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ABSTRACT

The circadian system plays an immense role in controlling physiological processes in
our body. The suprachiasmatic nucleus (SCN) supervises this system, regulating and
harmonising the circadian rhythms in our body. Most neurons present in the SCN are
GABAergic neurons. Although GABA is considered the main inhibitory neurotransmitter of
the CNS, recent studies have shown that excitatory responses were recorded in this area.
These responses are enabled by an increase in intracellular chloride ions [Cl~]; levels. The
chloride (Cl7) levels in GABAergic neurons are controlled by two solute carrier 12 (SLC12)
cation-chloride-cotransporters (CCCs): Na™/K*/Cl~ co-transporter (NKCC1) and K*/Cl~ co-
transporter (KCC2), that respectively cause an influx and efflux of Cl~. Recent works have
found altered expression and/or activity of either of these co-transporters in SCN neurons
and have been associated with circadian rhythms. In this review, we summarize and discuss
the role of CCCs in circadian rhythms, and highlight these recent advances which attest to
CCC’s growing potential as strong research and therapeutic targets.
© 2020 Shenyang Pharmaceutical University.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. The circadian system

temperature and sleep/wake cycles rely on regulation from
our circadian system [1]. Research done in mammals reveal
that the circadian system is composed of a stratified

The circadian system refers to our near 24-hour biological
clock that plays a crucial role in the daily control of
physiological and behavioural processes [1-3]. Essential
aspects in our body such as hormonal secretions, body
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assemblage of biological clocks that are supervised by a
master circadian clock known as the suprachiasmatic nucleus
(SCN) [1,4]. The primary role of the SCN is to generate and
harmonise the circadian oscillations to a near 24-h cycle
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Fig. 1 - Illustration of the retinohypothalamic tract and the suprachiasmatic nucleus. (A) illustrates the pathway where light cues
are transmitted from rod, cones and melanopsin ganglion cells through the optic nerve that goes into the
retinohypothalamic tract to reach the master clock, the Suprachiasmatic Nucleus. (B) SCN of the hamster can be divided into
a ventrolateral core and a dorsomedial shell, both densely packed with somata of small neurons. VIP is predominantly
expressed in the ventral core region and the AVP is predominantly expressed in the dorsal shell region. Most neurons
contain additionally GABA. (C) Diversity of SLC12A family in SCN neurons, NKCC1, KCC3 and KCC4 cotransporters were
mainly found expressed in SCN neurons in Dorsal region, whereas the NKCC1 and KCC2 cotransporters in SCN neurons in

Ventral region.

matching the environment [3,4]. Evidence to support the role
of the SCN in controlling circadian rhythmicity stemmed
from numerous experiments such as disrupting circadian
rhythmicity by introducing lesions in the SCN [5] or restoring
the circadian system through SCN transplant [6].

The SCN is located in the anterior part of the
hypothalamus, and it is composed of approximately 20 000
neurons, referred to as clock cells, that communicate between
each other to monitor, regulate and stabilise the circadian
system [2,7]. Through studies of the SCN, researchers were
able to identify the different anatomical regions [2,3]. Indeed,
the SCN can be divided into two parts, the dorsal that is
often referred to as the shell and the ventral part, also known
as the core region [1,3] (Fig. 1B). The core region of the SCN
is mainly composed of vasoactive intestinal peptide (VIP)
expressing neurons while the shell region is predominantly
formed of arginine vasopressin (AVP) expressing neurons
[8] (Fig. 1B). It must be noted that although VIP and AVP
expressing neurons concentrate in different regions of the
SCN, their anatomical separation is not absolute [9]. However,
for the purpose of this review, it will be considered that VIP
neurons constitute mainly the ventral part while the dorsal
part contains, primarily, AVP neurons.

To synchronise with the solar time, the SCN relies on
integrating photic signals where information about the
presence and intensity of light are transmitted as well as
non-photic cues such as the timing of meals [6,10]. Cones,
rods and photosensitive melanopsin ganglion cells of the
retina collect light information that they transmit, through the
retinohypothalamic tract (RHT), to the VIP producing neurons

in the core region of the SCN [6,10] (Fig. 1A). This assures
that the synchronisation is maintained between the clock
and the environment [6,10]. It must be noted that other parts
of the brain and body express their own circadian clock,
but are controlled by the master clock through neuronal
projections and paracrine signalling [7,11]. On a cellular
level, the molecular clock in individual cells is regulated
through a molecular feedback loop that maintains a near-24h
circadian activity locally in cells [11,12]. There is a diversity of
SLC12A family ion-transporters found in SCN neurons (Fig. 1C,
discussed in next section).

A balance between excitatory and inhibitory signalling
must be maintained for a proper function of the brain [13].
y-aminobutyric acid (GABA) is considered as the main
inhibitory neurotransmitter in the nervous system [14]. It
plays an essential role in different parts of the brain, such as
the thalamus [15] and the hypothalamus [16]. GABA seems
to play a vital role in communications between clock cells
in the SCN, evident by GABA expression in almost all SCN
neurons [7,17]. Models and experiments brought evidence of
the significant impact GABA has on plasticity, properties and
function of the SCN [18] with a recent study showing that
a lack of GABA function led to disruptions of the circadian
rhythms [19].

Although GABA is often referred to as an inhibitory
neurotransmitter, there is a growing number of evidences
to support that GABA can also elicit excitatory responses
[7,16]. In fact, more than 95% of the neurons that enables the
mammalian SCN to play its role as the master pacemaker for
circadian rhythms are GABAergic neurons [20], which speaks
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volume of the role of GABA in the regulation of the circadian
rhythm in SCN. Recently, Ono and colleagues published review
articles on the role of GABA in the regulation of circadian
rhythm and how GABAergic mechanisms influences the
circadian system [7,21], while He et al. and Chi-Castanieda
et al. highlighted the effect of circadian systems on GABA
transport in the SCN in their respective review publications
[22,23]. Tt is generally accepted that GABA plays the role of
an excitatory neurotransmitter during foetal development
[24,25]. Indeed, GABA stabilises and refines the circadian
firing rhythm in the foetal SCN [19]. Recently, this GABA-
depolarising phenomenon was also observed in multiple
areas of a matured brain, including the SCN [26]. However,
this excitatory theory was recently opposed by Zilberter, as
the paper questioned the validity of this theory [26]. The
commentary highlights the contrast observed between in
vitro and in vivo where GABA is respectively excitatory and
inhibitory during foetal development. The difference may
stem from limitations associated with in vitro studies or
preparation on acute brain slices [26]. The exact cause of
difference observed was not identified but emphasis was
given on the need to conduct more research on this topic [26].
Polarity in GABA neurons depends on the GABA equilibrium
potential (Egapa). Ecapa is regulated by the intracellular
concentration of chloride ions [Cl7]; [25]. If the [Cl7]; in an
SCN neuron is high, the Egaga Will be more positive, and the
GABA signalling will result in depolarisation [25]. If the [Cl™];
is low, the Egapa Will be more negative, and the response is an
inhibitory hyperpolarisation [25] (Fig. 2). In all these, however,
the mechanism of GABAergic signalling is still elusive as
controversy persists on its status as an excitatory or inhibitory
neurotransmitter [7].

Neuronal [Cl7]; is majorly regulated by two cation
chloride cotransporters (CCCs): Nat-K*—2Cl~ cotransporter
1 (NKCC1) and the K*—2Cl~ cotransporter 2 (KCC2) [27].
NKCC1 drives Cl~ into the cell through the Na' gradient
generated by Na'/K*/ATPase, and KCC2 extrudes the CI~
in mature neurons [28]. NKCC1 expression is reduced with
KCC2 increased during development, this results in high
[Cl"]; in immature neurons, and low [Cl7]; in mature
neurons[29,30]. Therefore, mature neurons have low [Cl™];
causing a shift in Egapa from depolarising to hyperpolarising
[29,30]. Thus, KCC2 and NKCC1 are crucial regulators of
GABA mediated hyperpolarisation: an essential component of
synaptic inhibition within the adult brain (Fig. 2).

Recently, a lot of research has been conducted on CCCs
and SCN in the body; in view of this, the structural aspect
of NKCC1 and KCC2 are not dealt with in this review.
Thus, the aim of this review is to summarise the current
understanding of the role of NKCC1 and KCC2 cotransporters
in SCN neurons, and the impact they have on the master
clock of the circadian system, and on a broader picture,
the regulation of the circadian system. The review will first
examine the expression of NKCC1 and KCC2 within the SCN,
and the impact different expression has on the polarity of
SCN neurons. Then, the relationship between CCC expression
and light, a main driver of circadian rhythmicity, will be
considered. Lastly, the regulation of NKCC1 and KCC2 by
other components of the cell, that may play a critical role in
maintaining the circadian system, will be discussed.
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Fig. 2 - GABAA signalling shifts from depolarizing to
hyperpolarising responses is mediated by developmental
expression of KCC2 and NKCC1. The differential expression
of these channels regulates [C]7];, and therefore determines
the activity of GABA. NKCC1 pumps Cl~ into neurons, its
expression is high in the early postnatal period, decreasing
as maturation proceeds. The expression pattern for KCC2,
responsible for Cl~ efflux is directly opposite. In the
embryonic and early postnatal periods, [C17]; is high and so
GABAergic signalling is excitatory (depolarising); as
maturation occurs, [Cl~]; decreases, initiating the
development hyperpolarising shift, whereby GABAergic
signalling becomes inhibitory. Figure elements were taken
and modified from Tillman and Zhang [25].

2. Expression of NKCC1 and KCGC2 in the SCN

When investigating the role of CCCs in the circadian system
and its master clock, the SCN, one approach was to first
observe the distribution of NKCC1 and KCC2. Studying the
distribution of CCCs will provide vital information on the
regulation of [Cl7]; in the GABAergic neurons of a matured
SCN. This section aims to gain insight into the diverse
expression of the CCCs in the SCN. Kanaka and colleagues
investigated the expression of the CCCs by analysing the
messenger RNA (mRNA) of NKCC1 and KCC2 in the nervous
system of rats [31]. Using five male Wistar rats, they observed
that NKCC1 mRNA seemed to be ubiquitously expressed
in the nervous system, including the SCN, while KCC2
mRNA was absent in the dorsal part of the SCN [31]. This
void of KCC2 in the shell region of the SCN was also
observed by Belenky and colleagues [9] who noticed that
KCC2 was instead highly expressed in the ventral area [9].
When comparing both studies, they have similar conclusions;
however, Belenky’s paper seems to be more accurate than
Kanaka’s for numerous reasons. First, Kanaka and colleagues
used only 5 male rats, whereas Belenky used 47 rats; this
provides a strong statistical significance for Belenky’s study.
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Then, the method used by Kanaka was to study the mRNA
distribution. One common limitation cited with this method
is that although mRNA expression usually translates in the
presence of the protein it codes for, in this case CCCs, it is
not a certainty. Belenky’s method is considered more reliable
as the team employed numerous immunostaining methods
that were used alongside a confocal microscope. The method
employed by Belenky and colleagues is more reliable as
they used antibodies that specifically bind to membrane-
bound KCC2 and NKCC1. By binding directly to the CCCs, the
antibodies confirm the presence of the co-transporters. The
mRNA method is less reliable as mRNA presence might not
necessarily mean that they were translated into proteins.

Overall, both papers showed that NKCC1 is expressed
across the SCN, while KCC2 is expressed only in the ventral
region of the SCN [32]. In trying to understand the underlying
mechanism of GABA induced excitation in the SCN, Belenky
and team uncovered a potential explanation for the void of
KCC2 in the dorsal region [32]. Using immunostaining on the
SCN of 32 adult rats, Belenky’s team observed that while
KCC2 is highly expressed in the core region, the dorsal region
expresses other isoforms of KCC, KCC3 and KCC4 [32] (Fig. 1C).
The paper showed that no co-localisation existed between
KCC2 and KCC4 [32]. Though, we did not discuss the structural
characteristic of CCCs in this review but it is important to
briefly state that various isoforms of KCC can be differentiated
in situ by their specific antibodies. Over the years, data
base queries and library screening coupled with molecular
techniques such as polymerase chain reaction have been used
to identify putative isoforms of CCCs specifically localized in
various cells. Payne et al. used KCC2-specific cDNA probe for
a northern blot analysis on cell culture prepared from a fresh
whole brain of Wistar rats [33]. Furthermore, they investigated
the KCC2 transcript distribution within the rat brain with a
KCC2-specific 3°S-labeled riboprobe in situ. Pan and colleagues
used real time RT-quantitative PCR technique to investigate
the expression of mRNAs for various isoforms of KCC in
red blood cells of C57/BL6 mice [34]. Overall, a combination
of NKCC1 and KCC2 is expressed in VIP-expressing neurons
of the core region in the SCN while NKCC1 and KCC3/4 is
found in the AVP-expressing neurons of the shell region.
Interestingly, reports that putatively restrict KCC2 to neuronal
tissue [33,35,36], and confirm NKCC1 to be ubiquitous [37-
39] both exist. Taken together, these investigations highlight
the importance of NKCC1 and KCC2 in the SCN and suggests
a role for them in the circadian system.

3. Regulation of [C]~]; by NKCC1 and KCC2 in
SCN neurons

NKCC1 and KCC2 are crucial for the regulation of the
intracellular concentration of chloride ions [Cl7];, that is
important to determine the polarity of the neurons [25].
It is known that during development, an elevated [Cl7]; is
observed in immature neurons and that when activated,
they display a depolarising response [29]. This is due to a
higher expression of NKCC1 in comparison to KCC2. During
maturation, NKCC1 expression gradually decreases and KCC2
expression increases, resulting in an opposite expression

pattern [29] (Fig. 2). When a pharmacological blocker of
NKCC1 is applied to immature neurons, it was observed
that the polarity shifts from excitatory to inhibitory [29].This
exemplify the importance of the NKCC1 — KCC2 pair for the
regulation of [Cl7]; and more broadly, for the polarity of the
neuron.

Choi and colleagues noticed that NKCC1 expression in
matured SCN neurons evolved during a 24-h cycle and was
particularly high during the night in the dorsal region of
the SCN [40]. This increase in expression was associated
with GABA-evoked excitatory responses in the shell region
that was recorded through a gramicidin-perforated-patch
recording [40]. This increased NKCC1 expression in the dorsal
region of the SCN at night was also observed by Alamilla and
colleagues [41]. Using a patch-clamp approach, they noticed
that the Egapa of the dorsal and ventral regions reversed
between day and night [41]. Concurrent with an increase in
NKCC1 expression at night, the team recorded an Egaga of
—30mV and that when GABA was stimulated, the signalling
induces an excitatory response [41]. In both experiments, the
application of bumetanide, an NKCC blocker, resulted in a
dampening of the excitatory responses in SCN neurons [40,41].
Alamilla and colleagues observed that bumetanide resulted
in a more negative equilibrium potential [41] while Choi and
colleagues observed that the application of bumetanide on
individual neurons was sufficient to switch the response from
excitatory to inhibitory [40]. The high expression of NKCC1
in the dorsal region at night, coupled with the excitatory
responses observed, display the clear role of NKCC1 in the
regulation of [Cl~]; in SCN neurons.

Klett and Allen investigated the regulatory mechanism of
[C17]; in AVP and VIP neurons by using specific blockers for
NKCC1 and KCCs, respectively, bumetanide and VU0240551
(VU) in rodents [42]. To quantify the effectiveness of these
blockers and study the role of NKCC1 and KCCs in the
regulation of intracellular levels of Cl~ ions, the team used
ratiometric Cl~ imaging [42]. Consistent with previous studies,
the pair reported KCC2 expression in VIP neurons and absence
in AVP neurons and KCC3 and KCC4 in AVP neurons. They
also observed that [Cl7]; levels are higher during the day
in comparison to night in both VIP and AVP neurons but
bumetanide had little effect on the [Cl™]; levels of neurons
when compared to VU. This suggests that KCC seems to play a
more prominent role in the regulation of intracellular levels of
Cl~in comparison to NKCC1 [42]. Klett and Allen also noticed
that VU had a more significant effect on VIP-expressing
neurons compared to AVP neurons [42]. Although VU exhibit
selectivity towards KCC2 over NKCC1, VU lack selectivity for
a specific KCC isoform. Thus, VU may have acted on KCC3
or KCC4 in AVP neurons and it can concluded that KCCs are
the primary regulators of [Cl~];. These papers have provided
evidence that the NKCC1 — KCC2 pair is massively involved
in the regulation of intracellular Cl~ levels of SCN neurons.
This regulation influences the response of SCN neurons. An
upregulation of NKCC1 leads to a higher [Cl7]; since it allows
an influx of Cl~ and thus when GABA is stimulated, causes
an excitatory response. However, these papers do not provide
sufficient information on elements that modulate the NKCC1
and KCC2 expression in SCN cells. Although these papers
provide interesting information on the NKCC1-KCCs pairing
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in SCN neurons, they do not cover on modulators involved
in regulating their expression and activity. Furthermore, more
research is needed to understand the relationship between
the two CCCs, to categorically conclude if one is more essential
than the other in AVP and/or VIP neurons.

As earlier mentioned in this review, KCC2 and NKCC1 are
crucial regulators of GABA mediated polarisation shifts. In
other words, the progressive difference in [Cl7]; regulation
between immature and mature neurons is mainly caused
by a difference in expression/activity of the key chloride
transporters NKCC1 and KCC2 [29,30] and it varies across
different species [43]. Ben-Ari and co-workers documented
that a shift in [Cl™]; in rodents happen during the second
postnatal weeks [24]. Similarly, Rivera et al. experiment on
hippocampal tissue and Dzhala et al. study on cortical tissues
of experimental rats both revealed that an increased KCC2
mRNA expression increased after postnatal week 2 while
mRNA expression of NKCC1 declined between 14 and 21
postnatal days [44,45]. Furthermore, Dzhala and colleagues
comparatively carried out the same experiment on human
cortex and found out that KCC2 expression increases around
40 d postnatal week, whereas NKCC1 expression reaches
matured stage approximately around 50 postnatal days
[45]. These findings suggest that significant variation in
maturation patterns exist among different species; a key
factor worth considering when comparing studies using
different models.

4. The relationship between light and NKCC1
and KCCs in the SCN

When considering the upregulation of NKCC1 in the dorsal
region at night [40,41], one can question if light influences the
expression of the CCCs in the SCN neurons. Indeed, this point
is compelling as light is missing during night and it is known
that SCN neurons integrate photic cues that are collected and
transferred from the retina through the RHT (Fig. 1). Beyond
the simple difference between day and night, variations of
light exposure is key during seasonal change. Indeed, the
transition between seasons (e.g. winter to spring) is mainly
characterised by lengthening or shortening of light exposure
[46]. For animals, synchronising their biological clocks is, in
some case, a do or die situation as these annual changes
can threaten their survival [46]. Seasonal affective disorder, a
form of depression that is sensitive to day length changes, is
partially caused by a transition in the photoperiod exposure
length [47,48]. Understanding if light regulates the expression
on NKCC1 and KCC2 to alter the SCN and thus the circadian
system is paramount as humans in the modern society are
often exposed to artificial light [49]. This section of the review
aims to explore the potential link of light exposure to the
expression of NKCC1 and KCC2 in SCN neurons to further
understand the possible consequences on light regulation
on the circadian system/rhythm through NKCC1 and KCC2.
Although the team did not focus on NKCC1 and KCC2,
the work conducted by VanderLeest and colleagues provides
precious insight into the role of SCN neuronal network in
encoding day lengths [50]. They housed mice under long and
short photoperiods and recorded SCN activity in vitro and in

vivo. Their results revealed different activity profiles for long-
day and short-day conditions [50]. In particular, in long days,
the animals showed less nocturnal activity than in short-day.
This paper provided evidence that the SCN is influenced by
day length and that the difference is significance between long
and short days [50]. The rest of this section will go in focus on
the CCCs’ expression in relation to light.

4.1. Light and NKCC1

McNeill and colleagues administered the NKCC1 blocker,
bumetanide, at different times of the cycle and to varying
doses in hamsters to see the effects of NKCC1 on the circadian
clock [51]. Exposure to light in the early subjective night
phase delays the SCN and light in the subjective night phase
advance the SCN. This information shows the phase delaying
capacity of light that contributes to one of the main functions
of the circadian system- the entrainment of day & night
cycles. They observed that bumetanide administered during
the early subjective night phase reduced the light-induced
phase delays but did not alter the circadian phase in the
absence of light [51]. This paper provides proof that reduction
of excitatory GABA, reduces the phase delays in the circadian
system triggered by light [51], suggesting NKCC1 activity could
be one of the biomarkers for such process. The data gathered
by McNeill and colleagues are consistent with models that
propose that depolarising response from RHT innervations are
associated with neurons having a higher ratio of NKCC1:KCC2
activity [52] .

Farajnia and colleagues explored the expression of NKCC1
in SCN under long and short-day photoperiods by recording
the neuronal response [47]. Using the NKCC1 blocker
bumetanide on mice, the team noticed that in mice subjected
to long-day photoperiods, 40% of cells were excitatory, while
36% were inhibitory. However, for short-day subjects, 52%
of neurons were inhibitory and 28% excitatory [47]. These
results support the different phenotypes associated with
short-days and long-days, consolidating the idea presented
in VanderLeests’ paper. Farajnia’s findings also support
the concept that long-day photoperiod exposure induces
a polarity switch in GABAergic neurons of the SCN, from
inhibitory to excitatory. Treatment with bumetanide reduced
the excitatory GABAergic response, suggesting photoperiod
modulation of NKCC1 activity or expression [47].

Taken together, the papers highlight the contribution
of light to the entrainment of the circadian system and
that this role is accomplished via regulatory feedback on
NKCC1 activity. Farajnia and colleagues showed that longer
photoperiods induced a higher number of SCN neurons
to switch polarity and display excitatory activity, thus
providing different excitatory and inhibitory ratio profiles
for long and short days [47]. McNeill and colleagues’
paper showed that NKCC1 was involved in circadian phase
delay due to a higher exposure to light [S51]. Due to the
mediatory role of NKCC1 in the SCN neurons, Farajnia et al.
[47] suggested the potential clinical use of bumetanide to
reduce inappropriate excitatory GABAergic responses. This
will enable the modulation of the circadian system for
patients exhibiting long-day phenotype to restore it closer
to a normal rhythm [47]. Although bumetanide-induced
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reduction of excitatory GABAergic signalling improved the
behaviour of autistic children [47], more research is needed
to explore the potential clinical use of bumetanide in this
scenario. In particular, dosage should be investigated further
as bumetanide shows a 500-fold greater affinity to NKCC1
compared KCC2 but at high doses, bumetanide can inhibit CI~
efflux via KCC2 [51].

4.2. Light and KCC2

Olde and colleagues investigated the role of KCC2 by studying
mice that were exposed to short and long photoperiods
[14]. They studied the responses of GABAergic neurons in
the SCN for each photoperiod and compared it to mice
given KCC2 blocker, VU0255011 [14]. The team observed that
in the control groups, mice exposed to short photoperiods
exhibit a higher GABAergic inhibitory response (56%) when
compared to mice entrained to a long photoperiod (31%).
This suggests that the ratio activities of NKCC1:KCC2 differ
according to light exposure: KCC2 activity increased with
less light exposure. In the VU0255011 groups, Olde and
team noticed that inhibitory responses severely decreased
to 31% inhibitory responses in short photoperiods and only
15% inhibitory response in long photoperiods [14]. This
reduction in inhibitory responses and increase in excitatory
responses is wholly justified as KCC2 activity was blocked,
consequently increasing the [Cl~];. When looking closely at
the data, one can notice that with the use of VU0255011, short
photoperiod neurons had a similar percentage of excitatory
and inhibitory neuronal response [14|. Beyond showing that
light influences the excitatory/inhibitory(E/I) balance via the
ratio activity of NKCC1 and KCC2, the paper suggests that only
blocking KCC2 is enough to change the E/I balance in SCN
neurons.

4.3.  NKCC1 and KCC2 under light

Although the aforementioned papers provided substantial
evidence for the regulation of the CCC in different photic
exposure, the researches only focused on one of the CCCs
without investigating both under short and long photoperiods
[53]. Myung and colleagues investigated short and long
entrained SCN neurons, that will be discussed below. First,
at a transcriptional level, the team examined the transcripts
of two proteins, brain and muscle Arnt-likel (Bmal 1) and
period (Per), that are involved in maintaining the near 24h
circadian oscillations in clock cells. They noticed only a little
difference between short and long photoperiods, however,
when observing NKCC1 and KCC2, they notice an upregulation
of both NKCC1 and KCC2 in the long-phase entrained
SCN neurons in comparison to the short-photoperiod SCN
neurons [53]. Furthermore, the team noted that NKCC1:KCC2
expression ratio was significantly higher in the dorsal region
for long entrained SCN neurons [53]. However, Myung and
colleagues used transcripts to obtain these results and
mRNA presence does not necessarily translate into protein
expression. Thus, there is insufficient evidence to confidently
confirm a higher expression of NKCC1. The researchers also
explored the effect of different light duration entrainment
on the circadian oscillations emitted in the SCN neurons.

They noticed excitatory GABAergic response in the dorsal
region of the SCN and concluded that this is probably due
to an upregulation of NKCC1. The excitatory GABA was also
associated with phase advances in circadian oscillations of
the dorsal region [53]. This phase-advance in the dorsal
region causes a desynchronisation with the ventral area
[53]. Indeed, since the oscillation phases are quicker in the
dorsal region, the ventral part has difficulty keeping up. This
desynchronisation is further exacerbated by the fact that
the VIP signal produced by the ventral SCN become diffuse,
thus diminishing the ability of ventral region SCN neurons
to synchronise with dorsal region of SCN neurons [53]. This
study provides evidence that light exposure can alter the
expression ratios of NKCC1 and KCC2 in the SCN and adjust
the polarity of GABA signalling, resulting in dysregulated
circadian oscillations. The idea of using bumetanide as a
therapeutic tool, suggested in the Farajnia’s paper [47], can
be useful for resetting and resynchronising the two regions of
the circadian master clock. Indeed, application of the NKCC1
can reduce the polarity switch to excitatory neurons and
thus reduce the phase advance observed in the dorsal region,
permitting the resynchronisation of both zones.

Overall, these studies provide evidence that light has
an impact on the expression and activity of CCCs, NKCC1
and KCC2 in the SCN. There is substantial evidence that
NKCC1 and KCC2 are expressed differently in short and long
photoperiods and contributes to the regulation of circadian
phases. Overexposure to light can result in alteration and
desynchronization of the circadian oscillations that are
generated by the SCN regions. This is a cause for concern as
failure to maintain synchrony may contribute to pathogenesis
as the body does not follow one rhythm. Targeting the CCC in
the SCN should be explored as it could yield great potential
value.

5. Phosphoregulation of NKCC1 and KCCs

Like all the other CCCs, NKCC1 and KCCs are regulated by
a cascade of kinases [54]. The primary kinase of interest is
the serine-threonine kinase WNK (with no K [lysine]) and its
downstream substrates, Ste20/SPS1-related proline-alanine-
rich kinase (SPAK) and oxidative stress responsive 1 (OSR1),
initiates downstream phosphorylation that directly affect the
activity of NKCC1 and KCCs in cells. Susa et al. [55] studied
WNK4 in male mice and reported that the activity of the
WNK4 cascade displayed a diurnal rhythm in mouse kidneys.
Transcript [53] and immunostaining [32] studies identified
WNK3 as the most common isoform in the SCN. WNK3 is
a chloride sensitive kinase that is involved in the regulation
of [Cl™]; levels and GABA induced excitation [32,53]. These
kinases may play a vital role in the detection of direction of
Cl~ movement in SCN neurons [32]; thus, they are involved in
the regulation of [Cl™]; levels and in the polarity of GABAergic
neurons. WNK3 has important control of the cellular activity
of NKCC1 and KCC2. Indeed, NKCC1 activity is increased when
it is phosphorylated by WNK3 while KCC2 activity is inhibited
[54,56] (Fig. 3). These characteristics of WNK3 were obtained
after researched conducted by Kahle and colleagues [56]. They
studied the impact of WNK3 regulation on NKCC1 and KCC2
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Fig. 3 — A novel strategy to facilitate neuronal CI~ extrusion by coincident NKCC1 inhibition and KCC2 activation by inhibiting the
WNK3-SPAK/OSR1 kinases. In neurons in multiple neuropsychiatric conditions driven by hyperexcitable circuits (e.g.,
seizures, neuropathic pain, spasticity, schizophrenia, and others), [C]~]; are elevated due to increased NKCC1 activity, and/or
decreased KCG2 activity, promoting GABAsR-mediated membrane depolarization and excitation. In healthy mature
neurons, [Cl~]; is low due to the opposite activity profile of the CCCs, promoting GABA R-mediated hyperpolarization,
which is critical for the proper balance of excitation-inhibition in neuronal circuits. WNK-SPAK/OSR1 inhibition, via the
coincident effects of NKCC1 inhibition and KCG2 activation (the main Cl~ extrusion mechanism in neurons) might be a
potent way of facilitating neuronal Cl~ extrusion to restore ionic inhibition in diseases that are characterized by disordered
Cl~ homoeostasis and GABA disinhibition. ZT-1a, a specific SPAK inhibitor [63]. Figure elements were taken and modified

from Tillman and Zhang [25].

cotransporters in Xenopus oocytes. One effective result that
shows this importance of WNK3 in the activation of NKCC1 is
that in the abs-ence of WNK, NKCC1 was inactive or partially
active in respectively hypotonic and isotonic conditions, but
NKCC1 was only fully activated in hypertonic conditions [56].
However, when NKCC1 was co-expressed with WNK3, NKCC1
was fully active in all three states [56]. When the team used a
mutated version of WNK3, referred to as kinase-dead WNK3,
they observed the opposite effect in NKCC1 and KCC2 [56].
We recently employed a functional kinomics study,
incorporating a kinome-wide siRNA-phosphoproteomic
screen and a kinase trapping-Orbitrap MS screen, to show that
WNK3-SPAK kinase complex is an essential regulator of both
KCC3 Thr991 and Thr1048 phosphorylation (corresponding
to KCC2 Thr906 and Thr1007) in in vitro cells and in vivo
mouse brains [57,58]. We further demonstrated that WNK1/3-
regulated phosphorylation of KCC2 at Thr906 and Thr1007,
by SPAK/OSR1, maintains depolarising GABA activity in
immature neurons [59,60]. Notably, while phosphorylation
of KCC2 reduces its activity, the WNK-SPAK/OSR1 kinase
pathway also phosphorylates NKCC1, but this increases
NKCC1 function. Thus, the same kinase pathway causes
opposite effects on the opposing co-transporters, providing a
very powerful push-pull regulatory control of [Cl~];. Previous
crystallographic analysis [61] and our recent study using in
vivo SPAK mouse model [62], suggest SPAK or OSR1 serves as a
bridge to facilitate the signalling cascade between WNKs and
CCCs. Furthermore, we have recently developed a novel SPAK
binding inhibitor, termed ZT-1a, which specifically blocks this

signalling pathway, and subsequently reduces the NKCC1 and
KCCs phosphorylation in cultured cells and in vivo mouse and
rat brains [63]. This is promising because ZT-1a may interfere
with the SPAK regulation of GABA signalling via NKCC1 and
KCC2 through controlling [C]™]; in neurons.

These studies show that WNK3-SPAK/OSR1 is a key
component in the control of [Cl7]; and it accomplishes this
role through the phosphorylation of the CCCs. This role
can be especially crucial in the polarity shift of GABAergic
neurons observed in the SCN. Although these current studies
support the role of WNK3-SPAK/OSR1 signalling in the
regulation of clock cells in the SCN, this paper does not
provide information on whether the WNK3 or SPAK/OSR1
phosphorylation activity presents circadian patterns. More
research should be conducted to see if light exposure can
influence or work alongside WNK3 or SPAK/OSR1 for the
regulation of NKCC1:KCC2 ratio in the SCN. Furthermore,
other regulatory mechanisms of NKCC1 and KCC2 should be
explored to see if they have any association to our circadian
system, as this field remains still fairly novel. Technological
advancements can be a driving factor in unveiling the
mechanism underlying regulation, as seen with the papers
used in this review.

6. Conclusion

NKCC1 and KCC2 are massively involved in regulating the
polarity of GABAergic neurons in the SCN. These CCCs enable
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this through a control of the intracellular Cl~ levels, that alter
the equilibrium potential. This polarity regulation is a key
instrument to maintain an appropriate ratio of excitatory and
inhibitory GABA response in the SCN. These CCCs expression
ratios and activity can be altered by light, resulting in profound
changes in the circadian oscillations and rhythmicity of
the SCN. NKCC1 and KCC2, and their upstream regulators,
WNK-SPAK/OSR1, and new drug like molecular ZT-1a, also
present potential therapeutic options for conditions related
to circadian disruption. However, more research on this topic
is needed to decipher their mechanism of action. Further
studies should focus on human’s clinical trials as most of the
experiments were completed in animal models. Nevertheless,
these experiments provide precious insights into this complex
yet important regulation.

Conflict of interest

The authors assert that there is no conflict of interests
concerning the publication of this review.

Acknowledgment

This work was in part supported by a Commonwealth PhD
Scholarship (S.S.J.), NSFC grants to Y.W. (31771188, 31471027),
and the University of Exeter Medical School start-up fund (J.Z.)
and NIH Grants R01 NS109358 (J.Z.).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ajps.2020.10.003.

REFERENCES

[1] Bechtold DA, Gibbs JE, Loudon AS. Circadian dysfunction in
disease. Trends Pharmacol Sci 2010;31(5):191-8.

[2] Collins B, Brown S. Beyond the molecular clock. Curr Opin
Physiol 2018;1(5):109-16.

[3] Herzog ED, Hermanstyne T, Smyllie NJ, Hastings MH.

Regulating the suprachiasmatic nucleus (SCN) circadian

clockwork: interplay between cell-autonomous and

circuit-level mechanisms. Cold Spring Harb Perspect Biol
2017;9(1):a027706.

Mohawk JA, Green CB, Takahashi JS. Central and peripheral

circadian clocks in mammals. Ann Rev Neurosci

2012;35:445-62.

Sujino M, Masumoto KH, Yamaguchi S, van der Horst GT,

Okamura H, Inouye ST. Suprachiasmatic nucleus grafts

restore circadian behavioral rhythms of genetically

arrhythmic mice. Curr Biol 2003;13(8):664-8.

[6] Morin LP, Allen CN. The circadian visual system, 2005. Brain
Res Rev 2006;51(1):1-60.

[7] Ono D, Honma KI, Yanagawa Y, Yamanaka A, Honma S. Role
of GABA in the regulation of the central circadian clock of
the suprachiasmatic nucleus. ] Physiol Sci 2018;68(4):333-43.

[8] WangJL, Lim AS, Chiang WY, Hsieh WH, Lo MT,

Schneider JA, et al. Suprachiasmatic neuron numbers and

[4

[5

rest-activity circadian rhythms in older humans. Ann Neurol

2015;78(2):317-22.

Belenky MA, Yarom Y, Pickard GE. Heterogeneous expression

of gamma-aminobutyric acid and gamma-aminobutyric

acid-associated receptors and transporters in the rat
suprachiasmatic nucleus. ] Comp Neurol 2008;506(4):708-32.

[10] Paul KN, Saafir TB, Tosini G. The role of retinal
photoreceptors in the regulation of circadian rhythms. Rev
Endocr Metab Disord 2009;10(4):271-8.

[11] Belle MD. Circadian tick-talking across the neuroendocrine
system and suprachiasmatic nuclei circuits: the
Enigmatic communication between the molecular and
electrical membrane clocks. ] Neuroendocrinol
2015;27(7):567-76.

[12] Schroeder A, Colwell C. How to fix a broken clock. Trends
Pharmacol Sci 2013;34(11):605-19.

[13] Haider B, Duque A, Hasenstaub AR, McCormick DA.
Neocortical network activity in vivo is generated through a
dynamic balance of excitation and inhibition. ] Neurosci
2006;26(17):4535-45.

[14] Olde Engberink AHO, Meijer JH, Michel S. Chloride
cotransporter KCC2 is essential for GABAergic inhibition in
the SCN. Neuropharmacology 2018;138:80-6.

[15] Schmidt T, Ghaffarian N, Philippot C, Seifert G,

Steinhauser C, Pape HC, et al. Differential regulation of
chloride homeostasis and GABAergic transmission in the
thalamus. Sci Rep 2018;8(1):13929.

[16] Kim YB, Colwell CS, Kim YI. Long-term ionic plasticity of
GABAergic signalling in the hypothalamus. J
Neuroendocrinol 2019;31(8):e12753.

[17] Albers HE, Walton JC, Gamble KL, JKt McNeill, Hummer DL.
The dynamics of GABA signaling: revelations from the
circadian pacemaker in the suprachiasmatic nucleus. Front
Neuroendocrinol 2017;44:35-82.

[18] DeWoskin D, Myung J, Belle MD, Piggins HD, Takumi T,
Forger DB. Distinct roles for GABA across multiple timescales
in mammalian circadian timekeeping. Proc Natl Acad Sci
USA 2015;112(29):E3911-9.

[19] Ono D, Honma KI, Yanagawa Y, Yamanaka A, Honma S.
GABA in the suprachiasmatic nucleus refines circadian
output rhythms in mice. Commun Biol 2019;2:232.

[20] Abrahamson EE, Moore RY. Suprachiasmatic nucleus in the
mouse: retinal innervation, intrinsic organization and
efferent projections. Brain Res 2001;916(1-2):172-91.

[21] Ono D, Honma KI, Honma S. GABAergic mechanisms in the
suprachiasmatic nucleus that influence circadian rhythm. J
Neurochem 2020. doi:10.1111/jnc.15012.

[22] He S, Zhang X, Qu S. Glutamate, glutamate transporters, and
circadian rhythm sleep disorders in neurodegenerative
diseases. ACS Chem Neurosci 2019;10(1):175-81.

[23] Chi-Castaneda D, Ortega A. Circadian regulation of
glutamate transporters. Front Endocrinol 2018;9:340.

[24] Ben-Ari Y. Excitatory actions of gaba during development:
the nature of the nurture. Nat Rev Neurosci 2002;3(9):728-39.

[25] Tillman L, Zhang]. Crossing the chloride channel: the current
and potential therapeutic value of the neuronal K(+)-Cl(-)
cotransporter KCC2. Biomed Res Int 2019;2019:8941046.

[26] Commentary ZY. GABA Depolarizes immature neurons and
inhibits network activity in the neonatal neocortex in vivo.
Front Pharmacol 2015;6:294.

[27] Deeb TZ, Lee HH, Walker JA, Davies PA, Moss S].
Hyperpolarizing GABAergic transmission depends on KCC2
function and membrane potential. Channels
2011;5(6):475-81.

[28] Wright R, Newey SE, Ilie A, Wefelmeyer W, Raimondo JV,
Ginham R, et al. Neuronal chloride regulation via KCC2 is
modulated through a GABAB receptor protein complex. ]
Neurosci 2017;37(22):5447-62.

[9


https://doi.org/10.1016/j.ajps.2020.10.003
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0001
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0001
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0001
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0001
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0002
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0002
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0002
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0003
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0003
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0003
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0003
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0003
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0004
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0004
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0004
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0004
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0005
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0005
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0005
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0005
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0005
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0005
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0005
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0006
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0006
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0006
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0007
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0007
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0007
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0007
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0007
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0007
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0008
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0009
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0009
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0009
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0009
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0010
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0010
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0010
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0010
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0011
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0011
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0012
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0012
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0012
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0013
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0013
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0013
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0013
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0013
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0014
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0014
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0014
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0014
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0015
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0015
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0015
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0015
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0015
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0015
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0015
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0015
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0016
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0016
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0016
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0016
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0017
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0017
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0017
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0017
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0017
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0017
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0018
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0018
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0018
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0018
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0018
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0018
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0018
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0019
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0019
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0019
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0019
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0019
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0019
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0020
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0020
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0020
https://doi.org/10.1111/jnc.15012
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0022
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0022
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0022
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0022
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0023
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0023
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0023
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0024
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0024
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0025
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0025
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0025
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0026
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0026
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0027
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0027
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0027
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0027
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0027
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0027
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0028
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0028
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0028
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0028
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0028
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0028
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0028
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0028

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 16 (2021) 589-597 597

[29] Yamada J, Okabe A, Toyoda H, Kilb W, Luhmann HJ,
Fukuda A. Cl- uptake promoting depolarizing GABA actions

in immature rat neocortical neurones is mediated by NKCC1.

J Physiol 2004;557(Pt 3):829-41.

[30] Plotkin MD, Snyder EY, Hebert SC, Delpire E. Expression of
the Na-K-2Cl cotransporter is developmentally regulated in
postnatal rat brains: a possible mechanism underlying
GABA’s excitatory role in immature brain. ] Neurobiol
1997;33(6):781-95.

[31] Kanaka C, Ohno K, Okabe A, Kuriyama K, Itoh T, Fukuda A,
et al. The differential expression patterns of messenger
RNAs encoding K-Cl cotransporters (KCC1,2) and Na-K-2Cl
cotransporter (NKCC1) in the rat nervous system.
Neuroscience 2001;104(4):933-46.

[32] Belenky MA, Sollars PJ, Mount DB, Alper SL, Yarom Y,
Pickard GE. Cell-type specific distribution of chloride
transporters in the rat suprachiasmatic nucleus.
Neuroscience 2010;165(4):1519-37.

[33] Payne JA, Stevenson TJ, Donaldson LF. Molecular

characterization of a putative K-ClI cotransporter in rat brain.

A neuronal-specific isoform. ] Biol Chem
1996;271(27):16245-52.

[34] Pan D, Kalfa TA, Wang D, Risinger M, Crable S, Ottlinger A,
et al. K-Cl cotransporter gene expression during human and
murine erythroid differentiation. ] Biol Chem
2011;286(35):30492-503.

[35] Vinay L, Jean-Xavier C. Plasticity of spinal cord locomotor

networks and contribution of cation-chloride cotransporters.

Brain Res Rev 2008;57(1):103-10.

[36] Tapia D, Suarez P, Arias-Garcia MA, Garcia-Vilchis B,
Serrano-Reyes M, Bargas J, et al. Localization of chloride
co-transporters in striatal neurons. Neuroreport
2019;30(6):457-62.

[37] Haas M, Forbush B 3rd. The Na-K-Cl cotransporter of
secretory epithelia. Annu Rev Physiol 2000;62:515-34.

[38] Jaggi AS, Kaur A, Bali A, Singh N. Expanding spectrum of
sodium potassium chloride co-transporters in the
pathophysiology of diseases. Curr Neuropharmacol
2015;13(3):369-88.

[39] Jalali R, Lodder JC, Zandieh-Doulabi B, Micha D, Melvin JE,
Catalan MA, et al. The role of Na:K:2Cl cotransporter 1
(NKCC1/SLC12A2) in dental epithelium during enamel
formation in mice. Front Physiol 2017;8:924.

[40] Choi HJ, Lee CJ, Schroeder A, Kim YS, Jung SH, Kim JS,
et al. Excitatory actions of GABA in the suprachiasmatic
nucleus. ] Neurosci 2008;28(21):5450-9.

[41] Alamilla ], Perez-Burgos A, Quinto D, Aguilar-Roblero R.
Circadian modulation of the Cl(-) equilibrium potential
in the rat suprachiasmatic nuclei. Biomed Res Int
2014;2014:424982.

[42] Klett NJ, Allen CN. Intracellular chloride regulation in AVP+
and VIP+ neurons of the suprachiasmatic nucleus. Sci Rep
2017;7(1):10226.

[43] Schulte JT, Wierenga CJ, Bruining H. Chloride transporters
and GABA polarity in developmental, neurological and
psychiatric conditions. Neurosci Biobehav R 2018;90:260-71.

[44] Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen H,
Lamsa K, et al. The K+/Cl- co-transporter KCC2 renders
GABA hyperpolarizing during neuronal maturation. Nature
1999;397(6716):251-5.

[45] Dzhala VI, Talos DM, Sdrulla DA, Brumback AC, Mathews GC,
Benke TA, et al. NKCC1 transporter facilitates seizures in the
developing brain. Nat Med 2005;11(11):1205-13.

[46] Rohr KE, Pancholi H, Haider S, Karow C, Modert D,

Raddatz NJ, et al. Seasonal plasticity in GABAA signaling is
necessary for restoring phase synchrony in the master
circadian clock network. Elife 2019;8.

[47] Farajnia S, van Westering TL, Meijer JH, Michel S. Seasonal
induction of GABAergic excitation in the central mammalian
clock. Proc Natl Acad Sci USA 2014;111(26):9627-32.

[48] Lewy AJ, Lefler B], Emens JS, Bauer VK. The circadian basis of
winter depression. Proc Natl Acad Sci USA
2006;103(19):7414-9.

[49] Falchi F, Cinzano P, Elvidge CD, Keith DM, Haim A. Limiting
the impact of light pollution on human health, environment
and stellar visibility. ] Environ Manag 2011;92(10):2714-22.

[50] VanderLeest HT, Houben T, Michel S, Deboer T, Albus H,
Vansteensel MJ, et al. Seasonal encoding by the circadian
pacemaker of the SCN. Curr Biol 2007;17(5):468-73.

[51] JKt McNeill, JC Walton, Albers HE. Functional significance of
the excitatory effects of GABA in the suprachiasmatic
nucleus. J Biol Rhythms 2018;33(4):376-87.

[52] Irwin RP, Allen CN. GABAergic signaling induces divergent
neuronal Ca’* responses in the suprachiasmatic nucleus
network. Eur ] Neurosci 2009;30(8):1462-75.

[53] Myung J, Hong S, DeWoskin D, De Schutter E, Forger DB,
Takumi T. GABA-mediated repulsive coupling between
circadian clock neurons in the SCN encodes seasonal time.
Proc Natl Acad Sci USA 2015;112(29):E3920-9.

[54] Kahle KT, Ring AM, Lifton RP. Molecular physiology of the
WNK kinases. Ann Rev Physiol 2008;70:329-55.

[55] Susa K, Sohara E, Isobe K, Chiga M, Rai T, Sasaki S,
et al. WNK-OSR1/SPAK-NCC signal cascade has circadian
rhythm dependent on aldosterone. Biochem Biophys Res
Commun 2012;427(4):743-7.

[56] Kahle KT, Rinehart ], de Los Heros P, Louvi A, Meade P,
Vazquez N, et al. WNK3 modulates transport of Cl- in and out
of cells: implications for control of cell volume and neuronal
excitability. Proc Natl Acad Sci USA 2005;102(46):16783-8.

[57] Zhang], Gao G, Begum G, Wang J, Khanna AR, Shmukler BE,
et al. Functional kinomics establishes a critical node of
volume-sensitive cation-Cl(-) cotransporter regulation in the
mammalian brain. Sci Rep 2016;6:35986.

[58] de Los Heros P, Alessi DR, Gourlay R, Campbell DG, Deak M,
Macartney TJ, et al. The WNK-regulated SPAK/OSR1 kinases
directly phosphorylate and inhibit the K*-Cl~
co-transporters. Biochem ] 2014;458(3):559-73.

[59] Friedel P, Kahle KT, Zhang J, Hertz N, Pisella LI, Buhler E,
et al. WNK1-regulated inhibitory phosphorylation of the
KCC2 cotransporter maintains the depolarizing action of
GABA in immature neurons. Sci Signal 2015;8(383):ra65.

[60] Heubl M, ZhangJ, Pressey JC, Al Awabdh S, Renner M,
Gomez-Castro F, et al. GABAA receptor dependent synaptic
inhibition rapidly tunes KCC2 activity via the Cl(-)-sensitive
WNK1 kinase. Nat Commun 2017;8(1):1776.

[61] Villa F, Goebel J, Rafigi FH, Deak M, Thastrup J, Alessi DR,
et al. Structural insights into the recognition of substrates
and activators by the OSR1 kinase. EMBO Rep
2007;8(9):839-45.

[62] Zhang], Siew K, Macartney T, O’Shaughnessy KM, Alessi DR.
Critical role of the SPAK protein kinase CCT domain in
controlling blood pressure. Hum Mol Genet
2015;24(16):4545-58.

[63] Zhang J, Bhuiyan MIH, Zhang T, Karimy JK, Wu Z, Fiesler VM,
et al. Modulation of brain cation-Cl(-) cotransport via the
SPAK kinase inhibitor ZT-1a. Nat Commun 2020;11(1):78.


http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0029
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0029
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0029
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0029
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0029
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0029
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0029
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0030
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0030
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0030
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0030
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0030
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0031
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0031
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0031
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0031
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0031
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0031
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0031
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0031
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0032
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0032
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0032
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0032
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0032
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0032
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0032
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0033
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0033
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0033
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0033
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0034
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0034
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0034
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0034
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0034
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0034
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0034
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0034
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0035
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0035
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0035
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0036
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0036
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0036
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0036
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0036
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0036
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0036
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0036
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0037
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0037
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0037
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0038
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0038
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0038
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0038
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0038
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0039
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0039
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0039
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0039
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0039
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0039
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0039
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0039
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0040
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0040
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0040
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0040
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0040
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0040
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0040
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0040
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0041
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0041
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0041
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0041
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0041
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0042
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0042
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0042
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0043
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0043
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0043
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0043
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0044
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0044
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0044
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0044
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0044
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0044
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0044
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0044
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0045
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0045
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0045
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0045
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0045
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0045
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0045
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0045
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0046
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0046
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0046
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0046
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0046
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0046
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0046
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0046
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0047
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0047
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0047
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0047
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0047
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0048
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0048
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0048
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0048
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0048
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0049
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0049
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0049
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0049
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0049
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0049
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0050
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0050
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0050
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0050
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0050
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0050
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0050
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0050
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0051
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0051
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0051
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0051
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0052
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0052
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0052
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0053
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0053
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0053
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0053
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0053
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0053
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0053
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0054
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0054
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0054
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0054
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0055
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0055
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0055
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0055
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0055
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0055
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0055
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0055
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0056
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0056
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0056
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0056
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0056
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0056
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0056
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0056
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0057
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0057
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0057
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0057
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0057
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0057
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0057
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0057
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0058
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0058
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0058
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0058
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0058
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0058
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0058
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0058
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0059
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0059
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0059
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0059
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0059
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0059
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0059
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0059
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0060
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0060
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0060
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0060
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0060
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0060
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0060
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0060
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0061
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0061
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0061
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0061
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0061
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0061
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0061
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0061
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0062
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0062
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0062
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0062
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0062
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0062
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0063
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0063
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0063
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0063
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0063
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0063
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0063
http://refhub.elsevier.com/S1818-0876(20)31459-8/sbref0063

	Role of the cation-chloride-cotransporters in the circadian system
	1 The circadian system
	2 Expression of NKCC1 and KCC2 in the SCN
	3 Regulation of [Cli by NKCC1 and KCC2 in SCN neurons
	4 The relationship between light and NKCC1 and KCCs in the SCN
	4.1 Light and NKCC1
	4.2 Light and KCC2
	4.3 NKCC1 and KCC2 under light

	5 Phosphoregulation of NKCC1 and KCCs
	6 Conclusion
	Conflict of interest
	Acknowledgment
	Supplementary materials

	Reference

