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TASK-3, two-pore potassium channels, contribute to circadian rhythms in the
electrical properties of the suprachiasmatic nucleus and play a role in driving
stable behavioural photic entrainment
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Zameel M. Cader®, and Gurprit S. Lall**
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ABSTRACT

Stable and entrainable physiological circadian rhythms are crucial for overall health and well-
being. The suprachiasmatic nucleus (SCN), the primary circadian pacemaker in mammals, con-
sists of diverse neuron types that collectively generate a circadian profile of electrical activity.
However, the mechanisms underlying the regulation of endogenous neuronal excitability in the
SCN remain unclear. Two-pore domain potassium channels (K2P), including TASK-3, are known to
play a significant role in maintaining SCN diurnal homeostasis by inhibiting neuronal activity at
night. In this study, we investigated the role of TASK-3 in SCN circadian neuronal regulation and
behavioural photoentrainment using a TASK-3 global knockout mouse model. Our findings
demonstrate the importance of TASK-3 in maintaining SCN hyperpolarization during the night
and establishing SCN sensitivity to glutamate. Specifically, we observed that TASK-3 knockout
mice lacked diurnal variation in resting membrane potential and exhibited altered glutamate
sensitivity both in vivo and in vitro. Interestingly, despite these changes, the mice lacking TASK-3
were still able to maintain relatively normal circadian behaviour.
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Introduction hyperpolarization activated cyclic nucleotide gated

The suprachiasmatic nucleus (SCN) is a group of channels and NALCN sodium leak channel, bring-

neurons that function as the circadian master clock
in mammals, enabling us to adapt to environmental
rhythms and regulate our daily lives. This autono-
mous clock operates under the control of multiple
transcription translation feedback loops (TTFL) with
CLOCK and BMALI proteins being the initiators of
the cascade of transcriptional events occurring at the
nucleus (Patton and Hastings 2018; Takahashi 2017).
While light provides the strongest synchronizing cue
to the circadian clock, the cycles of gene expression
and electrical activity in the suprachiasmatic nucleus
can occur in the absence of light (Welsh et al. 2010).

Despite neuronal heterogeneity, there is a clear
pattern of electrical activity where SCN neurons
generate high frequency action potentials during
the day, which are silenced during the night (Allen
et al. 2017). K* dependent conductance hyperpo-
larizes membranes, rendering cells electrically inac-
tive. Daily depolarization is mainly maintained by
voltage gated Na* and Ca®" channels together with

ing the membranes to a more depolarized state and
placing them near the threshold for generating an
action potential (Allen et al. 2017; Patton and
Hastings 2018). At night, hyperpolarizing K" depen-
dent conductance acts to inactivate neurons, with
contribution from calcium-activated K™ (BK) chan-
nels (Meredith et al. 2006).

Background two-pore domain potassium channels
(K2P) play a major role in hyperpolarization by pro-
viding a leak K" current over a wide voltage range
(Feliciangeli et al. 2015; Renigunta et al. 2015).
Several of these 15 K2P channels, such as TRESK,
TASK-1, TASK-3 and TRAAK, are known to be
expressed in the suprachiasmatic nucleus (SCN)
(Lalic et al. 2020; Talley et al. 2001). Recently, we
showed that the background two-pore domain potas-
sium channel TRESK plays an essential part in SCN
regulation, through glutamate and calcium signalling
(Lalic et al. 2020). However, the role of TASK-3 in the
SCN and circadian rhythms remains unclear.
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TASK-3 is encoded by the kcnk9 gene, also known as
K,p9.1. It is expressed in the brain, with very high
expression in the suprachiasmatic nucleus, peripheral
organs, such as the retina, breast and lung (Brickley et al.
2007; Sans et al. 2000; Sun et al. 2016; Talley et al. 2001).
The Human Brain Atlas data on TASK-3 (KCNK9)
shows high expression levels in mouse hypothalamus
(27.8 nTPM). Single cell type expression data shows
high TASK-3 expression in excitatory (15.4 nTPM) as
well as inhibitory (7.6 nTPM) neurons, whereas the
expression in astrocytes is relatively low (0.6 nTPM,
Single cell type - KCNK9- The Human Protein Atlas).
Members of protein family 14-3-3 interact with TASK-3
through the C-termini, and this interaction is essential
for assembly and trafficking of TASK channel proteins
to the surface membrane (Rajan et al. 2002), whereas
activation of Gaq mediated pathway is believed to inhi-
bit the channel (Mathie 2007; Veale et al. 2007).

At the cellular level, TASK-3 determines background
potassium conductance and resting membrane poten-
tial. Studies on TASK-3 knockout mice have demon-
strated that granule neurons exhibit depolarized
membrane potentials with substantially disfigured
action potential generation (Brickley et al. 2007;
Enyedi and Czirjak 2010). Studies investigating TASK-
3 channel variants in humans have identified various
electrophysiological effects. These effects include both
outwardly and inwardly rectifying currents, with some
variants exhibiting significantly increased or reduced
currents compared to wildtype controls. Additionally,
certain variants show currents that are indistinguishable
from those observed in wildtype individuals, depending
on the affected amino acids (Cousin et al. 2022).

Additionally, TASK-3 has been shown to contribute
to higher-level functions, such as cognition, mental
retardation, depression, and sleep, and it has effects on
pharmacological sensitivity to anaesthesia (Borsotto
et al. 2015). Mutations in the kcnk9 gene have been
associated with KCNK9 imprinting syndrome, also
referred to as Birk-Barel syndrome. This rare genetic
disorder, with only 47 known cases reported worldwide
(Cousin et al. 2022), affects neurodevelopment and
leads to a range of symptoms including intellectual
disabilities, delays in motor and speech development,
sleep disturbances, and behavioural abnormalities.

In our present study, we investigated the role of
TASK-3 in the suprachiasmatic nucleus (SCN) and its
contribution to regulating and maintaining stable cellu-
lar and behavioural entrainment. We used a global
TASK-3 knockout animal model to assess the impact
of TASK-3 on the circadian regulation of cellular excit-
ability and photoentrainment. Our findings demon-
strate that TASK-3 plays a role in maintaining SCN

neuronal homeostasis, ensuring stable daily electrical
output and robust behavioural responses to light, but
it is not necessary for day-to-day functioning.

Materials and methods
Animals

The generation of TASK-3 mice can be found in
Brickley et al. (2007). Initial breeders for TASK-3
knockout (KO) line were gifted by William Wisden.
Mice for behavioural and molecular work were bred
on a C57BL/6] background from heterozygous parents
generating TASK-3 KO and littermate wildtype (WT)
animals. In behavioural experiments, adult male mice
(2-10 months old) were housed individually in polypro-
pylene cages with food and water available ad libitum.

P16-23 male and female pups were used in all elec-
trophysiology experiments. Because of the young age,
genotyping would be difficult to perform before record-
ings, so TASK-3 knockout mice were bred from homo-
zygous parents and WT C57BL/6] were used as controls
in these in vitro studies.

All behavioural testing was performed at Charles
River Animal Facility (UK, Margate) using infrared
sensors (LuNAR™ PIR 360°, Risco Group) or 8 cm inter-
nal diameter cardboard running wheels (specified in the
figure legend). The data was collected using The
Chronobiology Kit (Stanford Software systems).
Activity counts per minute were recorded, and data
was saved to the computer every hour.

All procedures complied with the UK Animals
(Scientific Procedures) Act (1986) and were performed
under a UK Home Office Project License in accordance
with University of Oxford and University of Kent Policy
on the Use of Animals in Scientific Research. This study
conforms to the ARRIVE guidelines.

Electrophysiology

All electrophysiology recordings and analyses were
undertaken as previously described using 320 pm cor-
onal slices containing SCN (Lalic et al. 2020). Coronal
slices containing SCN were prepared in ice-cold high-
sucrose artificial cerebrospinal fluid (aCSF) after
decapitation under isoflurane anaesthesia. Slices were
then transferred to oxygenated aCSF (95% 02/5%
CO2) containing 130 mM NaCl, 25 mM NaHCOs3,
2.5mM KCl, 1.25 mM NaH,PO,, 2 mM CaCl,, ] mM
MgCl, and 10 mM glucose and then allowed to rest at
room temperature until recording. Cells were typically
visualised from 30 to 100 um below the surface of the
slice. Resting membrane potential (RMP) was


https://www.proteinatlas.org/ENSG00000169427-KCNK9/single+cell+type

measured immediately upon establishing whole-cell
access. RMP and spontaneous firing were recorded
in bridge mode while zero current was inputted (I=
0 mode).

Breeding, experimental setup, and recordings from
TASK-3 KO animals were undertaken as part of a study
that included TRESK-KO mice and their relevant control
animals. As the breeding and slice preparation protocols
for these in vitro experiments limited the use of littermate
controls, we have used the appropriate WT animals
which reflect the background of both our TASK-3 and
TRESK KO lines. All the experiments were done at the
same time for all genotypes and were performed by the
same individual. Therefore, we have used this WT data to
compare against our TASK-3 KO electrophysiology
recordings (this manuscript) as well as against already
published TRESK KO data (Lalic et al. 2020).

Extracellular action potential recordings using
microelectrode arrays

SCN slices were placed on a microelectrode array
(MEA) with 256 electrodes arranged in a 16 x 16 grid
with inter-electrode distance of 100 um. Signals from all
electrodes were collected simultaneously using the USB-
256MEA acquisition system (Multichannel Systems,
Germany). Two-minute recordings were collected and
repeated three times at 20 kHz. Channels within the
SCN were identified visually, and spontaneous extracel-
lular action potential recordings from these SCN chan-
nels were discriminated offline using threshold-based
event counting through custom written scripts in
IgorPro. Thresholds were typically set at 3.5x the base-
line noise level, with typical signal amplitude between 20
and 75 pV. Single unit discrimination was not routinely
possible in these experiments. Inactive electrodes were
excluded in the analysis. Data was only excluded if there
was an error when undertaking a given protocol, other-
wise no data was excluded.

Drugs

L-Glutamic acid was purchased from Tocris Bioscience.
Drugs were added to oxygenated aCSF to final concen-
tration immediately before use.

To assess the effect of glutamate on MEA activity of
acute SCN slices, we bath applied different concentra-
tions of glutamate (0, 10, 30 and 100 uM) with recording
commencing 5 min after starting perfusion and continu-
ing for 2 min. The same slice was used with successively
increasing concentrations of glutamate. Glutamate appli-
cation and recordings were done at Zeitgeber time (ZT)
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12-18. Data was analysed using repeated measures
design.

Locomotor activity during light-dark (LD) and
dark-dark (DD) housing

Behavioural testing was performed at Charles River
Animal Facility (UK, Margate) using the infrared sen-
sors. WT and TASK-3 KO males were individually
housed under 12:12 LD cycles, and environmental light-
ing was provided using LED strips fitted above each row
of cages providing equal irradiance to all animals.
Twenty-four-hour LD activity profile was plotted by
extracting data in 30 min bins over 9-10 days of activity
recording (days, when cages were cleaned, were
excluded). Mean 24-h activity for each animal was cal-
culated and plotted as mean + SEM.

For phase angle of entrainment, Actogram Phase
Ruler available in the Chronobiology Kit Analysis soft-
ware was used to measure the time difference (in
minutes) between activity onset and the lights off.
Activity starting after the lights off was plotted as
a negative value (delayed activity onset). For the
alpha duration, activity onset and offset were esti-
mated by an eye fit, and activity duration was mea-
sured using Actogram Phase Ruler.

For Interdaily stability (IS) and Intradaily variability
(IV) assessments, data was extracted in 10 min bins and
analysed in Excel. The IS is calculated by dividing the 24-
h variance by the overall variance that represents the 24-h
value from the chi-square periodogram (Sokolove and
Bushell 1978; Van Someren et al. 1996) using the formula:

S — NZZ:I ()Th _)—()2
PZz{L (Xi — X)z
N(E =%+ (%=X +...+ (% - X))

P((()TI_X)2+ (E—X)2+,__+ (X_N—X)z))
(1)

Where N, is the total number of data points, and for
a reading every 10min for 10d this equals to
6 X 24 x 10 = 1440 data points. The number of data
points per day is p, and X refers to the sum operator.
Intradaily variability (IV) was calculated using the
same data set. It is the frequency of transitions between
rest and activity and is calculated by dividing the mean
squares of the difference between consecutive hours by
the overall variance (Van Someren et al. 1996) as follows:

N, (X — Xio1)’

- N v P (2)
(N=1) 20, (X = X))
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Free-running behavioural rhythms were measured from
animals housed for 10 days of constant darkness follow-
ing stable entrainment to a LD cycle. Data was extracted
in 10 min bins for daily IR beam breaks or in 30 min
bins for a daily activity profile. Because tau of free-
running mice is shorter than 24 h, 11 h of activity after
the activity onset (from Circadian Time [CT] 12) and
11 h before the activity onset were used for each animal
to plot the daily activity profile for all animals giving 22
h of activity plot (Figure 3C).

Activity profiles were determined by “eye-fitting”
regression lines to activity onsets under DD. Each
daily intersection along this line determined the activity
onset, thus CT 12. From CT 12, —-11/+11 h of activity
data were used to plot the daily profile.

Pupillary light reflex

Pupillometry was conducted as previously described
(Biello et al. 2018; Lalic et al. 2020) on unanaesthetised
2-8 month old male and female mice (n =8 per geno-
type). Animals were stably entrained to a 12:12 h LD
cycle (white fluorescent source, 350 lux), and recordings
were restricted to between 4 and 8 h after lights on (ZT
4-8). All experiments were preceded by 1 h of dark
adaptation. Pupillary responses were elicited with
xenon arc lamp (OptoSource High Intensity Arc,
Cairn Research) whole spectrum white light stimuli
filtered with neutral density filters. Light stimulus was
applied to one eye, allowing pupil constriction of
another eye to be recorded with a CCD camera (Best
Scientific, Swindon) every 0.3 s. Pupillary images were
taken for 3s in the dark followed by 60s of image
recording with light stimulus. Pupil area was measured
using Image] (National Institutes of Health (NIH),
USA) analysis software. To plot the irradiance response
curve, the most constricted area of the pupil (min) for
each animal was divided by the most dilated area (max)
obtained during recording in darkness giving
a normalized pupil area.

Circadian pacemaker resetting with a light pulse

All the phase shifting experiments were undertaken
following at least seven says of stable entrainment and
using the Aschoff type II protocol. Individually housed
male mice were entrained to a 12:12 LD cycle with 400
lux illumination during the light period. Five-minute
400 lux light pulses were administered at CT 6, ZT 14
or ZT 18. During the light pulse, all mice remained in
their home cages. On the day of the light pulse (for light
pulses administered at ZT 14 and ZT 18), mice were
placed under constant conditions of darkness and for

animals receiving CT 6 light pulse, the lights were
turned off from the previous day ZT 12. After light
pulses, mice were left to free-run for a minimum of
ten days before data collection and analysis.

For measuring changes in light sensitivity under
bright light housing conditions, mice were kept under
2000 lux light for 4 weeks before the ZT 14 2000 lux
5-min light pulse.

To quantify the effect of light pulse on c-fos levels in
the SCN, we used the same protocol for ZT 14
5-min 2000 lux light pulses for animals housed under
400 lux light and collected the brains at ZT 15.5. To
administer the light pulse, mice were moved in their
home cage to a light tight box where they received a light
pulse. For the control animals, they were moved to
a light tight box too and were kept in it for 5 min with
no light on.

Immunohistochemistry

Following a sham or a 2000 lux light pulse in WT and
TASK-3 KO mice (n = 3 mice per group) at ZT 14, mice
were culled using cervical dislocation at ZT 15.5 and
their brains were submerged in an ice-cold 4% PFA for
24 h at 4°C. The samples were cryoprotected in 30%
sucrose-PBS solution at 4°C until the brains sunk to
the bottom of a falcon tube. They were then embedded
into a cryoblock using OCT tissue-freezing medium,
flash frozen in a —80°C ethanol bath, and subsequently
stored at —80°C. For each brain, 60 um thick coronal
sections were cut and used for immunohistochemistry.
Free-floating brain sections containing SCN under-
went heat-mediated antigen retrieval in citrate buffer
(10 min at 90°C, pHS6), followed by cooling to room
temperature. Sections were then immersed in blocking
solution (PBS, 0.1% triton-X, 5% donkey serum) for 1
h at room temperature before incubation with primary
cFOS antibody (Proteintech 66 590-1-Ig, 1:500) for 48 h
at 4°C. After primary incubation, sections were washed
in PBS, followed by incubation with donkey anti-
mouse-Alexa Fluor 594 (Invitrogen, A-21203, 1:500)
secondary antibody. After 90 min room temperature
incubation with secondary antibody, the sections were
washed with PBS and incubated with DAPI (1 pg/ml in
PBS) for 20 min at room temperature. Sections were
washed in PBS before securing on to polysine coated
slides and mounting with Prolong™ Glass antifade
(ThermoFisher Scientific, P36982). Images were
obtained using a Zeiss LSM880 confocal microscope
using Zen Blue software. Image] software was used to
analyse images. Z-stacks were combined and mean
cFOS fluorescence intensity recorded from SCN regions
manually selected using a closed polygon tool.



Re-entrainment (phase shifting to advanced
lighting cylce)

WT and TASK-3 KO male mice were housed individu-
ally under IR motion sensors using 400 lux light illumi-
nation, unless stated otherwise. After stable
entrainment, the LD cycle was advanced by 6
h resulting in a shortened light period on the day of
the LD shift. Animals were maintained under the new
LD cycle until full re-entrainment was reached, defined
by at least seven days of stable entrainment. Data was
analysed by measuring activity advance relative to base-
line for each animal, each day of recording for 12 days
using Actogram Phase Ruler on The Chronobiology Kit
software. Results were then analysed using repeated
measured design.

Statistical analysis

Data are represented as means + SEM (unless specified
otherwise), and “n” refers to the number of observa-
tions. Comparisons for statistical significance were
assessed by either a one-way ANOVA, two-way
ANOVA or t-test. The Kolmogorov-Smirnov non-para-
metric test was conducted if the data was found not to
pass normality tests. Differences were considered sig-
nificant if p <0.05. The data was plotted and analysed
using GraphPad Prism version 9.

Results

Loss of TASK-3 abolishes diurnal variation in resting
membrane potential (RMP) and dampens SCN'’s
endogenous cellular electrical firing rhythm and
glutamate sensitivity

Both the ablation of TASK-3 or mutations in this ion
channel have been shown causes electrophysiological
changes (Brickley et al. 2007; Cousin et al. 2022; Enyedi
and Czirjak 2010). We first wanted to assess what hap-
pens to circadian clock neurons in absence of TASK-3.
Recordings from WT SCN neurons were found to display
a diurnal variation in membrane potential, with RMP at
—48 mV during the day and —56.9 mV during the night
(p =0.002, Tukey’s multiple comparisons test). However,
in the absence of TASK-3, this diurnal variation was
abolished, and the SCN RMP resided at —48 mV regard-
less of time of day (p =0.99, Figure 1A). Comparison
between genotypes revealed that TASK-3 KO neurons
are significantly more depolarized during the night
(p =0.0014). Two-way ANOVA showed a significant var-
iance between genotypes (F(;, 57 = 6.5, p=0.01), time of
the day (F(1, s7) = 7,8, p=0.007) and overall data interac-
tion (F(;, 57) = 8.6, p = 0.005).
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We then examined spontaneous SCN firing activity
using freshly prepared coronal SCN slices on multi-elec-
trode arrays with 100 pm spacing between the electrodes.
Mean firing rate (MFR) measurements taken from SCN
cells during the day reveal significantly dampened daytime
firing rate in TASK-3 KO’s compared to WT (p < 0.0001,
two-way ANOVA with Tukey’s multiple comparisons test,
Figure 1B). The source of variation is significant for geno-
type (F(1,1762) = 37.2, p < 0.0001), time of the day (F(; 1762)
=92.8, p<0.0001) and overall interaction between the
datasets (F(1,1762) =31, p <0.0001, two-way ANOVA).
We found the SCN neurons in TASK-3 KO’s to be sig-
nificantly silenced during the day (p < 0.0001) compared
to WT daytime levels with respect to MFR. However,
the difference between day and night-time firing rates,
within genotypes, remained significant (p < 0.0001 for
WT and p =0.02 for TASK-3 KO).

To assess the effect of TASK-3 loss on light transduction
mechanisms during the night, we applied glutamate, the
neurotransmitter responsible for relaying light input from
the retinohypothalamic tract to the SCN (Suppl. Figure
S1). Glutamate was added to freshly prepared SCN slices,
and recordings were performed in the early night (ZT 12—
18). Analysis of data skewness through their quartiles and
probability density shows a concentration-dependent
increase in firing rate in a population of WT neurons. In
addition, neurons above the 75 percentile responded with
highly elevated firing across all glutamate concentrations
(Figure 1C). In contrast, SCN cells from TASK-3 knockout
(KO) mice did not exhibit such dose-dependent effects as
neurons above the 75th percentile did not show a gradual
increase in firing (Figure 1C). As the data did not pass
normality tests, we performed a nonparametric
Kolmogorov-Smirnov test which showed a significant dif-
ference between genotypes in the firing rates following the
application of glutamate at concentrations of 10 uM, 30
uM and 100 pM (p < 0.00001).

To compare changes in firing differences within
the genotype, we performed a Tukey’s multiple
comparisons test. As all the firing rate data was
normalized to the baseline, we could directly assess
the effect of glutamate on the firing rate. The high-
est firing rate change in WT SCN neurons was
observed with 100 pM glutamate application, which
was significantly higher compared to 10 uM and 30
uM glutamate-induced firing (p <0.0001 for both
comparisons). However, there was no difference
between 10 uM and 30 uM glutamate-induced firing
(p=0.08). Surprisingly, TASK-3 KO results showed
a significant difference in firing rate between 10 pM
and 30 uM glutamate (p < 0.0001), but no difference
between 30 uM and 100 uM glutamate application
(p=0.6).
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Figure 1. The role of TASK-3 in SCN firing. (A) Whole-cell, current clamp recordings of SCN neurons during the subjective day/night
from WT and TASK-3 KO mice. TASK-3 KO mice lack diurnal variation in RMP, remaining in a constantly depolarized state. WT: day n =
14, night n = 12; TASK-3 KO: day n = 15, night n =20 (n is the number of recorded cells). (B) Mean firing rate (MFR) in WT SCN shows
diurnal variation, with significantly higher MFR levels during the day. This was significantly dampened to WT night levels in TASK-3 KO
mice. MFR calculated by pooling data from all SCN electrodes (WT; day, n = 7; night, n = 8 animals; TASK-3 KO; day, n=5; night n=5
animals). (C) In vitro glutamate application on acute SCN slices: Box plots from WT mice show a wide distribution in firing rate above
75th percentile, but this is lost in TASK-3 KO mice. The difference in firing rate was significant between genotypes at all tested
glutamate concentrations. Only WT animals showed significant increase in firing after 100 uM compared to 30 uM glutamate. Data is
normalized to baseline firing rate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data presented as mean + SEM. The WT data in
A-Cis reused from Lalic et al. (2020) paper as explained in the methods.

Loss of TASK-3 results in increased nocturnal

. interaction (F(47576)=2.4, p<0.0001). Bonferroni’s test
locomotor activity

between genotypes revealed a significant difference in

Locomotor activity was assessed in male mice using cage-  activity levels at ZT 18.5, 20 and 21.5. The overall 24 h

fitted infrared sensors. Wildtype and TASK-3 KO animals
housed under a 12:12 light-dark cycle showed stable syn-
chronized activity profiles (Figure 2A,B). However, TASK-
3 KO animals exhibited elevated activity during the later
night (Figure 2C). The two-way ANOVA showed signifi-
cance between genotypes (F(; 576) = 37.7, p <0.0001), time
of the day (F(47,576) = 26.3, p < 0.0001) and the overall data

infrared beam breaks were significantly elevated in the
knockout mice; in line with previously published work
(Linden et al. 2007; Figure 2D, p=0.006, Student’s
t-test). Knockout animals showed a significant delay in
phase angle of entrainment (Figure 2E, more negative
values mean more delay, p =0.011, unpaired t-test), but
there were no differences in alpha duration, interdaily
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Figure 2. Locomotor activity under 12:12 LD cycle. Infrared beam break recordings under 12:12 LD show higher TASK-3 KO activity. (A)
Representative actograms from WT and (B) TASK-3 KO mice. (C) TASK-3 KO animals have significantly increased locomotor activity in
the second half of the night, with significantly higher overall 24-hour activity (D). Knockout animals have significant delays in phase
angle of entrainment (E), but no changes in alpha duration (F), interdaily stability (G) and intradaily variability (H). Pairwise
comparisons done using unpaired t-test and 24-h profiles analysed using two-way ANOVA with Bonferroni's test. n=5WT, 9 KO.
*p < 0.05, **p < 0.01, ***p < 0.001. Shaded areas in C represent SEM, data presented as mean + SEM.

stability or intradaily variability (Figure 2F-H). To elim-
inate changes in the retinal decoding of light, we have
assessed the pupillary light reflex under white light
(Supplementary Figure S2). Pupil constriction was not
affected at the tested light intensities (10"°~10"® photons/
cm?/s) which overlapped in the relative irradiance of the
room illumination under which all of our behavioural
experiments were performed. Therefore, the observed
behaviour differences are not likely due to any retinal
alterations in sensitivity to light in TASK-3 KO mice.
Housing animals under constant conditions of darkness
showed free-running rhythms to be maintained in both
WT and TASK-3 KO animals (Figure 3A-C). However,
the differences in overall activity remained under such

environmental conditions. Two-way ANOVA showed
a significant variation between genotypes (F(; s2g) =46,
p<0.0001), time of the day (Fus 528 = 28.3, p <0.0001)
and overall interaction (F43 528) = 1.9, p = 0.0009). TASK-
3 KO mice showed significantly higher activity at CT 17,
21,21.5 and 22 - the latter portion of the night. The sum of
daily infrared beam breaks remained significantly higher in
knockout animals (Figure 3D, p=0.02, Student’s t-test).
However, no differences were found between genotypes in
the alpha duration (Figure 3E), period length (23.81 +
0.025 hr and 23.83 + 0.025 hr, respectively), interdaily sta-
bility (Figure 3F) or intradaily variability (Figure 3G).

As leak potassium channels are mainly active in the
SCN during the night, we tested circadian Task-3 mRNA
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Figure 3. Locomotor activity under constant darkness (DD). (A) Representative actograms from WT and (B) TASK-3 KO mice housed in
constant darkness. Activity recordings in constant darkness show that TASK-3 KO mice remain significantly more active between CT
16-22 (C) and their overall activity is significantly higher than in WT (D). There are no changes in alpha duration (E), interdaily stability
(F) and intradaily variability (G). Pairwise comparisons done using unpaired t-test and 24-hour profiles analysed using two-way ANOVA
with Bonferroni’s test. n =5 WT, 9 KO. *p < 0.05, **p < 0.01, ***p < 0.001. Shaded areas in C represent SEM, data presented as mean +

SEM.

expression and found that the highest mRNA levels were
during the middle of the night (Supplementary Figure S3).

TASK-3 facilitates the attunement of circadian
behavioural responses to acute light stimuli

To assess the impact of TASK-3 loss in circadian beha-
vioural resetting, we administered brief light pulses dur-
ing the middle of the day, early and late night (CT 6, ZT
14 and ZT 18 respectively). A 5-min 400 lux light pulse
induced a phase shift at ZT 14 and 18 but this was not
different between genotypes (Figure 4A, Supplementary
Figure $4, two-way ANOVA with Tukey’s multiple com-
parisons test; genotype F; 35 = 1.8, p=0.2, data interac-
tion F35=0.7, p=0.5, time of day F(,35 =234,
$<0.0001).

We then tested light intensity-dependent effects on
phase shifting. In wildtype mice, administering increas-
ing intensity light pulses at ZT 14, two hours after the
lights turn off, results in higher phase delays, especially
after a 2000 lux light pulse (Figure 4B, Supplementary
Figure S5). However, in mice lacking TASK-3, phase
delays did not differ between the different intensity light
pulses, and the phase shift after a 2000 lux light pulse
was significantly smaller compared to WT (p=0.012,
Tukey’s multiple comparisons test). Two-way ANOVA
showed that the source of variation is significant for
genotype (F(;45)=7.7, p=0.008), light pulse intensity
(F(2,48) = 9.4,p =0.0004) and overall data interaction
(F(2,43) =3.2, p= 005)

Having seen that a 2000 lux light pulse did not result
in significantly greater phase shift in TASK-3 KO
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Figure 4. Acute responses to light and re-entrainment to 6-hour advanced LD cycles (jet-lag paradigm). (A) 5 min light pulses (400 lux)
presented in the middle of the day (CT6: n =7 WT/KO) or early/late night (ZT 14: n =8 WT, 6 KO; and ZT 18: n = 8 WT, 4 KO) resulted in
phase delays with no differences between genotypes. (B) A 5 min light pulse administered at ZT 14 showed intensity depended phase
delaying effects in behavioural activity in wild type mice however this was absent on TASK-3 KO animals (n = 13 WT, 5 KO). (C) 5 min
2000 lux light pulse at ZT 14 after ambient (400 lux) and high light intensity (2000 lux) housing showed decrease in WT phase shift, but
no differences in TASK-3 KO phase shift because of bright light housing. (D) cFOS expression in the SCN measured by using closed
polygon tool to outline SCN region based on DAPI staining. Light pulse resulted in c-FOS increase in WT, but not TASK-3 KO sections.
(E) Representative examples from c-FOS staining showing combined, c-FOS only and DAPI only sections across four tested groups.
Sections were imaged using 20X objective and the scale bar represents 50 um. A-D -Two-way ANOVA with Tukey’'s multiple
comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, data presented as mean + SEM.

animals when compared to tested lower intensities, we
wanted to assess whether the circadian system becomes
desensitized to light stimulus during bright light hous-
ing. Therefore, we housed animals under 2000 lux light-
dark cycle for 4 weeks before administering ZT 14 2000
lux light pulse for 5min (Figure 4C, Supplementary
Figure S6). As expected, WT animals exhibited signifi-
cantly reduced phase delays in response to 2000 lux light
pulses when housed under 2000 lux light compared to
400 lux housing (p = 0.0007, Tukey’s multiple compar-
isons test). However, in TASK-3 KO mice, we observed

no significant difference in phase shifts between the two
experiments, and the magnitude of the phase shift was
comparable to the delays observed in WT mice housed
under bright light conditions. The two-way ANOVA
showed significant variations due to housing light inten-
sity (F(1,25)=13.2, p=0.0013) and overall data interac-
tion (F(; 25 =4.4, p=0.05).

To better understand light-induced effects at a protein
level, we stained SCN containing coronal sections after
administering a 5-min 2000 lux light pulse to animals
housed under 400 lux light and compared the results to
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no-light controls (Figure 4D,E). Similarly to what we
observed in behavioural responses, WT mice had
a greater increase in c-FOS expression, although this
difference was not significant (p = 0.1367, Tukey’s multi-
ple comparisons test). Interestingly, we saw a decrease in
c-FOS levels after the light pulse in TASK-3 KO mice (p
=0.6221). Two-way ANOVA showed a significant levels
of interaction between genotype and light treatment
(F(1,8)=6.944, p =0.0299), but there were no significant
differences between genotypes or light pulse treatment
only (F(, g =0.035, p=0.8563 and Fj g =0.7829, p=
0.4026, respectively).

Thus far, we tested acute responses to light.
However, in order to assess the impact on chronic
light entrainment we exposed our animals to a re-
entrainment protocol (“jet-lag,” Figure 5A,B).
Therefore, to evaluate the impact of TASK-3 on stable
photoentrainment of the circadian clock system, we
exposed animals to a 6-h advance in the light-dark
cycle, and measured the daily activity shift compared
to the baseline activity onset (Figure 5C). Knockout
mice showed significantly higher variability in re-
entrainment patterns, with higher variance than in
WT mice since day 2 (Suppl. Fig. S7, overall variance
0.18+0.26 for WT and 0.53 £ 0.7 for TASK-3 KO,
Mean + SD). However, both genotypes took a similar
number of days to reach re-entrainment. Mixed-effects
analysis showed no overall significant differences

interaction between hours of phase advance on differ-
ent days since the phase shift and the genotype (p =
0.0064). Bonferroni’s multiple comparisons test
showed that phase advance between genotypes was
only significant on day 2 (p = 0.005).

Considering the changes observed in acute bright
light pulse effects to phase shifting when animals were
housed under different light intensities, we assessed the
impact of 2000 lux light-dark cycles on rates of re-
entrainment. Re-entrainment to a 6-h advance in the
light-dark cycle did not show any differences between
genotypes in any of the post light advance days (Suppl.
Fig. S8A), but this time WT animals showed greater
variance in the hours shifted for each day (Suppl. Fig.
S8B). The comparison of re-entrainment rate across
different light intensities used for housing the animals
showed that WT and TASK-3 KO adjusted quicker to
the new advanced light-dark cycle when housed under
400 lux light (Suppl. Fig. S9A and B). It was also
evident that bright light housing resulted in higher
variance in rates of re-entrainment in WT animals
(0.64 £ 0.58) compared to TASK-3 KO (0.19+0.14)
when measured across all 13d of data (Suppl
Figure S9C).

Discussion

We have shown that TASK-3 leak two-pore domain

between genotypes (p=0.8), but a significant  potassium channels play an important role in regulating
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Figure 5. Re-entrainment to 6-h advanced LD cycles (jet-lag paradigm). (A) Representative 6-h re-entrainment actograms from WT and
(B) TASK-3 KO mice. (C) Following a 6-h advance in the light-dark cycle during 400 lux light housing, both genotypes took the same
number of days to re-entrain to the new environmental conditions, but TASK-3 KO mice had more varied bouts of activity some given
days indicated by the spread of the daily box plots. In particular, the rate of re-entrainment was significantly different on day 2 (n =5
WT, 6 KO). C - repeated measures mixed-effects analysis with Bonferroni’s multiple comparisons test. **p < 0.01, data presented as

mean = SEM.



electrical properties of the SCN and subsequently beha-
vioural responses to light. Our findings suggest that the
loss of TASK-3 results in a dampened diurnal firing rate
and impaired sensitivity to glutamate in a dose-depen-
dent manner, indicating an altered circadian regulation
of cellular excitability.

TASK-3 is needed for maintaining high diurnal mean
firing rates in SCN neurons and for lowering resting
membrane potential at night. Interestingly, the day and
night RMP in the TASK-3 KO mice reside at the same level
as that of the wildtype daytime. Thus, this would imply
that the SCN in these transgenic animals remains in a -
constant day-like state with regards to RMP. It is already
known that SCN neurons show day-night differences in
the RMP and, as a result, reduction in the firing rate at
night, with two-pore potassium channels being heavily
involved in nightly silencing (Colwell 2011). Therefore,
we had expected to see a reduction in nightly hyperpolar-
ization in absence of TASK-3 yet were surprised that this
effect was present to the extent that there was a complete
loss in diurnal RMP differences. However, the link
between resting membrane and excitability is often com-
plex. Intuitively, one might envisage that loss of
a hyperpolarizing brake at night (in this case TASK-3
activity) might increase excitability and therefore firing
rates, as mentioned by (Harvey et al. 2020). But we have
found that the spontaneous MFR maintained day-night
variation, although the firing rate was dampened in the
SCN; most likely due to the inability of neurons to reset
rapidly in the absence of TASK-3 (Brickley et al. 2007).
Furthermore, despite RMP showing a daytime state during
the night in these mice, it is possible that the reduced
nighttime MFR is due to the natural reduction of overall
spontaneous activity, driven primarily by large-conduc-
tance Ca®* activated K* (BK) channels as well as other
members of K2P family (Colwell 2011). Another possibi-
lity could centre around changes in cellular membrane
input resistance, which are partially facilitated by K2P
channels. K2P channels have been shown to mediate noc-
turnal silencing of SCN neurons, also supported by our
findings showing a significant decrease in the MFR in WT
SCN neurons (Harvey et al. 2020). With the loss of TASK-
3, the input resistance facilitated by other K2P channels
may still be present, but not to the same extent as in WT.
Therefore, the degree at which MFR rate at night is sup-
pressed in TASK-3 KO mice may be reduced. Future
studies into this area would be beneficial.

Behaviourally, we found little evidence of impact to
daily activity profiles beyond those previously reported
by Linden et al. (2007) showing increased locomotor
activity during the night. This also correlates with pre-
vious findings that TASK-3 KO animals display a severe
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decrease in sleep duration (Yoshida et al. 2018).
Interestingly, we found that knockout animals have sig-
nificantly reduced “siesta” period in the late portion of
the night resulting in overall higher night-time activity.
It is possible that this may be linked to the changes we
saw in the dampened diurnal firing rate. Research has
shown that a quarter of all recorded units in the SCN are
the most active during the siesta period and most of the
siesta-active neurons are VIPergic siesta-specific neu-
rons (Collins et al. 2020). In addition, acute exposure to
constant light causes arrhythmicity in VIP neurons and
silencing SCN VIP neurons cause attenuated responses
to light-induced shifts. If knocking out TASK-3 affects
VIPergic siesta-specific neurons, there would be
changes in light-mediated resetting of the circadian
system, which is highly controlled by SCN VIP neurons
(Jones et al. 2018). Furthermore, the dampened diurnal
firing rate amplitude may cause a wider phase distribu-
tion of the SCN single cell neuronal activity within the
network (Ramkisoensing and Meijer 2015). This could
explain increased delays in the phase angle of entrain-
ment and reduced ZT 14 light induced phase shifting
effects in TASK-3 KO mice - as arrhythmic neurons
would have less robust outputs.

Having established the importance of TASK-3 in
maintaining the electrical properties of SCN neurons,
we turned our attention to investigating the impact of
this channel in driving the input of cellular communica-
tions. Glutamate, an excitatory neurotransmitter, med-
iates light signals to the SCN (Ginty et al. 1993; Michel
et al. 2002). To assess the effect of glutamate application
on SCN neurons, we applied glutamate in vitro to the
SCN of TASK-3 KO mice and observed cellular excita-
tion that was similar at lower (30 pM) and higher (100
uM) concentrations, with fewer neurons showing
a dose-dependent increase in firing, particularly in the
data above the 75th percentile. Our behavioural experi-
ments showed a corresponding decrease in phase shift-
ing to bright light in TASK-3 KO mice, similar to the
dose-response effect observed with glutamate. One pre-
diction could be that TASK-3 KO mice should exhibit
an increase in phase shifts to light given their heigh-
tened sensitivity to glutamate. However, this was not the
case and suggests that other post-glutamatergic signal-
ling pathways may be impacted in these mice. Given the
role of these channels in resting membrane potential
resetting, it could be possible that the lack of TASK-3 is
preventing repeated firing and thus reducing signal
strength, especially at high glutamate doses and light
levels. Interestingly, the phase shifting magnitudes were
unaffected by environmental housing light intensities
(ambient or bright) in TASK-3 KO animals, while data
from WT mice suggested that neurons may become
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desensitized to the effects of glutamate during bright
light housing. This might be explained by depolarization
block - bright light might result in higher levels of
glutamate release silencing some neurons (Meijer et al.
1993).

Although we initially hypothesized that TASK-3
would play a more significant role in acute phase
shifting to light, our findings indicate that its impact
is more pronounced under extreme environmental
lighting conditions. In a re-entrainment paradigm,
we observed that mice lacking TASK-3 exhibited
greater variability in tracking the dawn signal, parti-
cularly during the first few days following the
advancement of a light-dark cycle. If our hypothesis
on the changes to SCN VIP neurons due to the knock-
ing out of TASK-3 is correct, it would explain the
higher variability in rates of re-entrainment across
animals, as the SCN would be more arrhythmic com-
pared to WT mice. Furthermore, during the first few
days of re-entrainment following a 6-h advance in the
light-dark cycle, the light turns on at a time when the
body clock is at CT 18. Light during the night would
normally result in increased VIP neuronal activity
and VIP release, which is needed for efficient
response to light (Jones et al. 2018). However, as
discussed earlier, mice lacking TASK-3 may experi-
ence alterations in SCN VIP neurons, potentially
leading to changes in daily re-entrainment rate and
genotype differences during the first few days of the
light advance period, when the circadian system is
most out of synchrony with the environment.

When advancing light-dark cycles with 2000 lux
light during the day, no differences were observed
between genotypes in the re-entrainment rate, a result
that matches light pulse-induced phase shifting after
bright light housing. However, if bright light housing
indeed causes depolarization block in some neurons
(Meijer et al. 1993), this could delay SCN resetting,
and it would take animals longer to re-entrain.
Furthermore, greater arrhythmicity in SCN VIP neu-
rons because of TASK-3 deletion and light exposure
during the subjective night (when the body’s clock is
at CT 18) during the first few days after phase advance
would mean that both genotypes have higher SCN
desynchrony, thereby explaining no differences in re-
entrainment during bright light housing.

It was interesting to see that TASK-3, in our hands,
convincingly impacts the electrical properties of the
SCN, however, it has less prominent effects on beha-
vioural output. It is possible that the dampened MFR in
TASK-3 KO mice leads to an overall reduced electrical
coupling between internal SCN regions as well as

efferent targets, thus hindering SCN cell-to-cell com-
munication. This would lead to SCN neurons unable to
effectively synchronize, and whilst they can respond to
a stimulus (such as a light pulse or direct glutamate
application), the magnitude and efficiency of the
response is variable when compared to their wildtype
counterparts. The SCN possesses a vast array of ion
channels that allow and facilitate the conveying of exter-
nal stimuli to clock cells and further allow cell-to-cell
communication. Table 1 illustrates an array of key ion
channels that have been found to impact both electro-
physiological and behavioural properties of circadian
timing. Removing particular ion channels can be lethal,
for instance, in the case of NALCN or Na,1.1 (Han et al.
2012; Lu et al. 2007). Less profound, but nevertheless
significant circadian changes have been shown by the
absence of calcium-activated K+ channel BK (B2 sub-
unit), Fast delayed rectifier (FDR) potassium channels
Kv 3.1 and 3.2 as well as two-pore domain (K2P) TRESK
channels, all of which impact the electrical properties of
the SCN and their respective knockouts show significant
effects to light-induced clock resetting when compared
to wildtype animals (Kudo et al. 2011; Lalic et al. 2020;
Whitt et al. 2016).

One of the limitations of our current work is the use
of a global TASK-3 knockout. While a global knockout
may aid in understanding gene function in the body and
shed light on diseases resulting from specific mutations,
such as Birk Barrel’s syndrome, there is a risk of off-
target effects and compensation mechanisms. TASK-3
has been shown to be present in astrocytes and micro-
glia (Gnatenco et al. 2002; Kim et al. 2011; Rusznak et al.
2004), and it is known that astrocytes play a crucial role
in driving circadian behaviour (Brancaccio et al. 2019).
Therefore, the results we present here might be due to
a combination of various factors affected by globally
knocking out TASK-3. Thus, further studies would ben-
efit from a more targeted conditional KO model. In
addition, we also note that our electrophysiology data
sets were recorded from slices taken from mouse pups.
It may be beneficial to extend the study into using slices
from older maturer animals, however viability of the
preparations can be variable.

Overall, our study highlights the role of TASK-3
leak two-pore domain potassium channels in regu-
lating the electrical properties of SCN neurons and
their impact on behavioural responses to light. Our
results indicate that a deficiency in TASK-3 channels
can cause a disruption in the circadian regulation of
cellular excitability, resulting in decreased diurnal
firing rates and reduced sensitivity to glutamate.
These changes can ultimately lead to altered



Published works
Lu et al. (2007)

Han et al. (2012)

Impact on locomotor activity and responses to light

N/A

« | Activity under LD and DD housing, peak activity later
in the night
No phase shift after light pulse at CT16

- Longer free-running in DD

Changes in MFR

N/A
- | neuronal excitability

Changes in RMP

N/A
N/A

Animal KO survival
Die within 24 h of birth

HOM mice die at P15, but
HET live

lon channel
NALCN
Nav1.1

Table 1. The role of major ion channels on the electrical properties of SCN neurons and circadian behavioural activity.
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behavioural responses to light, including reduced
phase shifting to bright light and increased variabil-
ity in re-entrainment to a new light-dark cycle.

Whitt et al. (2016)
Kudo et al. (2011)
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