contribute to 
image-forming functions (visual acuity and contrast sensitivity) in 
the retina.

Overexpressing Kcnk9 specifically in RGCs rescues visual 
function in aged mice
Both humans and mice suffer from a decline in visual function with 
aging (30, 31). We quantified the level of TASK-3 mRNA from flu-
orescence levels measured by in situ hybridization (RNAscope) in 
the retina of aged and young mice. We found that TASK-3 mRNA 
expression was reduced in 13-month-old retinas to half the level in 
2-month-old retinas, while the total cell number in the GCL was not 
changed (Fig. 6, A to C). Given the observed role of TASK-3 in nor-
mal retina and the lack of TASK-3 in aged retina, we asked whether 
its overexpression might prevent or slow down the decline in visual 
function during the aging process (30). We used the same viral ex-
pression strategy described above in aged mice. After 3 weeks, visual 
function was assessed in the visual water maze, and the retinal tissue 
was harvested for in situ RNA hybridization and electrophysiology.

While the level of TASK-3 mRNA in 13-month-old (AAV2- 
control) mice was half of that in the 2-month-old (AAV2-control) 
mice, overexpressing TASK-3 specifically in RGCs of 13-month-old 
mice (AAV2–TASK-3) significantly increased the TASK-3 mRNA 
expression (Fig. 6, D and E). The TASK-3–overexpressing aged mice 
showed markedly enhanced outwardly PK-THPP–sensitive K+ cur-
rents in RGCs when compared to the control mice (Fig. 6F), while 
the PK-THPP–insensitive currents did not change along with aging 
(fig. S8B). The OFF-sustained RGCs in TASK-3 overexpressing mice 
also showed enhanced pH sensitivity (Fig. 6G). Last, the TASK-3 
overexpression reversed the drop in visual acuity (spatial frequency 
threshold) and contrast sensitivity threshold during aging in vivo 
(Fig. 6, H and I). This viral-mediated restoration in adult and aged 
mice provides further evidence that RGCs are the principal sites un-
derlying the effects of TASK-3 on the observed behavioral outputs.

DISCUSSION
The present study provides the first evidence that the TASK-3 chan-
nel plays a critical role in visual signal integration in the retina. Our 
ex vivo experiments suggest that the acid-sensitive K2P regulates 
neuronal excitability of RGCs and their intrinsic signal integration by 
sensing neuronal activity–dependent acidification. The contributions 
of TASK-3 in the retina also shape nonimage- and image-forming 
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Fig. 5. TASK-3 mediated nonimage- and image-forming behaviors. (A) Example images of PLR from WT and TASK-3 KO mice in different light conditions. (B) Irradiance 
response relationship (IRR) of PLR in the WT and TASK-3 KO mice (n = 6 to 7 mice, two-way ANOVA test with Sidak’s multiple comparisons post hoc test). (C) IRR of PLR 
in mice intravitreally injected with DMSO or PK-THPP (n = 6 to 7). (D) Virus injection strategy for overexpressing TASK-3. (E) Immunostaining for RBPMS (magenta) and 
hemagglutinin (HA)–tag (green) in a mouse retina injected with TASK-3 overexpressing virus. The zoom-in view of the white box is on the right. (F) IRR of PLR in TASK-3 
KO mice injected with control virus or TASK-3 overexpressing virus (n = 6 to 7). (G) Schematic of water maze used for visual test. (H) Top: Schematic showing the decline 
of spatial frequency threshold. Bottom: Bar graph for spatial frequency threshold (n = 6 to 7, unpaired t test). (I) Top: Schematic showing the decline of contrast sensitivity 
threshold. Bottom: Bar graph for contrast sensitivity threshold (n = 6 to 7, unpaired t test). (J to N) Effects of overexpressing TASK-3 specifically in the RGCs of TASK-3 KO 
mice on PK-THPP–sensitive currents (J) (n = 4 to 5 cells, unpaired t test), intrinsic excitability (K to L) (n = 10), pH sensitivity (M) (n = 4 to 6), and light responses (N) (n = 5 to 7). 
All data are presented as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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visual behaviors in vivo. Our results implicate loss of TASK-3 expres-
sion and activity in age-related decline in retinal function, and we 
demonstrate that overexpressing TASK-3 specifically in RGCs can 
restore vision in aged mice.

Using the highly specific “RNAscope” method of in situ mRNA 
hybridization, we showed that TASK-3 was abundantly expressed 
in RGCs, which were also found to express TASK-1 (fig. S1). Given 
that TASK-3 can hetero-oligomerize with TASK-1 (13), we suspect 
that the TASK-3 channels that we analyzed here were a mixture of 
TASK-3 homomers and TASK-3/TASK-1 heteromers.

In the current study, blockade or deletion of TASK-3 increased 
the excitability of RGCs, both by increasing the cell input resistance 
and by depolarizing the RMP. Whether and how TASK-3 affects the 
RMP in neurons may vary and are dependent on the types of neurons 
recorded and the experimental approaches used. Deletion of TASK-3 

depolarized the RMP by ~10 mV in cerebellar granule neurons (32) 
and by ~4 mV in dorsal root ganglia (33), while acute selective phar-
macological activation or inhibition of TASK-3 had no effect on 
dorsal root ganglia (17). It is possible that, in addition to the change 
of K+ currents, some intracellular signaling cascades may be affected 
or some secondary mechanisms may occur when TASK-3 is knocked 
or inhibited, which may contribute to the setting of the RMP.

In the retina, RGCs and amacrine cells are the only two types of 
neurons that normally generate action potentials (34). Amacrine cells 
serve as interneurons that release -aminobutyric acid (GABA) or 
glycine to inhibit RGCs (35). We detected TASK-3 mRNA in the 
inner part of INL, where amacrine cells are located. Nevertheless, it 
is unlikely that the TASK-3 activity in amacrine cells contributed 
substantially to our observations in RGCs. In darkness, OFF- 
sustained RGCs have been shown to receive sixfold higher levels of 

Fig. 6. Overexpressing Kcnk9 specifically in RGCs rescues visual function in aged mice. (A) RNAscope in situ hybridization for TASK-3 (Kcnk9; magenta) in 2- and 
13-month-old C57BL/6J mouse retina. The zoom-in views of the white boxes are at the bottom. (B) Bar graph of TASK-3 (Kcnk9) RNAscope signal area normalized by cell numbers 
at GCL (n = 4 mice, unpaired t test). (C) Bar graph of cell numbers at GCL (n = 4, unpaired t test). (D to I) The effects of overexpressing TASK-3 specifically in the RGCs of aged 
mice on RNAscope in situ hybridization for TASK-3 (D and E) (n = 5 to 7 mice, Brown-Forsythe and Welch’s ANOVA test with Games-Howell’s post hoc test), PK-THPP–sensitive 
currents (F) (n = 9 to 14, one-way ANOVA test with Tukey’s post hoc test), OFF-sustained RGC synaptic pH sensitivity (G) (n = 9 to 11, one-way ANOVA test with Tukey’s post 
hoc test), and visual behaviors (H and I) (n = 7 to 9, one-way ANOVA test with Tukey’s post hoc test). All data are presented as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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excitatory neurotransmitters than inhibitory neurotransmitters (35). 
Thus, we believe that the spontaneous action potentials that we 
recorded in these cells came primarily from glutamatergic bipolar 
cells. In our light response experiments with ON a RGCs, we 
minimized potential interference from amacrine cells by including 
in the bath the GABA type A receptor antagonist picrotoxinin and the 
glycine receptor antagonist strychnine (18). Moreover, overexpress-
ing TASK-3 by viral transfection exclusively in RGCs was sufficient 
to restore the visual function in TASK-3 KO mice as well as in aged 
mice. Consistently, the cellular physiology of RGCs including K+ 
current, membrane excitability, pH sensitivity, and the light responses 
were restored by the overexpression of recombinant TASK-3  in 
TASK-3 KO mice to a level that was similar to that in the WT mice, 
which strongly suggests that the TASK-3 in RGCs plays a critical 
role in the visual function in WT mice and contributes largely, if not 
all, to the dysfunctions observed in the TASK-3 full KO mice or aged 
mice. Cell type–specific TASK-3 KO mice are needed to further 
confirm the role of TASK-3 in RGCs and to explore whether and 
how TASK-3 in amacrine cells contributes to the retinal functions.

Our data showed that postsynaptic TASK-3 in RGCs sensed the 
neuronal activity–dependent extracellular acidification and con-
tributed to visual signal processing (Figs. 3 and 4). Multiple neuronal 
activity processes are known to induce synaptic acidification (36). 
However, in the retina, synapses involving photoreceptors and reti-
nal bipolar cells are so-called “ribbon type,” where large numbers of 
presynaptic vesicles are rapidly and continuously released (37). On-
going synaptic vesicle release acidifies the synaptic cleft (8, 9, 38, 39), 
which inhibits presynaptic Ca2+ channels (8, 9), leading, in turn, to a 
feedback lateral inhibition (38–41). At the synaptic cleft between reti-
nal bipolar cells and RGCs, vesicular protons reduced the pH to 
approximately 6.9 (8), which is sufficient to block TASK-3 (6, 7). Fur-
thermore, we observed that TASK-3 inhibition varied with light 
intensity, which, in turn, related to the extent of synaptic cleft acidi-
fication. Thus, the acidification via bipolar cell ribbon synaptic release 
is a strong candidate for inhibiting postsynaptic TASK-3, thereby en-
hancing RGC excitability and amplifying action potential generation.

Many ion channels in RGCs are sensitive to extracellular pH 
changes, including a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid receptors, N-methyl-d-aspartate receptors, and acid-sensing ion 
channels. However, most of these channels respond readily to the ex-
tracellular pH only when it falls to 6.5. Thus, these other channels may 
contribute more to pathophysiological rather than to physiological 
retinal functions (42–45). Although other pH-sensitive channels could 
be affected using Hepes, it would be difficult to conclude that the ef-
fects induced by PK-THPP or TASK-3 KO mice were mediated by 
other pH-sensitive channels rather than TASK-3 in the current study.

We explored the extracellular pH sensitivity of TASK-3 in RGCs 
by using strong buffer Hepes, which could attenuate the lateral in-
hibition feedback signal at the outer plexiform layer (21). To mini-
mize the effect of lateral inhibition on our light response of RGCs, 
we used a spotlight with a diameter of 300 m and a wavelength of 
560 nm within a two-photon confocal scanning microscope. The 
diameter of 300 m was small enough to minimize the lateral inhibi-
tion in the outer plexiform layer (21). The two-photon confocal scan-
ning microscope generated the spotlight stimuli via a scanning laser. 
Although the scanning was ultrafast, the spotlight stimulus was 
generated line by line rather than by a full spot, which may explain 
why our light response was relatively small. This experimental con-
dition should not affect our major conclusion regarding TASK-3.

The RNAscope data showed that 91% of ipRGCs were Kcnk9 pos-
itive (Fig. 1). Our data showed that TASK-3 mediated the sensitivity 
of PLR (Fig. 5), which is driven by M1 ipRGCs and potentially some 
M2 ipRGCs (27, 46). Indirect evidence suggests that TASK channels 
might be closed by the intracellular Gaq/phospholipase C cascade 
as a result of melanopsin phototransduction in M4 but not in M1 
ipRGCs (47). However, ipRGCs are activated not only by melanopsin 
phototransduction but also through presynaptic neurotransmit-
ters like other RGCs (48). We showed that TASK-3 was closed by 
neuronal-activity extracellular acidification in a RGCs including 
ipRGCs. Thus, TASK-3 would likely be inhibited not only by neuronal 
activity–dependent extracellular acidification but also by the intra-
cellular Gaq/phospholipase C cascade as a result of melanopsin- 
induced activity. Future studies should explore this possibility and 
other functions of TASK-3 in ipRGCs.

The electrophysiological ex vivo experimental data showed that 
TASK-3 differently shaped the dim- and bright-light response of 
a RGCs, which are important for contrast sensitivity (49, 50). 
We then asked whether the ability of TASK-3 to regulate RGCs cor-
related with contrast sensitivity. We tested the ability of TASK-3 on 
spatial frequency and contrast sensitivity regulation in vivo by using 
a visual water maze (29), which demonstrated a significant function 
of TASK-3 in contrast detection (Fig. 5). Because TASK-3 KO may 
also remove TASK-3 from other neurons in the visual pathways, the 
effects of intravitreal drug injection provided further evidence and 
confirmed that the principal site for TASK-3 in effects is in the eye. 
Furthermore, rescuing the expression of TASK-3 specifically in the 
RGCs of TASK-3 KO mice restored the visual acuity and contrast 
sensitivity threshold, which strongly suggest that the observed ef-
fects are indeed due to the TASK-3 channels in RGCs rather than 
other cells in the visual pathway. Thus, TASK-3 in RGCs is necessary 
for preserving visual acuity and contrast sensitivity in mice.

Last, we found that the function and expression of TASK-3 were 
reduced in aged mice. The visual acuity of C57BL/6J mice declines 
with aging from 0.48 (6 months old) to 0.38 cycle/deg (12 months old) 
(30). Thus, we asked whether the decline of vision in aged mice was 
associated with the reduced function and expression of TASK-3 in 
RGCs. The overexpression of TASK-3 specifically in RGCs rescued 
the visual functions of aged mice (Fig. 6). Although there may be 
other mechanisms that contribute to vision, our data showed that 
TASK-3 in RGCs is necessary and sufficient to preserve visual func-
tion in mice. Moreover, our data in aged mice provide a potential 
target to rescue the decline in visual function, especially the contrast 
sensitivity, in aging. Future studies should be performed to explore 
effective translational methods to rescue the vision of elderly human 
beings by targeting TASK-3.

In summary, we provide evidence for a previously unidentified 
role of TASK-3, an acid-sensitive K2P, in visual signal processing 
in the retina. We propose that TASK-3 channels, by sensing extra-
cellular acidification upon neuronal activity, mediate light signal 
integration by RGCs, thereby contributing to PLR, visual acuity, 
and contrast sensitivity.

MATERIALS AND METHODS
Ethics statement
All animal care and protocols were approved by the Animal Re-
search Committee of West China Hospital of Sichuan University 
(no. 2021201A).
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Animals
Most animal experiments involved C57BL/6J mice of both sexes 
(purchased from Chengdu Dossy Biotechnology Co. Ltd., Chengdu, 
Sichuan, China) that were 4 to 16 weeks old. Studies of behavior and 
TASK-3 overexpression involved male C57BL/6J mice that were 2 or 
13 months old (purchased from Chengdu Dossy Biotechnology Co. 
Ltd.). TASK-3 KO (Kcnk9/) mice were generated on a C57BL/6J 
background with the CRISPR-Cas9 genome editing system and were 
provided by H.Y. at East China Normal University. Hes5 is a tran-
scription factor expressed in progenitor and Müller cells. Thus, Hes5 
containing GFP was expressed only in Müller cells in adult Hes5-GFP 
mice. Hes5-GFP mice were gifts from C. Liang at Sichuan University.

Mice were kept on a 12-hour light-dark cycle without food or water 
restrictions. Mice were deeply anesthetized, intraperitoneally injected 
with 1 to 2% pentobarbital, and then euthanized by cervical dislocation.

Reagents
Unless otherwise noted, reagents were from Sigma-Aldrich Chemi-
cals (St. Louis, MO, USA).

In situ RNA hybridization
After enucleation, a hole was punctured at the cornea of the eyeball 
using a 26-gauge needle. The eyeball was fixed in 4% paraformalde-
hyde for 60 min, submerged in 30% sucrose for 1 to 2 days at 4°C, 
and then sliced to a thickness of 15 m using a cryostat.

In situ hybridization was performed using the RNAscope Multi-
plex Fluorescent Reagent Kit v2 (catalog no. 323100, Advanced Cell 
Diagnostics, Newark, CA, USA) and RNAscope 4-Plex Ancillary Kit 
(catalog no. 323120) according to the manufacturer’s instructions. 
Target probes against Kcnk9 (catalog no. 475681), Kcnk3 (catalog no. 
534881), Kcnk13 (catalog no. 535411), Kcnk2 (catalog no. 440421), 
Kcnk10 (catalog no. 535391), and Opn4 (catalog no. 438061) were 
used. Images were taken on an A1R + MP two-photon confocal scan-
ning microscope (Nikon, Tokyo, Japan). For the quantification of 
Kcnk9-positive ipRGCs, regions of interest (ROIs) were drawn around 
the Opn4 signal in z-stack images. Kcnk9-positive ipRGCs were counted 
when a Kcnk9 signal was detected in the ROIs.

Immunohistochemistry
Retinal slices were prepared as described above, allowed to dry at 
room temperature, and washed in phosphate-buffered saline (PBS) 
for 10 min. Then slices were blocked for 60 min at room temperature 
in PBS containing 10% normal goat serum and 0.5% Triton X-100, 
followed by incubation with a rabbit hemagglutinin (HA)–tag pri-
mary antibody (1:500; catalog no. 3724, Cell Signaling Technology, 
Danvers, MA, USA) overnight at 4°C. Slices were again washed in 
PBS (three washes of 10 min each) and then incubated for 2 hours 
at room temperature with Cy3 goat anti-rabbit (1:500; catalog no. 
111-165-003, Jackson ImmunoResearch Laboratories, West Grove, 
PA, USA) secondary antibody. The slices were washed in PBS (two 
washes of 10 min each). Then, the process was repeated again with 
rabbit antibody against RBPMS (1:500; catalog no. ab152101, Abcam, 
Cambridge, UK) for 3 hours at room temperature and followed by 
Alexa Fluor 647 goat anti-rabbit (1:500; catalog no. 111-605-003, Jackson 
ImmunoResearch Laboratories, West Grove, PA, USA) secondary 
antibody for 1 hour at room temperature. Last, slices were mounted 
with 4′,6-diamidino-2-phenylindole (DAPI)–containing mounting 
media (DAPI Fluoromount-G, catalog no. 0100-20, SouthernBiotech, 
Birmingham, AL, USA).

For immunohistochemistry after in situ RNA hybridization, retinal 
slices were blocked for 60 min at room temperature in tris-buffered 
saline (TBS) containing 10% normal goat serum and 1% bovine se-
rum albumin. Slices were incubated with a rabbit antibody against 
RBPMS (1:500; catalog no. ab152101, Abcam, Cambridge, UK) overnight 
at 4°C. Slices were washed in TBS–Tween 20 (three washes of 5 min 
each) and then incubated for 2 hours at room temperature with Alexa 
Fluor 647 goat anti-rabbit (1:500; catalog no. 111-605-003, Jackson 
ImmunoResearch Laboratories, West Grove, PA, USA) secondary 
antibody. For the quantification of Kcnk9-positive RGCs, Kcnk9- 
positive RGCs were counted when a Kcnk9 signal overlapped with 
the RBPMS signal. The paraffin-embedded 5-m-thick sections of 
retina were stained with hematoxylin and eosin.

Patch-clamp electrophysiology of RGCs in isolated retina
After enucleation, the cornea of the eye was removed, and the sclera 
was torn using a fine forceps. The retina was gently isolated using a 
brush or forceps and then cut into small pieces. Retinal pieces were 
incubated for at least 30 min before use in Ames’ medium (U.S. Bio-
logical, Salem, MA, USA), to which sodium bicarbonate had been 
added to a final concentration of 22.6 mM and through which 5% 
CO2 and 95% oxygen had been bubbled for at least 30 min. Before 
use, pH was adjusted to 7.4 using NaOH/HCl. This medium is here-
after referred to as “normal Ames’ saline.” A single piece of retina 
was placed flat in the recording chamber and incubated for 3 to 
5 min in normal Ames’ saline containing collagenase (1 mg/ml) and 
hyaluronidase (0.5 mg/ml). Then, the piece of tissue was washed for 
10 min in normal Ames’ saline. During patch-clamp experiments, the 
retinal piece was superfused with normal Ames’ saline at ~2 ml/min. 
One cell was recorded from each piece of retina.

Patch-clamp electrophysiology was performed using a MultiClamp 
700B amplifier, pCLAMP 10.7 software, and Digidata 1440A digitizer 
(Molecular Devices, Sunnyvale, CA, USA). Patch pipettes were pulled 
from fire-polished borosilicate glass capillaries with an outer diam-
eter of 1.5 mm and an inner diameter of 1.1 mm (Sutter Instrument, 
Novato, CA, USA). Pipettes were pulled using a Flaming/Brown 
P-1000 apparatus (Sutter Instrument) and had an impedance of 4 to 
8 megohms. The pipette solution in all experiments had the follow-
ing composition: 125 mM K-gluconate, 2 mM CaCl2, 2 mM MgCl2, 
10 mM EGTA, 10 mM Hepes, 0.5 mM Mg–adenosine 5′-triphosphate, 
and 2 Na–guanosine 5′-triphosphate. The pH was adjusted to 7.2 
using KOH. The voltage values recorded in normal Ames’ saline 
were corrected for a liquid junction potential of −13 mV estimated 
from the calculator incorporated into Clampex (Molecular Devices). 
RGCs with a soma diameter of >15 m were recorded. Alexa Fluor 
488 (3 M) was added in the pipette solution to morphologically 
identify RGCs using a confocal microscope after each recording. 
RGCs were distinguished by the long axons from misplaced amacrine 
cells at the GCL. ON and OFF RGCs were morphologically distin-
guished by the stratification of dendrites, physiologically by post-
inhibitory rebound firing, and/or by light responses (18). During 
experiments, series resistance was monitored carefully to ensure that 
it remained below 30 megohms or 1/10 of the membrane resistance. 
If not, then the data from those cells were discarded.

In TASK-3 current isolation experiments and current injection 
experiments, mice were light-adapted for 1 to 2 hours before exper-
iments, and all dissection steps were performed under room light to 
minimize the generation of spontaneous action potentials. In ex-
periments to isolate TASK-3 currents, all RGCs were voltage-clamped 
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at −73 mV. When RGCs had stabilized, they were voltage-clamped 
at +17 mV for 500 ms, and then the holding voltage was ramped 
to −133 mV within 500 ms. Throughout these experiments, the bath 
solution contained TTX (500 nM) and 4-AP (5 mM) to block extra-
neous currents. In experiments involving current injection, all RGCs 
were clamped at around −70 mV in the current clamp mode before 
current injections. The RMP was recorded after a break-in and within 
5 min in current clamp.

In some experiments, Hepes was used as the buffer rather than 
bicarbonate (HCO3

−) because Hepes is a stronger buffer than bi-
carbonate, and it efficiently buffers the protons released rapidly at 
synaptic clefts in the retina (8, 9). In these cases, Ames’ medium con-
taining 10 mM Hepes and 15 mM NaCl was used after 100% oxygen 
had been bubbled through it and the pH had been adjusted to 7.4 
using NaOH/HCl. Mice were dark-adapted overnight, and all dis-
section steps were performed in a dark room using infrared devices. 
OFF RGCs were superfused and recorded in Ames’ medium with 
HCO3

− and Hepes sequentially from the same cell. For the experi-
ments using DMSO or PK-THPP, to make sure that each cell was 
treated with drug or vehicle only once, each RGC was thus superfused 
and recorded with drug or vehicle separately.

Light-evoked action potentials in ON RGCs were elicited using 
a spotlight with a diameter of 300 m and a wavelength of 560 nm 
within an A1R + MP two-photon confocal scanning microscope 
(Nikon). Light intensity was measured and calibrated using an op-
tical power meter (model no. 8230, ADCMT, Saitama, Japan). The 
diameter of 300 m was small enough to minimize lateral inhibition 
in the outer plexiform layer, which could be attenuated by Hepes (21). 
One cell was recorded per piece of retina. The voltage values recorded 
in Ames’ saline with Hepes were corrected for a liquid junction po-
tential of −16 mV estimated from the calculator incorporated into 
Clampex (Molecular Devices).

Pupillometry
To evaluate the pupillary light response, animals were dark-adapted 
for at least 30 min before any light exposure. All experiments were 
performed between zeitgeber times 1 and 11. Mice were manually re-
strained, and then a custom-made white light-emitting diode light was 
shone on one eye, while the other eye was recorded using an infrared 
camera. Light intensity was measured and calibrated by using an opti-
cal power meter (model no. 8230, ADCMT). Baseline signal was re-
corded for 5 to 10 s, and then light was delivered for 5 to 10 s. Pupil size 
was analyzed post hoc using the “oval” tool in ImageJ (51), and base-
line pupil size was defined as the average size during the final 3 s before 
light stimulation, while the light-evoked size was defined after 5 s of 
light stimulation. Data were analyzed using GraphPad Prism 8.

In some experiments, after mice were deeply anesthetized using 
sevoflurane, the corneal limbus of one eye was punctured using a 
30-gauge needle, and then 2 l of PK-THPP [1.5 × 10−3 mg/kg in ve-
hicle comprising 10% (v/v) DMSO, 5% Tween 80, and 85% saline] 
or vehicle was gently injected into the vitreous cavity using a 5-l 
glass Hamilton syringe (Hamilton, Reno, NV, USA) equipped with 
a 33-gauge ultrafine removable needle (Hamilton). At 30 to 60 min 
after drug injection, the treated eye was stimulated with light, 
while the other eye was recorded using a camera.

Visual water maze
The visual water maze was used to evaluate mouse visual acuity and 
contrast sensitivity (29). Two computer screens, each with a diameter 

of 48.26 cm, were set up facing one side of a Y-shaped tank (Fig. 5D). 
One screen showed a sine-wave grating pattern (0.12 cycle/deg), and 
the other screen showed a uniform gray pattern, both at a luminance of 
43 cd/m2, which were generated using MATLAB and Psychtoolbox. 
The patterns were alternated randomly, with the same pattern ap-
pearing no more than three times on the same side. A hidden plat-
form was placed in front of the grating screen but not the gray screen. 
A 46-cm-long divider separated the two swimming channels in front 
of the two screens. Mice were released into the tank from the side 
farther from the screens and were trained to swim to the side show-
ing the grating pattern and then to escape from the water. A trial was 
classified as a “pass” if the animal swam across the choice line and 
found the platform; otherwise, the trial was considered a “fail.” Mice 
were trained for two to four sessions a day, and each session consisted 
of 5 to 10 trials. Mice were considered trained when they achieved a 
pass rate above 80%, which typically occurred after 3 to 4 days (50 to 
80 trials). Mice that did not learn the task by this time were excluded.

In tests of spatial frequency threshold, the grating was displayed 
initially at 0.12 cycle/deg, which was increased stepwise by 0.06 cycle/
deg each time that the mouse scored a pass. If the mouse failed, then 
8 to 15 trials were performed at that spatial frequency before advanc-
ing to the next one. The test was stopped when the pass rate fell below 
70%, after which the pass rate was plotted against spatial frequency. 
The spatial frequency threshold was set at 70% accuracy (29).

Tests of contrast sensitivity threshold were conducted in a similar 
manner, with the initial grating contrast (defined as 100%, 0.12 cycle/
deg) decreasing by 10% each time. If a mouse had just completed the 
spatial frequency threshold test, then it was retrained several times 
before undergoing the contrast sensitivity threshold test.

In some experiments, mice were first trained, and then PK-THPP 
(30 M) or vehicle was injected intravitreally into both eyes. At 30 to 
60 min after drug injection, the visual water maze tests were conducted.

TASK-3 overexpression in RGCs
To overexpress TASK-3 specifically in RGCs, the RGC-specific 
promoter Ple345(NEFL) (pEMS2280; catalog no. 111901, Addgene, 
Watertown, MA, USA) (28) and the coding sequence of mouse 
TASK-3 gene (Kcnk9; National Center for Biotechnology Information 
gene identifier: 223604) were synthetized and cloned into AAV2 fused 
to two tandem copies of HA and the Flag tag [AAV2-Ple345(NEFL)-
kcnk9-HAx2-Flag] (short for AAV2–TASK-3) (catalog no. AAV2/2-
WY3239, Taitool Bioscience, Shanghai, China). The control virus 
encoded a Flag-tagged EGFP (enhanced GFP) with the same promoter 
[AAV2-Ple345(NEFL)-EGFP-3Flag] (AAV2-control) (catalog no. 
S0837-2-H50, Taitool Bioscience). Virus was injected intravitreally 
into both eyes (0.5 × 1010 to 1 × 1010 genomes per eye) as described 
above. After 3 weeks, visual water maze experiments were performed, 
then animals were euthanized, and retinas were harvested for elec-
trophysiological experiments, immunohistochemistry, and in situ 
RNA hybridization as described above.

Data analysis and statistics
All statistical analyses were performed using GraphPad Prism 8 
(GraphPad Software). The normality of the data distribution was 
determined using the Shapiro-Wilk test before appropriate statisti-
cal methods were chosen. Comparison of two experimental groups 
was analyzed using paired or unpaired two-tailed Student’s t test if 
data fitting a parametric distribution. Data fitting a nonparametric 
distribution were analyzed using two-tailed Wilcoxon matched-pairs 
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signed-rank test or Mann-Whitney test. For comparisons of more 
than two experimental groups, differences in measured variables were 
assessed by using a one-way or two-way analysis of variance (ANOVA) 
followed by Tukey’s, Games-Howell’s, or Sidak’s post hoc corrections 
for multiple comparison testing. All data were presented as means ± 
SEM unless stated otherwise. The number of sections, cells, and mice 
used in each experimental group were indicated in legends. Signifi-
cance was defined as P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn8785

View/request a protocol for this paper from Bio-protocol.
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