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a b s t r a c t

The solute carrier family 12 (SLC12) of cation-chloride cotransporters (CCCs) comprises potassium chlo-
ride cotransporters (KCCs, e.g. KCC1, KCC2, KCC3, and KCC4)-mediated Cl� extrusion, and sodium po-
tassium chloride cotransporters (N[K]CCs, NKCC1, NKCC2, and NCC)-mediated Cl� loading. The CCCs play
vital roles in cell volume regulation and ion homeostasis. Gain-of-function or loss-of-function of these
ion transporters can cause diseases in many tissues. In recent years, there have been considerable ad-
vances in our understanding of CCCs' control mechanisms in cell volume regulations, with many tech-
niques developed in studying the functions and activities of CCCs. Classic approaches to directly measure
CCC activity involve assays that measure the transport of potassium substitutes through the CCCs. These
techniques include the ammonium pulse technique, radioactive or nonradioactive rubidium ion uptake-
assay, and thallium ion-uptake assay. CCCs' activity can also be indirectly observed by measuring g-
aminobutyric acid (GABA) activity with patch-clamp electrophysiology and intracellular chloride con-
centration with sensitive microelectrodes, radiotracer 36Cl�, and fluorescent dyes. Other techniques
include directly looking at kinase regulatory sites phosphorylation, flame photometry, 22Naþ uptake
assay, structural biology, molecular modeling, and high-throughput drug screening. This review sum-
marizes the role of CCCs in genetic disorders and cell volume regulation, current methods applied in
studying CCCs biology, and compounds developed that directly or indirectly target the CCCs for disease
treatments.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Transmembrane proteins such as pumps, channels, and trans-
porters are vital components of living cells, facilitating the
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movement of ions or small molecules across the cellular mem-
brane. This is crucial for the normal physiological function of sys-
tems such as the cardiovascular, kidney, and nervous systems. Over
406 potential ion channels and 533 extracellular transporter pro-
teins have been identified by the Human Genome Project [1].
Nonetheless, only a small fraction of these proteins has been
thoroughly examined. Among the 667 human protein efficacy tar-
gets and 189 pathogen protein efficacy targets identified for U.S.
Food and Drug Administration (FDA)-approved drugs, a significant
proportion, approximately 18%e19%, are ion channels/transporters
[2]. This underscores the critical role that ion channels/transporters
play in the treatment of diseases.
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The members of the solute carrier family 12 (SLC12) are trans-
porters that are coupled with sodium and/or potassium, playing a
role in the movement of chloride ions across various tissues,
particularly in the kidney and choroid plexus of the brain [3]. The
sensitivity of these transporters to inhibitors and/or activators is a
crucial parameter that determines their functional characteristics.
The existence of multiple genes with similar transport functions, but
distinct roles due to tissue-specific expression, underscores the ne-
cessity for the development of novel research tools and therapeutic
agents. This review article aims to emphasize the genetics, physi-
ology, and pathology of SLC12 family transporters, elucidate their
control mechanisms in regulating cell volume, detail the available
methodologies for studying their structure, function, and activity,
and provide an overview of recent initiatives in drug discovery.
2. Overview of cation-chloride cotransporters

The SLC12 family encodes the cation-chloride cotransporters
(CCCs) and contains nine members (SCL12A1e9, Fig. 1). SLC12A1eA3
encodes for a Naþ dependent branch for Cl� influx, which comprises
two Naþ-Kþ-2Cl� cotransporters (NKCC1 and NKCC2) and one Naþ-
Cl� cotransporter (NCC). SLC12A4eA7 encodes four Kþ dependent
branches for Cl� efflux, which comprise four Kþ-Cl� cotransporters
(KCC1e4). SLC12A8 and SLC12A9 represent two orphan members,
and amino acid similarities are as low as 19% compared to other
SLC12A1eA7 members. SLC12A8 encodes the polyamine transporter
(CCC9) andwas recently found to be a nicotinamidemononucleotide
(NMN) transporter [4]. A recent demonstration has shown the ex-
istence of a functional link between the lateral hypothalamus and
skeletal muscle via SLC12A8, with implications for sarcopenia and
frailty [5]. SLC12A9 encodes CCC interacting protein (CIP1), which
may play a role in modifying the activity or kinetics of CCCs through
heterodimer formation [6]. Recently, significant research progress
has been made in the field of CCCs in structural biology, including
NKCC1 [7,8], NKCC2 [9,10], KCC1 [11], KCC2 [12,13], KCC3 [12,13], and
KCC4 [13,14]. These studies have preliminarily elucidated that NKCC1
simultaneously transports Naþ, Kþ, and Cl� ions in a 1:1:2 ratio [7],
while KCC1e4 simultaneously transport Kþ and Cl� ions in a 1:1
ratio [11]. Therefore, these studies confirm that the transport of Kþ,
Cl�, and/or Naþ on the cell membrane is facilitated by CCCs in an
electroneutral manner.
2.1. Genetics and distributions of CCCs

There is differential expression of SLC12A family members in
various human organs and tissues, as shown in Fig. S1 and
Fig. 1. Phylogenetic tree of the solute carrier family 12 (SLC12) family of cation-chloride
cotransporters (CCCs) in humans. The SLC12 family's phylogenetic tree was constructed
using MEGA package via the neighbor-joining method. For reliable tree topologies,
1,000 bootstrap analysis trials were conducted. Branch length represents the average
amino acid substitutions per site. The scale bar indicates 0.2 substitutions per site. KCC:
Kþ-Cl� cotransporter; NCC: Naþ-Cl� cotransporter; NKCC: Naþ-Kþ-2Cl� cotransporter;
CIP: CCC interacting protein.
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summarized in Table 1 [6,15e64]. Dysfunction of the SLC12A family
members is linked to diseases and organ dysfunction. Inmammalian
kidneys, NKCC2 is expressed in the apical membrane and sub-apical
cytosol of the thick ascending limb (TAL) [65]. Bartter syndrome type
I (Online Mendelian Inheritance in Man (OMIM) database accession
No.: OMIM 241200) is caused by inactivating mutations of NKCC2 in
humans, and arterial hypotension is a significant characteristic of
this condition [66]. NKCC1 is ubiquitously expressed in many cell
types. In epithelial cells, NKCC1 is located in the basolateral mem-
brane to supply Cl� ions that will be secreted at the apical side of the
cell [67]. In non-epithelial cells, NKCC1 plays an important role in the
regulation of cell volume. The complete absence of NKCC1 expres-
sion in a human patient leads to hearing loss, intellectual disability,
respiratory weakness, and the presence of mucus plugs [26]. The
NCC protein is primarily located in the first segment of the distal
convoluted tubule (DCT) in the kidney of mammals. Gitelman syn-
drome (OMIM 263800) is a salt-wasting disorder characterized by
autosomal recessive inheritance and is commonly associated with
loss-of-function mutations in SLC12A3, which encodes NCC [68]. The
KCC1 protein is present in all tissues and is believed to have a sig-
nificant function in controlling cell volume. In a study involving a
humanized mouse model of sickle cell disease, it was observed that
the KCC1 (M935K) mutant mice displayed heightened KCC1 activity,
which caused extensive sickling of cells and tissue damage, ulti-
mately leading to untimely death [69]. The expression of KCC2 is
limited to neurons found in the central nervous system (CNS) [51]
and retina [70], which play important roles in neuronal excitability
[71], neuronal development [72], and circadian rhythm [73]. Loss of
functionmutations of KCC2 and altered expression levels both result
in raised [Cl�]i and compromised synaptic inhibition, and have been
associated with cases of infantile epilepsy [44,45], idiopathic epi-
lepsy [46,47], and acquired epilepsy [48]. According to two recent
studies, KCC2 has been detected in INS-1E b-cell lines and glucagon-
positive a cells located in pancreatic islets, and it plays a role in
regulating insulin secretion [74,75]. KCC3 is also abundantly
expressed and important in the regulation of cell volume. Numerous
loss-of-function mutations in KCC3 have been identified and are
linked to a medical condition known as hereditary motor and sen-
sory neuropathy with agenesis of the corpus callosum (HMSN/ACC,
OMIM#218000) [76,77], or Andermann syndrome, which is an
autosomal recessive disorder that is marked by gradual sensory-
motor polyneuropathy and partial or complete agenesis of the
corpus callosum [78]. The development of peripheral motor neu-
ropathy is associated with an atypical gain-of-function mutation in
KCC3, suggesting that any unintended bidirectional shift in KCC3
function can impact the physiology of the peripheral nerves [54].
KCC4 is also extensively expressed and may play a significant role in
the cotransport of Kþ and Cl� in the kidneys. Mice that lack KCC4
exhibit symptoms of renal tubular acidosis and deafness [79]. The
expression of CCC9 is highly abundant in intracellular compart-
ments, and it is believed to aid in the transportation of polyamines
and amino acids across the cell surface [80]. It has been discovered
that CCC9 is the first NMN transporter and plays a crucial part in the
regulation of nicotinamide adenine dinucleotide metabolism in the
intestines [4]. CIP1 is present in various tissues, such as the placenta,
brain, and kidney, and it is expressed at elevated levels [6]. CIP1 is
also ubiquitously expressed during the postnatal development of
rats [81]. CIP1 inhibits the functional expression of co-expressed
NKCC1 [6] and interacts with KCC2 to increase its activity [81], but
the specific substrate that CIP1 transports remains unknown.

2.2. Dysregulation of CCCs family in disease conditions

Dysregulation of CCC expression and function has been impli-
cated in various disease conditions, including neurological



Table 1
Solute carrier family 12 (SLC12) family of cation-chloride cotransporters (CCCs) in human disorders.

Human gene
name

Protein
name

Transport type/coupling
ions

Tissue and subcellular distribution Genetic mutations link to human
diseases

Year of gene cloning
and characterization

SLC12A1 NKCC2 Cotransport/Naþ/Kþ/2Cl� Kidney-specific: located on the apical
membrane of the thick ascending limb
(TAL); hypothalamo-neurohypophyseal
system

Gene defect: many cases in Bartter's
syndrome; rare cases in growth
abnormality [15], developmental
disorder [16], nephrocalcinosis, and
hypercalciuria [17]

1994 [18,19]

SLC12A2 NKCC1 Cotransport/Naþ/Kþ/2Cl� Ubiquitous; basolateral plasma
membrane

Autism [20e22], schizophrenia [23,24],
developmental disorder [16,20],
intellectual disability [20,22,25],
Kilquist syndrome [26],
encephalopathy syndrome [27], hearing
loss [28e30], and congenital heart
defect [31]

1994 [32,33]

SLC12A3 NCC Cotransport/Naþ/Cl� Kidney-specific: located on the apical
membrane of the distal convoluted
tubule (DCT); bone

Gene defect: many cases in Gitelman
syndromes; and rare cases in short
stature [34], or diabetic nephropathy
[35,36]

1993 [37]

SLC12A4 KCC1 Cotransport/Kþ/Cl� Ubiquitous Autism spectrum disorder [16,38,39],
ovarian carcinoma [40], red blood cell
traits [41], and high-density lipoprotein
cholesterol [42]

1996 [43]

SLC12A5 KCC2 Cotransport/Kþ/Cl� Neuron-specific; located on the
basolateral plasma membrane; retina;
pancreatic islets or INS-1E b-cell lines

Infantile epilepsy [44,45], idiopathic
epilepsy [46,47], acquired epilepsy [48],
autism spectrum disorder [49,50], and
schizophrenia [50]

1996 [51]

SLC12A6 KCC3 Cotransport/Kþ/Cl� Ubiquitous Agenesis of the corpus callosum with
peripheral neuropathy [52e54],
andermann syndrome [55], and
agenesis of corpus callosum [56,57]

1999 [58e60]

SLC12A7 KCC4 Cotransport/Kþ/Cl� Ubiquitous; basolateral plasma
membrane

Developmental disorder [16],
developmental and epileptic
encephalopathy [61], and
hydrocephalus [62]

1999 [60]

SLC12A8 CCC9 Nicotinamide and
mononucleotide

Ubiquitous 2002 [63]

SLC12A9 CIP1 Unknown Ubiquitous Developmental disorder [16],
congenital heart disease [64], and
autism spectrum disorder [16,38]

2000 [6]

NKCC: Naþ-Kþ-2Cl� cotransporter; NCC: Naþ-Cl� cotransporter; KCC: Kþ-Cl� cotransporter; CCC: cation-chloride cotransporter; CIP1: CCC interacting protein.
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conditions, cardiovascular diseases (CVDs), and certain types of
cancer.

2.2.1. KCC2 and NKCC1 in neurological conditions
In the adult brain, KCC2 creates a chloride electrochemical

gradient that moves inwardly and results in hyperpolarizing re-
sponses mediated by g-aminobutyric acid subtype A (GABAA) re-
ceptors (GABAARs) [82]. There have been reports of GABA exhibiting
depolarizing or even excitatory effects. The decrease in KCC2
expression could be a contributing factor to the depolarizing or
excitatory effects of GABA. KCC2 expression is limited after birth,
particularly in the hippocampus and cortex, and gradually increases
over the first two weeks until it attains adult levels [72]. Impaired
KCC2 expression and function, resulting in raised [Cl�]i and
compromised synaptic inhibition, has been linked to various types of
epilepsy [44e48], autism [83], pain [84], and Rett syndrome [85].
Under ischemic conditions, a reduction in KCC2 expression was
noticed in hippocampal slices, particularly following oxygen-glucose
deprivation [86], aswell as inan invivomodelof global ischemia [87].
In contrast, upregulation of NKCC1 promotes chloride ion influx,
which leads to neuronal hyperexcitability and seizure activity, etc..
NKCC1 upregulationwas observed in rodents with neonatal seizures
[88], temporal lobe epilepsy [89], neuroinflammation [90], cerebral
stroke [91], post-hemorrhagic hydrocephalus [92], traumatic brain
injury [93], paclitaxel-induced neuropathic pain (NP) [94], and NP
induced by spinal cord injury [95]. It can be inferred from all of this
that activating KCC2 activity or inhibiting NKCC1 activity could have
1473
advantageous effects in treating these neurological conditions.

2.2.2. CCCs in CVDs
2.2.2.1. NKCC1 and KCCs in vascular cells. An increase in NKCC1 ac-
tivity was detected in the aorta of rats with streptozotocin-induced
diabetes [96], and in the left ventricle of db/db mice when
compared to their wild-type counterparts following cardioplegia-
induced arrest [97]. Both genetic and pharmacological evidence
suggests that reduced NKCC1 activity inhibits cell contractile re-
sponses in vascular smooth muscle cells (VSMCs) [98]. The presence
of themessenger RNAs (mRNAs) of KCC1 andKCC3was discovered in
primary cultures of VSMCs by specific reverse transcription-
polymerase chain reaction (PCR) analysis, while KCC2 mRNA was
found at extremely low levels, and KCC4 mRNA was not detectable
[99]. The inactivation of KCC3 in a mouse model resulted in an in-
crease in systemic vascular resistance andventricularmass, aswell as
the prevention of extracellular fluid volume accumulation [100]. The
acute upregulation of KCC3 mRNA expression in primary cultures of
rat VSMCs is induced by the fast nitric oxide (NO) releasers NOC-9
and NOC-5, and it is dependent on NO/soluble guanylyl cyclase
signaling [101]. Platelet-derived growth factor was found tomediate
a time-dependent increase in KCC1mRNA expression and a decrease
in KCC3 mRNA expression in rat VSMCs [102].

2.2.2.2. NKCC2 and NCC in renal cells. Patients with Gordon's syn-
drome or pseudohypoaldosteronism type II (PHAII) exhibit altered
renal NaCl handling and blood pressure due to enhanced expression
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and activity of NCC and NKCC2 resulting from gain-of-function
mutations in with-no-lysine (K) kinases (WNKs), and their up-
stream ubiquitin E3 ligase components Cullin-3 (CUL3) and Kelch-
like 3 (KLHL3) [103,104]. PHAII is a condition that presents with
symptoms such as hyperkalemia, metabolic acidosis, hypertension,
and either low or normal plasma renin activity and aldosterone
concentration. According to mouse models, the gain-of-function
mutations of WNKs, CUL3, or KLHL3, resulting in increased acti-
vating phosphorylation of NCC and NKCC2, cause hypertension in
individuals with PHAII [105e108]. Both genetic and pharmacolog-
ical evidence suggests that reducingNCCorNKCC2activities directly
or indirectly benefits renal sodium homeostasis and blood pressure
normalization in human patients or animal models [109,110]. These
findings suggest that decreasing the activity of NKCC2, NKCC1, and
NCC, or increasing KCC activity, could be beneficial in the context of
CVDs. For further details, refer to our previous review [111].

2.2.3. CCCs in cancer
CCCs have been linked to the development and progression of

cancer. Overexpression of NKCC1 in mice fibroblasts has been
shown to trigger cell proliferation and morphological changes
[112]. Accumulating evidence suggests a strong association be-
tween the expression of NKCC1 protein and tumor progressions,
including lung adenocarcinoma [113], cells of gastric cancer [114],
and prostate cancer cells [115]. Additionally, Shiozaki et al. [116]
suggested that NKCC1 appears to have a significant impact on the
advancement of the cell cycle in cases of human esophageal
squamous cell carcinomas. Luo et al. [117] found that both the
mRNA and protein of NKCC1 were expressed at high levels in gli-
omas of all grades. All these findings suggest that increased
expression of NKCC1 is linked to higher rates of cell proliferation
and invasiveness, and inhibiting NKCC1 may have therapeutic
benefits in treating cancer. After treatment with insulin-like growth
factor-2, cervical cancer cells exhibited a marked increase in both
KCC1 mRNA and protein expression [118]. An in vivo study
demonstrated that enhanced KCC1 activity exacerbates end-organ
damage and decreases survival rates in individuals with sickle
cell disease [69]. KCC1 has been shown to operate as a chloride
extruder in mouse osteoclasts, where it performs a critical function
in the extrusion of Hþ during bone resorption [119]. The expression
of KCC3 is increased by insulin-like growth factor-1, promoting cell
growth, while it is decreased by tumor necrosis factor-alpha,
resulting in growth arrest [120]. Disabling both erythroid KCC1
and KCC3 causes changes in erythrocyte volume and can partially
alleviate erythrocyte dehydration in seasonal affective disorder
(SAD) mice [121]. This suggests that KCC1 and KCC3 play important
supporting roles in cancer cells and provide potential therapeutic
options.

3. Methods for studying SLC12 family members the functions
and activities

3.1. Cell volume regulation

Both the intracellular and extracellular fluids contain awealth of
inorganic salt ions, and normal cells regulate cell volume by
transporting ions across the cell membrane. When the physical or
chemical properties of the extracellular fluid are disrupted, such as
changes in osmotic pressure causing cell swelling or shrinkage,
most cells activate specialized membrane channels to counter the
disturbance. This helps restore the environment that had been
affected, enabling the cell to return to its normal state. The CCCs of
SLC12 family are crucial for maintaining proper cell volume regu-
lation. These transporters sense both osmotic pressure and
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intracellular chloride concentration ([Cl�]i), which is essential for
regulating cell volume [122,123]. During cells experience acute
shrinkage, they are regulated by a process known as regulatory
volume increase (RVI). Likewise, when cells undergo acute
swelling, they are regulated by regulatory volume decrease (RVD).

RVI typically occurs when cells are exposed to hypertonic fluid
after being in isotonic fluid or when they are exposed to hypotonic
fluid for a certain duration before entering isotonic fluid. The sec-
ond condition occurs after RVD and is known as post-RVD RVI
[124]. The process of RVI primarily relies on cotransporters such as
NKCC1 or NKCC2 [125], NCC, Naþ-Hþ exchanger [126], Cl�-HCO3

�

anion exchanger [127], and Naþ channels [128] present in the cell
membrane to facilitate ion exchange in response to acute cell
shrinkage. Upon cell shrinkage, NKCCs and NCCs are rapidly acti-
vated, allowing Naþ, Kþ, and Cl� to move into the cell, thereby
restoring the original cell volume [129]. The post-RVD RVI (or RVD-
after-RVI) process occurs when cells undergo hypotonic adaptation
and enter isotonic fluid, creating a relatively hyperosmotic state.
This may happen because the reduced intracellular concentration
of Cl� during the previous RVD process makes the NKCCs more
sensitive to cell shrinkage stimuli. On one hand, RVD typically oc-
curs when cells are exposed to a hypotonic solution from an
isotonic solution or when they are pre-adapted to hypertonic fluid
for a while before entering isotonic fluid. The latter condition oc-
curs after RVI and is also known as post-RVI RVD (or RVI-after-RVD)
[124]. On the other hand, the process of RVD mainly depends on
KCCs [130], Kþ channels [131], and Cl� channels [132] in the cell
membrane to accomplish ion exchange in response to acute cell
swelling. These membrane transporters are rapidly activated when
the cell swells, and KCC activation leads to a decrease in cell volume
through Kþ and Cl� efflux, with the final volume returning to
slightly higher initial values [133]. A detailed summary of ion
transport and cell volume changes during RVI and RVD is provided
in Figs. 2 and 3 and Table S1.

The CCCs family can modulate cell volume homeostasis
through their direct phosphorylation or dephosphorylation [134].
The WNK kinase family and its downstream STE20 family are
capable of directly regulating ion channels and cotransport pro-
teins such as NKCCs, NCCs, and KCCs in the cell membrane. In
response to cell shrinkage, the activity of WNKs and SPS/Ste20-
related proline-alanine-rich kinase (SPAK)/oxidative stress-
responsive kinase 1 (OSR1) increases, leading to the activation of
NKCCs following phosphorylation and inhibition of KCCs [135].
Conversely, when cells swell, WNKs and SPAK/OSR1 are inactive,
causing KCCs to be activated via dephosphorylation and NKCCs to
be inhibited [130]. This suggests that the kinase-active WNK
family regulates cellular osmolarity and intracellular chloride
homeostasis by promoting Cl� influx through NKCCs and inhib-
iting Cl� efflux through KCCs [136]. A recent exciting discovery by
Boyd-Shiwarski et al. [137] suggests that WNK kinases use phase
separation, mediated by their intrinsically disordered C-terminal
domain, to sense molecular crowding and activate RVI. This
phosphorylation and dephosphorylation mechanism of this
signaling pathway has been validated in several studies exploring
brain edema complications caused by ischemic stroke or cerebral
ischemia-reperfusion injury, effectively regulating the volume of
neurons and oligodendrocytes [138]. The serine/threonine kinase
p38 mitogen-activated protein kinase has long been known to be
involved in the process of RVI in epithelial cells [139]. Surprisingly,
it was recently discovered that p38 can phosphorylate and acti-
vate NKCC1 to participate in RVI and increase cell volume near the
wound, thus accelerating wound healing [140]. Other protein ki-
nases that have been found to regulate the activation or phos-
phorylation of CCCs include c-Jun N-terminal protein kinases [141]



Fig. 2. Changes in cell volume resulting from the transport of Naþ, Kþ, and Cl� ions during regulatory volume increase (RVI) and regulatory volume decrease (RVD). Cell volume RVD
in hypotonic fluid and shrinkage (RVI) in hypertonic fluid. RVD activates Kþ-Cl� cotransporters (KCCs), Kþ channels, and Cl� channels, promoting ion and water efflux, reducing cell
volume. RVI activates transporters (Naþ-Kþ-2Cl� cotransporters (NKCCs), Naþ-Cl� cotransporter (NCC), Naþ-Hþ exchanger (NHE), and Cl�-HCO3

� anion exchanger (AE)) and Naþ

channels, inducing ion and water influx, increasing cell volume. RVI and RVD collaborate to restore the cell's original volume. The diagram was created using BioRender.com.
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and myosin light chain kinase [142]. In addition to directly influ-
encing the activity of CCCs transporters, the function of these
transporters can also be indirectly influenced through several
other transport mechanisms. NKCC1 has been found to form a
complex with the Leu transporter, large amino acid transporter 1,
which can inhibit its function and the protein kinase B/extracel-
lular signal-regulated kinase pathway, leading to the inhibition of
the mechanistic target of rapamycin complex 1 activation, thereby
regulating cell volume [143]. Whether the CCCs family of trans-
porters acts directly or indirectly, it is evident that they play an
essential role in regulating cell volume and intracellular chloride
concentration.

One commonly used method to observe changes in cell volume
during RVI and RVD is the Coulter Counter Analyzer (Beckman),
which measures electric conductance. This method is considered
highly accurate and can detect particles as small as 0.1 mm in size.
Before testing the sample cells, the cells are typically diluted, with
the specific dilution dependent on their density. Generally, a cell
density of 5,000 to 10,000 cells/mL volume is used. Baseline
measurements are taken in the control medium, and measure-
ments of the cells in the experimental group are taken at intervals
to calculate the average volume of all cells. Cell volume changes
are observed and compared to the baseline data [144]. Moreover,
chloride ions are among the most abundant ions in the cell, and
NKCCs, NCCs, and KCCs are involved in regulating cell volume in
relation to Cl�. The intracellular Cl� concentration increases dur-
ing RVI and decreases during RVD, serving as a volume sensor.
Therefore, measuring Cl� content using chemical chloride probes,
such as N-(ethoxycarbonylmethyl)-6-methoxyquinolinium
1475
bromide (MQAE), could reflect relative changes in cell volume and
allow for quantitative analysis [145]. Cell size in the two-
dimensional plane can also be estimated indirectly as cell vol-
ume. The length, width, and area of cells are measured by
manually identifying the cell boundaries under the microscope.
Assuming that the change in cell width and thickness is propor-
tional, the relative cell volume is calculated using the formula
volumet/volumec ¼ (areat � widtht)/(areac � widthc), where t and
c in the formula refer to the test experimental group and the
control group, respectively [146]. Other methods, such as succi-
nimidyl ester staining, can mark the mass of intracellular proteins
to reflect cell size [147].

3.2. Flame photometry

One traditional approach to directly examine the fluxes of Kþ

and Naþ involves measuring changes in the intracellular content of
Naþ, Kþ, and Cl� using flame photometry. In this technique, solu-
tions are drawn into an excitation region, and a high-temperature
atomization source (flame) generates energy, which excites the
atoms to higher energy levels. As the excited atoms return to the
unexcited ground state, they emit light at a characteristic wave-
length. A photocell is employed to detect the emitted light by
converting it into a voltage. Since Naþ and Kþ generate light of
different wavelengths, appropriate filters allow for the simulta-
neous measurement of the emission produced by both Naþ and Kþ

in the same sample. The light absorption of the atoms in the flame
is proportional to the ion concentration in the sample, allowing the
calculation of element concentrations in the sample based on the
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Fig. 3. The adjustment of cell volume in solutions with different osmotic pressures. (A) Cell volume changes occur during regulatory volume decrease (RVD) and post-RVD reg-
ulatory volume increase (RVI) processes in response to hypotonicity and return to isotonicity (a: normal volume; b: acute swelling in response to hypotonic stimulation; c: cell
volume slightly higher than normal after RVD in hypotonic fluid; and d: RVI-after-RVD, where cells first shrink and then return to normal volume). (B) Cell volume changes in
response to hypertonic conditions, activating RVI and post-RVI RVD mechanisms, followed by return to isotonicity (a: normal volume; b: acute shrinkage due to hyperosmolarity; c:
cell volume slightly lower than normal after RVI in hypertonic fluid; and d: RVD-after-RVI, where cells first swell and then return to normal volume). The diagramwas created using
BioRender.com.
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intensities of the absorbed wavelengths in relation to a reference
standard [148]. Although this method effectively determined the
stoichiometry of Naþ-Kþ-Cl� (1:1:2) [149], flame photometers are
intricate to use and relatively expensive. Moreover, they respond
linearly to ion concentrations over a narrow concentration range,
requiring the preparation of suitable dilutions.

3.3. 22Naþ uptake assay

The conventional approach to investigating the thiazide or
thiazide-like diuretic drug (such as metolazone)-sensitive NCC is
through the measurement of the radioactive uptake of 22Naþ by
liquid scintillation (Section S1 in the Supplementary data) [135].
This method has been widely used in studies of NCC using Xenopus
laevis oocytes [150], mammalian cell lines expressing native NCC
[135], or mouse distal convoluted tubule cells that endogenously
express NCC [151]. These studies have significantly improved our
understanding of NCC regulation, especially regarding post-
translation modifications such as phosphorylation [109], glycosyl-
ation [152], and ubiquitination [153]. Researchers have explored
alternative methods due to the limited number of mammalian cell-
based analyses and the hazards associated with using radioactive
22Naþ [154], despite several attempts to enable NCC activity and
localization in mammalian cell systems.

3.4. Radioactive rubidium (86Rbþ) ion uptake assay

Assessing KCCs through the measurement of radioactive
86Rbþ flux across the membrane of uniform cell preparations is a
commonly employed method. Once the radioactive isotope passes
through the channel, it acts as a tracer, allowing direct measure-
ment of channel activity. The technique involves incubating cells in
a Naþ/Kþ -free solution to inhibit endogenous KCCs. This is followed
by incubation with ouabain and an uptake medium containing
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ouabain and 86Rbþ. After lysing the cells, tracer activity is measured
using liquid scintillation counting. While this method is robust,
highly sensitive, and selective, its applications are limited in tissues
with multiple cell types, such as brain or neuron cultures. This
limitation arises from the difficulty in distinguishing between
channel activities in different cell types. Additionally, the approach
cannot resolve ion concentration changes at the subcellular level.
The use of a radioactive isotope with a short half-life (18.65 days)
and high-energy emission (max 1.77 MeV; min 1.08 MeV) poses
safety issues, making it particularly problematic when studying
neuronal cells that require a high number of cells [155]. Nonethe-
less, this approach has contributed significantly to our under-
standing of KCC activity.

3.5. Ammonium pulse technique

To avoid the use of radio elements, researchers employ the
ammonium pulse technique, also known as the NH4

þ uptake assay.
The principle underlying this assay is that both NKCCs and KCCs are
capable of transporting NH4

þ, which serves as the basis for mea-
surement [156]. The application of extracellular NH4

þ induces
NH4

þ influx, resulting in biphasic changes in intracellular pH.
Initially, the influx of NH3 into the cell, caused by increased
permeability of the cytoplasmic membrane to alkyl NH3, leads to an
increase in cellular pH. Second, there is a CCC-dependent decrease
in cellular pH due to the CCC-mediated import of NH4

þ, which
causes acidification. The intracellular pH can bemonitored by using
the pH-sensitive fluorescent dye 20,70-bis(2-carboxyethyl)-5(6)-
carboxyfluorescein (BCECF) after inducing an alkaline load with
NH4

þ. The rate of BCECF fluorescence quenching is used to measure
NH4

þ transport. The emitted fluorescence is detected using fluo-
rescence microscopy at a wavelength of 530 nm [156]. The acidi-
fication in the presence of NH4Cl is then extrapolated to CCC
activity [157]. The elevation of intracellular pH is indicated by an
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increase in fluorescence, which has been utilized by various
research groups to investigate the activity of KCCs [158,159] and
NKCCs [160e162]. While this real-time estimation approach en-
ables the evaluation of CCC activity at a cellular and subcellular
level, it has some limitations. Notably, KCC2 can induce reverse Cl�

transport, leading to significant intracellular pH changes. Addi-
tionally, other transports, channels, and ion exchangers may in-
fluence intracellular pH changes, as reported [163].

3.6. Non-radioactive rubidium (85Rbþ) ion uptake assay

In the late 1990s, Terstappen [155] developed the non-
radioactive 85Rbþ efflux assay to replace the radioactive
85Rbþ assay for determining ion fluxes. Since its discovery, this
method has become widely used in drug discovery and develop-
ment and has largely replaced radioactive 86Rbþ assays for
analyzing Kþ and nonselective cation channels in the pharmaceu-
tical industry [155]. The non-radioactive 86Rbþ efflux assay com-
prises two primary stages: the manipulation and cultivation of
cells, followed by the identification of the tracer rubidium using
atomic absorption spectroscopy (AAS). As illustrated in Section S2
in the Supplementary data [130,155], the steps involved in the
non-radioactive 85Rbþ efflux assay. First, cells expressing the ion
channel under investigation are cultured in microplates, and tracer
rubidium is loaded by exchanging potassium in a cell-compatible
buffer solution with the same concentration of rubidium. This
loading phase, typically lasting for 2e4 h, involves the pumping of
85Rbþ into the cells by cellular Naþ/Kþ-ATPases. This process can be
inhibited by the cardiac glycoside ouabain. Prior to conducting
efflux experiments, excess RbCl is removed through rapid washes
using an isotonic buffer depend on various factors such as cell type,
cell density, microplate format, and the washing equipment used.
Optimization of these steps is crucial for achieving favorable signal-
to-background ratios and a distinct signal window [164]. Once the
channel of interest is activated, 85Rbþ is released into the super-
natant of the cells. The supernatant and the remaining cells are
collected and analyzed using AAS to quantify the amount of
rubidium. To calculate the 85Rbþ efflux, the proportion of rubidium
present in the supernatant is measured relative to the total
rubidium content, which includes both 85Rbþ in the supernatant
and the cell lysate. This method eliminates variations in cell den-
sities and losses that may occur during the assay process or
85Rbþ loading. While the method is user-friendly, it requires a se-
ries of assay validation experiments and may have suboptimal
temporal resolution [165]. Despite its limitations, the non-
radioactive 85Rbþ efflux assay remains a reliable method for eval-
uating KCCs and NKCCs [130].

3.7. Thallium ion (TIþ) uptake assay

The TIþ flux assay employs TIþ as a substitute for Kþ since it has
a strong affinity for the Kþ site present in KCCs and NKCCs (Fig. 4
and Sections S3 and S4 in the Supplementary data [130,155,165]).
The entry of TIþ ions into cells can be detected by employing a TI-
sensitive fluorescent dye such as benzothiazole coumarin (BTC) or
fluozin-2. When transported by the channel, TIþ ions may bind to
the BTC/fluozin-2 dye, causing a fluorescent change that can be
measured using a fluorometric imaging plate reader [155]. TIþ in-
dicator dyes are introduced into cells as acetoxymethyl esters,
which are subsequently cleaved by cytoplasmic esterase, releasing
active fluorogenic forms. To activate the potassium-chloride
transporter, cells are stimulated with a combination of Kþ and Tlþ

in the presence or absence of experimental compounds, such as
NKCC1 inhibitors or KCC2 activators. As TI enters the cell and binds
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to the fluorescence dye, the increase in fluorescent signal corre-
sponds to the influx of Tlþ ions into the cell via the cotransporter.
Thus, it provides a functional measure of the cotransporter's
activity.

The FluxOR dye is a novel fluorescent dye that is 10-fold more TI
sensitive than BTC [166]. Unlike BTC, this dye allows assessment in
physiological saline with standard chloride concentrations [167].
This discovery led to the screening of multiple compounds using the
fluozin-2 fluorescent dye [168]. The method successfully measured
KCC2 and NKCC2 activity in different cell cultures, including
HEK293 cells expressing human KCC2 [169], the renal epithelial LLC-
PK1 cells transfected with NKCC2 [165], and Sf9 insect cells
expressing mouse KCC2 (mKCC2) [170]. These cells were seeded in a
96-well plate with black walls and a clear bottom. However, it is
important to consider that off-target pathways like the Naþ/Kþ

ATPase in HEK293 cells may interfere with TIþ influx, potentially
leading to false positives or false negatives [171]. Furthermore, this
method is limited in neuronal cells due to their low viability
followingmultiple washes. The presence of various Kþ channels and
transporters in neurons also hinders precise evaluation of KCC2-
mediated Kþ

fluxes. The low temporal and spatial resolution of this
approach further restricts investigation in small neuronal compart-
ments, such as axons, dendrites, and dendritic spines.

3.8. Observing GABA activity with patch-clamp-electrophysiology

The basis for all electrophysiological measurements of KCC2
function is the permeability of GABAARs to chloride ions. KCC2 is a
significant modulator of inhibitory GABAergic activity, and its
chloride extrusion activity is responsible for the hyperpolarization
of GABAARs. Intracellular recordings provide valuable information
by extrapolating KCC2's chloride extrusion capacity from the
reversal potential of GABAAR-medicated currents (EGABA). A lower
intracellular chloride concentration, indicated by a hyperpolarized
EGABA, suggests an increase in KCC2 activity.

The gold standard approach for measuring ion channel activity
in electrophysiology is the patch-clamp technique. This method
involves creating a tight seal on the cell surface using a glass
electrode with a relatively large bore. This allows for the recording
of intracellular activity of ion channels in reference to another
electrode in a bath surrounding the cell. This technique can be
performed in two modes: voltage clamp mode, where the amount
of current that crosses a cell's membrane is measured at a fixed
voltage, or current clamp mode, where the amount of voltage
moving across the membrane is recorded at a fixed current [172].
Various modifications of the fundamental patch-clamp technique
can be employed, depending on the research objectives. Thewhole-
cell mode (Fig. 5A) is the most prevalent patch-clamp configura-
tion, which involves creating an electrical and molecular connec-
tion to the intracellular space by briefly applying intense suction to
rupture the cell membrane surface.

This configuration records the currents through multiple chan-
nels simultaneously, which is useful for studying the real-time ef-
fect of drug treatment in cells. However, due to the difference in
volume between the electrode and the cell, intracellular dialysis
may occur, whereby the soluble contents of the cell interior are
gradually replaced by the contents of the electrode. A similar, but
improved, configuration is the perforated patch configuration
(Fig. 5B and Section S5 in the Supplementary data [71,72]), inwhich
electrode solution containing pore-forming antibiotics or antifun-
gals such as gramicidin, nystatin, or amphotericin B is used to form
small pores in the membrane, instead of using strong suction for
cell rupture [172]. In particular, the introduction of gramicidin
generates pores that selectively allow cations to pass through the



Fig. 4. Scheme of a thallium (TI) uptake assay to measure Naþ-Kþ-2Cl� cotransporter 1 (NKCC1) or Kþ-Cl� cotransporter 2 (KCC2) activity. (A) Cells are pre-incubated with TIþ

sensitive dye FluxOR dye in a buffer with low Cl� and low Kþ to promote NKCC1 activation or KCC2 inhibition. (B) For the assay, cells are incubated with the addition of TIþ and Cl�.
NKCC1 or KCC2 operation leads to the absorption of TIþ ions and an upsurge in the fluorescence of the TIþ-sensitive dye FluxOR. The addition of ouabain hinders the functioning of
Naþ-Kþ-ATPase. The diagram was created using BioRender.com.
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membrane, with little to no permeability to anions. The gramicidin-
perforated patch clamp technique has been employed by numerous
researchers to evaluate the activity of KCC2 [173,174]. Many re-
searchers have increasingly adopted the use of gramicidin-
perforated patch clamp recordings as a means of studying the
functions and activities of the SLC12 family of CCCs in the context of
evaluating or monitoring [Cl�]i homeostasis [175e177].

The robustness of this technique has been confirmed by several
studies. For instance, Ebihara et al. [178] examined the effect of
GABA on neurons dissociated from the rat substantia nigra pars
reticulata and found that no change in [Cl�]i. Another example,
Lamsa et al. [179] used this technique to prevent unintended
changes in membrane potential and EGABA that may arise due to
GABAAR activation, leading to the opening of chloride and bicar-
bonate conductance. This was performed in both neonatal hippo-
campal cells and mature interneurons [179].

Kyrozis and Reichling [180] conducted a study to validate the
stability of [Cl�]i using this technique. They measured the re-
sponses of glycine and GABA receptors, which can gate chloride
conductance, to their respective agonists. Their study confirmed
that continuous electrical access through the perforated patch
clamp technique does not cause significant modification of intra-
cellular chloride concentration. As the electrode tip partially oc-
cupies the membrane, the current resolution is diminished and
recording noise is more likely to occur. The perforation of the
membrane using the antibiotic also takes a significant amount of
time, and the duration is longest when using gramicidin.
3.9. Kinase regulatory sites phosphorylation on CCCs

The SLC12 family is regulated by phosphorylation and dephos-
phorylation of specific serine/threonine residues. These residues
are located differently between the Naþ-driven and Kþ-driven
families [134]. For the Naþ-driven family, these residues are located
in the amino-terminal domain, a region conserved amongst NKCC1,
NKCC2, and NCC [181,182]. In contrast, the phosphorylation sites of
the Kþ-driven family are located in the carboxy-terminal domain.
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Serine-threonine phosphorylation activates the Naþ-driven family,
resulting in Naþ influx and inhibits the Kþ-driven family, which
causes a decrease in Kþ efflux. Conversely, dephosphorylation of
serine-threonine residues leads to the deactivation of the Naþ-
driven family, while activation of the Kþ driven family occurs [111].
This results in the inhibition of Naþ influx and an increase in Kþ

efflux, respectively. Therefore, phosphorylation of the SLC12
transporters appears to be a representation of the cotransporter
activity.

Researchers often utilize large-scale phospho-proteomic
profiling to identify phosphorylation sites. This approach involves
identifying phospho-peptides and sequencing the phosphorylated
residues through mass spectrometry (MS) [183]. The highly sensi-
tive and specific nature of MS has led to its coupling with chro-
matographic techniques such as liquid chromatography (LC),
resulting in a robust analytical technique known as LC-MS [184].
Two commonly used strategies for LC-MS/MS analysis of phos-
phorylation differ in their sample preparation. One approach in-
volves identifying phosphorylation sites from individual proteins
and small protein complexes, while the other involves identifying
global phosphorylation sites from whole cells and tissue extracts.
The first approach, as shown in Fig. S2 and detailed in Section S6 in
the Supplementary data [72,134], involves the immunopurification
of labeled proteins from cell lysates, followed by their purification
via sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis (PAGE). The band of interest is excised from the gel and
enzymatically digested into peptides before analysis by LC-MS/MS.
For the lattermethod, thewhole cell lysate is first digested and then
peptide fractionation is done using strong cation exchange chro-
matography. After that, the samples are enriched for phospho-
peptides using immobilized metal affinity chromatography (IMAC)
or titanium dioxide (TiO2) before conducting LC-MS/MS analysis.
Another approach could be to fractionate the protein lysate using
SDS-PAGE, followed by digestion, and enrichment of phospho-
peptides by IMAC or TiO2 before conducting LC-MS/MS analysis
[185]. While global phosphorylation analysis has revealed
numerous phosphorylation sites in various tissues, the process is
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Fig. 5. Schematic depiction of the gramicidin-perforated patch clamp configuration and the whole-cell recording configuration. (A) Whole-cell recording involves recoding currents
through multiple channels simultaneously. (B) The perforated patch technique uses antibiotic agents such as gramicidin to create cation-selective pores in the membrane. The
diagram was created using BioRender.com. KCC2: Kþ-Cl� cotransporter 2; NKCC1: Naþ-Kþ-Cl� cotransporter 1; GABA: g-aminobutyric acid; GABAAR: GABAA receptor.
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time-consuming and requires a significant amount of material.
Both strategies have been used to identify phosphorylation sites for
some SLC12 family CCC members [186] and confirm the phos-
phorylation of sites for mKCC2 [170].

After the samples are prepared, the peptides of interest are
introduced into a stationary phase (LC column) by a mobile phase
flowing at high pressure. After chromatographic separation, the
effluent is directly introduced into the mass spectrometer. The
molecules are ionized using an ionization source and then migrate
through a set of mass analyzers acting as magnets, which further
separate molecules based on their mass-to-charge ratio. The pep-
tides are sequenced by colliding with charged particles, causing
fragmentation at the amide bonds along the backbone. This process
occurs in the presence of an inert gas, and the resulting fragments
are detected using an electron multiplier. Peptide sequences and
their phosphorylated counterparts can be identified using infor-
matics software after the sequencing step. The cascade of processes
involved in the ion transition is highly specific to the structure of
the molecule of interest, resulting in a high degree of selectivity
[187]. LC-MS/MS has been utilized in various studies to identify and
analyze phosphorylation sites on CCCs and their regulatory pro-
teins, as summarized in Table S2 [72,134,182,186,188e194].
Furthermore, LC-MS/MS has been utilized in various studies to
analyze and identify sites of phosphorylation on CCCs and their
regulatory proteins, as well as to identify domains of regulatory
proteins, enhancing our understanding of regulatory networks
such as the WNK-SPAK/OSR1-CCC pathway [134,193,195e197].

Phosphorylation alterations in the SLC12 family can be identified
by employing phospho-specific antibodies that target phospho-
peptides through a technique called western blotting. Western
blotting is a procedure employed to detect a particular protein of
interest within a sample of cells or tissue. In this approach, proteins
are initially separated based on their size through electrophoresis.
Subsequently, the separated proteins are transferred electropho-
retically onto a solid support, typically a polyvinylidene difluoride
or nitrocellulose membrane. A particular protein of interest is then
identified through specific antibody marking. These antibodies are
usually conjugated with tags or fluorophores that can be detected
using different colorimetric, chemiluminescent, or fluorescent
methods. This permits the detection of a specific protein of interest
from a mixture of proteins. This method has been utilized to
characterize the phosphospecific sites of KCCs [134] and has been
used to discover inhibitors of KCC3 that can act against KCC3
Thr991/Thr1048 phosphorylation [198].

Phosphorylation alterations can also be quantified through
immunoprecipitation, a technique that involves isolating a specific
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protein from a solution using antibodies and agarose beads [199].
Immunoprecipitation can be employed to isolate phosphorylated
proteins with specific residues. Antibodies specific to the phos-
phorylation site, bound to protein G-sepharose, are used for this
purpose. After separation from the protein mixture, the protein of
interest is isolated by electrophoresis as described previously. It has
been found, using immunoprecipitation, that KCC2 modulates
cotransporter activity through phosphorylation at the KCC2 Thr906
and Thr1007 sites [175], andmolecules that decrease KCC2 Thr1007
phosphorylation have been identified [200]. For a comprehensive
overview of the recently characterized key KCC2 phosphorylation
sites, please refer to Fig. S3.

It should be noted that the Western blotting technique can only
provide semi-quantitative data since it offers a comparison of
protein levels relative to one another rather than an absolute
measurement of quantity. Differences in loading and transfer rates
between samples in different lanes could vary across separate blots,
which can result in inconsistencies. The signal generated by the
Western blot technique is not linear and does not accurately reflect
the concentration range of the samples being analyzed [201]. It is
worth mentioning that protein activity cannot be solely inferred
from its phosphorylation status since various factors such as in-
hibitors, mutations, and protein interactions with its surroundings
could directly impact the protein's activity, independent of its
phosphorylation level [202e204]. This observation is evident in the
study by Hannemann and Flatman [205] in 2011, where the phos-
phorylation of the amino terminal of both NKCCs and their trans-
port activity was compared using phospho-specific antibodies and
86Rbþ in HEK293 cells stably expressing NKCC1 or NKCC2. Although
the researchers observed reduced phosphorylation and transport
during kinase inhibition, increased phosphorylation resulted in
transport stimulation but not increased transport. This finding
implies that while the phosphorylation of the amino terminal of the
NKCCs may indicate the transporter's capability to move ions, the
transport activity is influenced by other factors as well. Therefore,
phospho-specific antibodies cannot provide an accurate measure of
transport activity. For NKCC1, these extenuating factors, which
include interactions with cytoskeletal proteins, influence its
transport rate independently of phosphorylation [202,203].
Therefore, while phospho-specific antibodies can offer insights into
cotransporter phosphorylation and the associated signaling
pathway, relying solely on them for predicting cotransporter ac-
tivity may not be correct. Instead, it may be more advantageous to
utilize an alternate approach and consider phospho-specific anti-
bodies as a supplementary tool. However, given that the expression
of NKCC2 is highly restricted and the protein is difficult to express
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in mammalian cell cultures, studies using phospho-specific anti-
bodies may be less demanding than transport studies for studying
its role in the kidney [206].

For Western blot analysis of KCC2, multiple oligomerization
studies [175,207] have reported a multi-band migration pattern
across the gel, instead of a single band. The lower band (~135 kDa)
on the gel represents the monomeric form of the transporter, while
the upper band (~270 kDa) represents oligomers or complexes of
high molecular weight proteins that show resistance to denaturing
conditions. Interestingly, the formation of KCC2 oligomers depends
on the experimental procedure, particularly when KCC2 is over-
expressed in heterologous systems or when samples undergo
prolonged extraction (more than 4 min). These aggregates have
been observed to be resistant to SDS, which is commonly used to
denature proteins through heating or under acidic conditions
[208]. The presence of KCC2 oligomers in biochemical analyses
could pose a challenge as they may not accurately reflect the
presence of functional dimers in the original tissue, leading to false
negatives and positives [208]. However, in the aforementioned
studies on KCC2, the overall signal intensity, which includes both
the monomer and the aggregates, is used for quantitative analysis
of the total protein expression [175,209]. A comprehensive proto-
col has been recently described for investigating KCC2 functions
and activities using Western blotting with phospho-specific anti-
bodies [210].

3.10. Cl� sensitive microelectrodes

One of the earliest methods for measuring intracellular Cl�

levels involved the use of chloride-sensitive microelectrodes. This
technique employs a glass micropipette with a hydrophobic ion-
selective membrane at the tip. An ion-dependent electric poten-
tial is then measured across this membrane. An aqueous salt so-
lution fills the rest of the pipette behind this membrane and offers a
low-resistance pathway to the half-cell. The half-cell, typically an
AgCl electrode, can either be a fine AgCl wire that protrudes from
the end of a capillary glass or silver chloride located inside the tip of
a micropipette. The ion-selectivity of the membrane plug gives an
output voltage dependent upon the activity of the ion bathing the
tip [211]. This technique was used in several studies in the giant
axons of squid [212] and the crayfish [213] before it was demon-
strated that not all AgCl microelectrodes are suitable for intracel-
lular chloride measurements as the electrodes developed errors in
the intracellular environment and produced inaccurate measure-
ments with high values [214]. The general steps are summarized in
Section S7 in the Supplementary data [212e214]. The ion-sensitive
surface of the electrode must be completely contained within the
cell, which poses a limitation on its applicability to small cells
because of its relatively large size. Despite the tip diameter being
less than one micron, the sensitive area spans tenmicrons in length
and has a diameter of five microns [215]. The electrodes have un-
dergone enhancements, including the development of a new
electrode that employs a liquid ion exchanger membrane as its
sensitive component. This membrane is created by placing a liquid
ion exchanger within a holder in such a way that one side of the
membrane is in contact with an aqueous reference solution, while
the other side is in contact with the solutions to be analyzed. These
modifications have been introduced by researchers recently. This
refers to the siliconized borosilicate glass micropipette. The tip of
the electrode is filled with a small amount (1e2 mM) of liquid
chloride ion exchanger, allowing for a rapid response to changes in
Cl� within 1e2 min. However, preparing these electrodes is a
tedious process, and preventing damage during cell penetration
can be challenging. Although the use of double-barrel pipettes can
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prevent such damage when working with a single cell [216], it is
necessary to use larger cells to obtain accurate recordings without
causing damage. Cell penetration may also result in alterations to
the original distribution of intracellular Cl�. This method is tedious
and cannot be used for high-throughput screening (HTS) applica-
tions. Other disadvantages include size and potential effects on cell
integrity are discussed in Section S8 in the Supplementary data.

3.11. Radiotracer 36C�

To investigate the intracellular chloride concentration, one
method is to utilize a tracer uptake assay using 36Cl� to characterize
Cl� conductance, involving measuring the intracellular accumula-
tion of radioactive chloride. This approach starts by incubating
cultured cells in a medium containing 36Cl� and labeling the cells
with the radiotracer (step 1: labeling cells with 36Cl�). The length of
the incubation time required for the radiotracer to diffuse into the
cell can vary between 30 and 120 min. Following the loading phase,
the cells are washed rigorously with a substantial quantity of an
efflux buffer that is free of the radiotracer, to eliminate extracellular
radioactivity (step 2: washing labeled cells). The washing process is
critical since high levels of extracellular radioactivity can poten-
tially obscure any radioactivity efflux from the cells. The residual
radioactivity is extracted (step 3: extracting labeled cells) and
measured using a liquid scintillation counter (step 4: measuring
radioactivity) [217]. To calculate the intracellular chloride concen-
tration, the amount of labeled chloride in the extracted sample is
divided by the total amount of water present in the intracellular
space of the sample (step 5: calculating intracellular chloride con-
centration). One drawback of using the radiotracer 36Cl� is due to
its long half-life of 300,000 years, which could pose a safety hazard
for HTS applications [218]. Despite this limitation, the method has
been utilized to investigate ion fluxes of NKCCs [219].

3.12. Fluorescent dyes

Advancements in cell biology and microscopy have led to the
adoption of non-invasive fluorescent probes sensitive to Cl� for
measuring intracellular chloride concentrations. One early appli-
cation of fluorescent dyes involved the utilization of the quench-
ing property of halides on the fluorescence intensity of
heterocyclic organic compounds with quaternary nitrogen.
Elevated levels intracellular chloride leads to a decrease in fluo-
rescence intensity. MQAE is the most commonly used organic dye
for this purpose. MQAE is excited at ultraviolet wavelengths of
350 nm, and its emission fluorescence is recorded at 460 nm.
MQAE, unlike other Cl� indicators such as 6-methoxy-N-ethyl-
quinolinium iodide or 6-methoxy-N-(3-sulphopropyl)quinoli-
nium, has high water solubility and cell membrane permeability,
which help reduce the incubation time required for using this dye.
It is also not pH sensitive. Despite their high sensitivity and
selectivity to chloride ions, these organic dyes are susceptible to
bleaching since they are excited at ultraviolet wavelengths. This
limits the time of measurements and make it challenging to ac-
quire data at a low acquisition rate (0.1e2 frames per min). Other
disadvantages include a significant leakage rate (3%e30% per h)
and the inaccessibility of ratiometric measurements [216]. Recent
advancements in microscopy have addressed the limitations of
organic dyes by utilizing two-photon excitation in combination
with a fluorescence-lifetime imaging microscopy [220]. This
approach has successfully resolved issues such as bleaching and
photochemical damages. Particularly, the use of red or infrared
light minimizes the photo damage by ultraviolet light. This com-
bination also allows for in vivo visualization of neurons and
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astrocytes and monitoring of changes in intracellular chloride
concentration in many individual cells. MQAE-based probes have
been effectively utilized for precise measurement of Cl� transport
in glial cells [221]. They have also been developed into the first
mitochondrial Cl�-sensitive fluorescence probe, Mito-MQAE
[222], and have been applied to high-throughput screening of
NKCC1 modulators, which led to the identification of a novel se-
lective inhibitor of NKCC1 [223].

3.13. Genetically encoded sensors

An alternative approach is to use genetically encoded chloride
sensors (GECS), which involves expressing chromophores such as
yellow fluorescent protein (YFP) and green fluorescent protein
(GFP) endogenously. YFP binds to halides and is sensitive to chlo-
ride. These sensors for chloride utilize fusion proteins composed of
a halide-sensitive protein such as YFP or GFP and a halide-
insensitive protein like C-reactive protein, red fluorescent protein
from Discosoma sp., or tandem dimer Tomato, connected via a brief
linker. The first variant of YFP, Clomeleon, enables ratiometric
measurements and, thus, estimation of the level of [Cl�]i at an half
maximal effective concentration (EC50) of 167 mM. The sensitivity
of the Clomeleon sensorwas gradually enhanced (EC50 30e50mM),
and amore sensitive probe, called Cl�-sensor, was developed. Later,
a transgenic mouse encoding both Clomeleon and Cl�-sensor was
successfully generated. The Clomelon probe and its derived Cl�-
sensor have been successfully applied to detect alterations in
intracellular chloride levels resulting from the activity of KCC2 or
NKCC1 in neurons [224,225]. More recently, YFP has been used to
measure NCC activity [226]. Biosensors based on YFP enable exci-
tation in the visible wavelength range and can be directed to spe-
cific cell types through plasmid transfection or transgenic animals
carrying inserted genes.

These YFP-based biosensors have a large molecular weight that
restricts the diffusion of indicators from the cell. However, they
exhibit strong bleaching, which can be prevented by using two-
photon microscopy, and are sensitive to some organic anions and
intracellular pH. This can be problematic because the activities of
GABAAR involve changes in both chloride ions and hydrogen ions'
concentrations. Both Clomelon and Cl�-sensor have demonstrated
sensitivity to these issues.

To measure intracellular chloride concentration more precisely,
a GFP-based ratiometric biosensor called ClopHensor was devel-
oped. This sensor utilizes amutated variant of GFP known as E2GFP,
which is sensitive to both Cl� ions and changes in pH, allowing for
simultaneous monitoring of Cl� and pH levels. More recent work
involved the development of the neuronal variant, ClopHensorN,
which is a derivative of ClopHensor designed for neuronal cell
expression. While a previous study identified the formation of
dense intracellular aggregations of the fluorescence protein
component in ClopHensor, this issue has been addressed by
substituting it with a more appropriate protein. In a recent inves-
tigation by Gagnon, a ratiometric fluorescent Cl� sensor called
Chlomelon was employed to detect substances that activate KCC2
in cells and decrease intracellular chloride levels. These cells were
used as models for disease states involving GABAergic inhibitors,
and the study successfully identified one KCC2-selective analog
[227]. Furthermore, ClopHensor was also recently utilized [228].

Overall, GECS are advantageous for HTS applications as they
allow for recording multiple cells and non-invasively measuring
intracellular chloride concentrations in neuronal compartments,
such as axons, dendritic spines, and shafts [218]. The GECS encod-
ing cell lines can also be easily propagated, enabling the screening
extensive collections of chemical compounds. However, the YFP-
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based chloride sensors utilized in these cell lines are susceptible
to small anions that can modify the ionization constant of the
chromophore and subsequently affect fluorescence emission,
which is a potential drawback. Inaccuracies in measuring intra-
cellular chloride concentrations, especially at basal levels, have
been recorded to reach 10 mM at physiologically low intracellular
chloride concentrations. In situations where there is a substantial
variation in pH levels caused by neuron activity, genetically enco-
ded pH sensors are essential to mitigate the impact of pH sensi-
tivity. ClopHensor and its various derivatives can be utilized to
achieve this goal. However, the new sensors require three excita-
tion wavelengths for acquisition, compared to the two required by
the previous generation of sensors. It is also advisable to utilize
laser light sources since the two excitation wavelengths for Clo-
pHensor are closely spaced. Additionally, the new sensors require
an extra photodiode to measure laser power fluctuations during
acquisition, which is crucial for correcting fluorescence ratios.
Furthermore, the resulting dataset requires sophisticated analysis
[218].

4. CCCs drug discovery

The physiological importance of SLC12 familymembers has been
confirmed by its association with human Mendelian diseases, as
mentioned in Section 2.1. For a long time, the pharmacological
profile of electroneutral CCCs, which are encoded by the SLC12
family members, has been mainly influenced by a handful of drugs
that specifically target cotransporters in the kidney, for example,
the diuretics furosemide since the 1960s [229], and bumetanide
since 1970s [230]. Over the past few years, increasingly apparent
that the SLC12 family members play a significant role in ion fluxes
across a range of tissues. NCC is located on the luminal side of the
epithelial cells in kidney's DCT, while NKCC2 is situated on the
apical side of the epithelial cells in the TAL. These specific regions
are responsible for the reuptake of salts and obligatory water from
urine formation, which are crucial in maintaining electrolyte bal-
ance and regulating blood volume and pressure (Fig. 6A). In
immature neurons, Cl� currents mediated by GABAARs are depo-
larizing and outward, attributed to a higher proportion of NKCC1 to
KCC2 activity or an increase in NKCC1 and KCC2 phosphorylation
through WNK-SPAK-dependent mechanisms. Healthy mature
neurons maintain a low intracellular concentration of [Cl�]i
through the inverse activity pattern of NKCC1 and KCC2. This pro-
motes hyperpolarization mediated by GABAAR, crucial for main-
taining the appropriate balance of excitation and inhibition in
neuronal circuits (Fig. 6B). This has led to increasing interest in the
discovery of novel small molecules that target the CCCs. Interest-
ingly, as the family members of the SLC12 cotransporters share a
degree of homology, multiple drugs can influence family members.
For instance, bumetanide and furosemide can block the activity of
both NKCC1 and NKCC2 and may also affect the activity of KCCs.
Various small molecules along with their respective target CCCs are
summarized in Table 2 [223,231e243].

4.1. Medicinal chemistry effects for CCCs compounds, and their
contribution in CCC biology

4.1.1. Thiazide
Systemic hypertension is a prevalent condition that, when left

untreated, elevates the risk of renal failure, strokes, and coronary
thrombosis. Before 1950, there was no efficient treatment available,
making the development of antihypertensive medications a sig-
nificant success story [244]. Indeed, thiazide diuretics were
discovered in the 1950s when Merck Sharpe and Dohme's chemists
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and physiologists tested sulfonamide-based carbonic anhydrase
inhibitor derivatives, which aimed to enhance sodium and chloride
excretion instead of sodium bicarbonate [244]. Hydrochlorothia-
zide was the first thiazide diuretic to receive U.S. FDA approval in
1959 and is themost commonly prescribed drug to treat edema and
hypertension [245,246], and recently, in chronic kidney disease
[247]. Investigators have long been puzzled by the mechanisms
through which these drugs efficiently reduce arterial pressure
[248]. Thiazides cause an acute reduction in cardiac output by
decreasing extracellular fluid (ECF) and plasma volume. However,
with chronic use, ECF volume tends to return to its original level,
and vasodilation takes over [249]. Some earlier studies suggested
that the main mechanism through which thiazide diuretics
decrease arterial pressure is direct vasodilatation, which could be
facilitated by changes in how ions are transported within the blood
vessels [249]. Despite this, the primary function of thiazide di-
uretics is to directly block NCC in the DCT of the kidney [250].
Thiazide diuretics are specific inhibitors of NCC, as they do not
inhibit the furosemide-sensitive NKCC [251]. Fan et al. [9] recently
used cryo-electron microscopy (Cryo-EM) to identify the human
NCC structures, which formed a complex with a co-crystallized
thiazide diuretic. This discovery demonstrates the specific inter-
action between thiazide diuretics and NCC and how they obstruct
the transport of ions. By overlapping with the suggested Cl�

binding site on NCC, the chloro group situated in the six-position of
polythiazide presents significant proof that thiazide diuretics
compete with Cl� for binding [9]. This observation supports the
notion that thiazide diuretics and Cl� compete for the same binding
site.
4.1.2. Bumetanide
Bumetanide is a diuretic drug approved by U.S. FDA and widely

used due to its high potency. It displays a 500-fold greater affinity
for NKCCs than KCCs [252]. The discovery of bumetanide dates back
to 1969 during studies on a vast group of diuretic derivatives of 3-
amino-5-sulfamoylbenzoic acid, and the chemical structures and
biological activities of these derivatives underwent systematic
analysis [253]. This discovery led to the synthesis of several related
Fig. 6. The mechanism by which diuretic drugs target cation-chloride cotransporters (CCCs
aminobutyric acid (GABA) response in the nervous system. (A) Thiazide and loop diure
respectively, reducing salt and water retention in the kidney. (B) In immature neurons (up
depolarizing Cl� currents mediated by GABAA receptors (GABAARs). In mature neurons (low
chloride ion concentration ([Cl�]i), enabling GABAAR-mediated hyperpolarization crucial for
ascending limb; ROMK: renal outer medullary Kþ channel; CIC-Kb: Cl� channel Kb; WNK:
oxidative stress-responsive kinase 1.
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compound series with similar chemical structures and diuretic
profiles [254,255]. In both humans and animals, bumetanide was
discovered to be more potent than the loop diuretics furosemide
and ethacrynic acid, which have been established as clinical
treatments [256]. In 1979, Frizzell et al. [257] suggested that the
diuretic effects of loop diuretics occur by blocking the activity of
NCC in the kidney. Following this, Palfrey et al. [258] conducted a
study in 1980 to examine the effects of various aminobenzoic acid
derivatives, including some of the derivatives of bumetanide, on a
system that transports cations together in avian red blood cells.
This co-transport system was later identified as NKCC1 [259].
Together with the study by Lykke et al. [260] in 2015 on several
bumetanide derivatives, a strong correlation exists between the
effectiveness of diuretics in animal assays and their inhibitory po-
tency in the avian cotransporter.

Following a brain injury, an accumulation of chloride in neurons
leads to a favorable change in the reversal potential of chloride
currents gated by GABA, which weakens the inhibitory effects of
GABA neurotransmitters [224]. However, inhibiting the activity of
NKCC1 after the injury reduces the accumulation of neuronal
chloride [261]. As a result, GABA reversal potential aligns better
with physiological values. This, in turn, enhances the effectiveness
of anticonvulsants like phenobarbital that augment the average
duration of GABAA channels in treating neonatal seizures [262]. An
early pilot study in 2010 showed that bumetanide can reduce
autistic behavior in five infants who received treatment for three
months without any adverse effects [263]. A subsequent double-
blind clinical trial was performed and found that bumetanide re-
duces intracellular chloride, reinforcing GABAergic inhibition [264].
A phase II randomized controlled trial conducted recently utilized
bumetanide as a supplementary therapy for neonatal seizures and
yielded a compelling indication of its efficacy while exhibiting no
signs of toxicity signs [265]. However, the efficacy of bumetanide
was investigated in another independent phase II superiority trial,
which revealed unfavorable outcomes indicating that it did not
have a superior impact on the primary outcome [266]. This may be
due to bumetanide's physicochemical properties, exhibiting poor
transport through the blood-brain barrier (BBB). In 2014, two ester
) in the kidney and how these transporters regulate Cl� volume and the polarity of g-
tics inhibit Naþ-Cl� cotransporter (NCC) and Naþ-Kþ-2Cl� cotransporter 2 (NKCC2),
per panel), higher NKCC1 to Kþ-Cl� cotransporter 2 (KCC2) ratio leads to outward and
er panel), the opposite activity pattern of NKCC1 and KCC2 maintains low intracellular
balancing neuronal excitation and inhibition. DCT: distal convoluted tubule; TAL: thick
with-no-lysine (K) kinase; SPAK/OSR1: SPS/Ste20-related proline-alanine-rich kinase/



Table 2
Small molecules specifically target cation-chloride cotransporters (CCCs).

Compound Chemical structure Function Binding target and IC50 Refs.

ARN23746 Selective NKCC1 inhibitor NKCC1 IC50 ¼ 20 mM
NKCC1 IC50 ¼ 11.1 mM (in neurons)

[223,233]

Furosemide NKCC inhibitor NKCC1 IC50 ¼ 10e50 mM
NKCC2 IC50 ¼ 15e60 mM
KCC2 IC50 ¼ 10 mM
KCC3 IC50 ¼ 25 mM
KCC4 IC50 ¼ 900 mM

[231]

Bumetanide NKCC1 inhibitor NKCC1 IC50 ¼ 0.05e0.6 mM
NKCC2 IC50 ¼ 0.1e0.5 mM
KCC1 IC50 ¼ 60 mM
KCC2 IC50 ¼ 55 mM
KCC3 IC50 ¼ 40 mM
KCC4 IC50 ¼ 900 mM

[231]

Azosemide NKCC1 inhibitor NKCC1 IC50 ¼ 0.246 mM [232]

KCC2 blocker 1 Selective KCC2 blocker KCC2 IC50 ¼ 1 mM [234]

(þ)-KCC2 blocker 1 Selective KCC2 blocker KCC2 IC50 ¼ 0.4 mM [234]

VU0240551 Selective KCC2 blocker KCC2 IC50 ¼ 0.560 mM [235]

DIOA Selective KCCs blocker KCCs IC50 ¼ 10 mM [236]

OV350 Nto available by the time Selective KCC2 activator KCC2 EC50 ¼ 0.261 mM [237]

(continued on next page)
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Table 2 (continued )

Compound Chemical structure Function Binding target and IC50 Refs.

STS66 NKCC1 inhibitor NKCC1 IC50 ¼ 40 mM [238]

CLP290 KCC2 activator [239]

CLP257 KCC2 activator KCC2 EC50 ¼ 0.616 mM [239,240]

VU0463271 Selective KCC2 blocker KCC2 IC50 ¼ 0.061 mM [241]

ML077 KCC2 inhibitor KCC2 IC50 ¼ 0.537 mM [241]

Thiazide NCC inhibitor NCC IC50 ¼ 0.5 mM
NKCC1 IC50 ¼ 31 mM

[242]

ARN24092 Selective NKCC1 inhibitor NKCC1 IC50 ¼ 20 mM [243]

IC50: half maximal inhibitory concentration; NKCC: Naþ-Kþ-2Cl� cotransporter; KCC: Kþ-Cl� cotransporter; EC50: half maximal effective concentration; NCC: Naþ-Cl�

cotransporter.
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prodrugs of bumetanide, i.e., pivaloyloxymethyl (or BUM1) and
N,N-dimethylaminoethylester (or BUM5), were synthesized, and
they were shown to produce substantially higher concentrations of
bumetanide in the brain than administering the original drug [267].
In 2018, bumepamine, a benzylamine derivative of bumetanide that
is lipophilic and has the ability to penetrate the BBB without hin-
dering NKCC1, was discovered. It was observed to be more efficient
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than bumetanide in augmenting phenobarbital's anticonvulsant
properties in animal models [268]. STS66 is a new inhibitor
of NKCC1 composed of 3-(butylamino)-2-phenoxy-5-[(2,2,2-
trifluoroethylamino)methyl]benzenesulfonamide which has been
found to be superior to bumetanide in terms of brain penetration
and in reducing brain damage following ischemic stroke in mice
[269]. In 2020, Savardi et al. [223] designed, synthesized, and
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assessed new molecules in vitro to improve upon the existing
compounds derived from bumetanide and other inhibitors of
NKCC1. As a result, they developed a potent lead NKCC1 selective
inhibitor, ARN23746, which showed no inhibition of NKCC2 and
KCC2. In vitro studies showed that ARN23746 could modify
neuronal chloride homeostasis, and animal experiments using
Down syndrome (DS) and autism mouse models revealed that it
could alleviate core symptoms [223]. Moreover, ARN23746 under-
went extensive in vitro and in vivo preclinical evaluations, which
served as a crucial step forward in the progress toward further
clinical investigations [233]. The results indicated that ARN23746
exhibited a favorable profile regarding its potency, brain penetra-
tion, and metabolism. Additionally, the drug was found to be orally
bioavailable, and it effectively improved cognitive impairments in
mice of DS after oral administration, with no observed diuretic
effects or toxicity [233]. Azosemide and torasemide are two loop
diuretics that potently suppress the activity of NKCC1. Unlike
furosemide and bumetanide, they do not have a carboxylic group,
which makes them more capable of passively diffusing through
biomembranes [270]. In a rat model of birth asphyxia, torasemide
enhances the disease-modifying and anti-seizure effects of mid-
azolam, whereas azosemide does not [270].

4.1.3. Furosemide
Furosemide was developed in the 1960s when scientists were

searching for new treatments for congestive heart failure and hy-
pertension. The production of furosemide involves a multistep
synthesis process that utilizes 4,6-dichlorobenzoic acid-3-
sulfonylchloride as a starting material. Ammonia and 6-
furfurylamine are subsequently added to the reaction mixture
sequentially [271]. Furosemide is a potent diuretic with a rapid
onset of action. However, compared to bumetanide, furosemide
exhibits non-selective inhibition of NKCCs and blocks KCC2 at
similar concentrations [229]. Its applications extend from man-
aging hypertension to treating edema caused by cardiac, hepatic, or
renal issues, and even to providing symptom relief for hypercal-
cemia. In 1964, clinical trials of furosemide began, and the drug was
found to be highly effective in treating edema and reducing blood
pressure in patients who with congestive heart failure. Furosemide
was approved by U.S. FDA in 1982 and has been included in the List
of Essential Medicines by the World Health Organization. In addi-
tion to its effect on NKCCs, furosemide was found to inhibit KCC3
when it was cloned in 1999 [58]. Furosemide was also observed to
have an inhibitory effect on KCC2. When 2 mM furosemide was
applied, Kþ uptake in KCC2-expressing cells was completely
blocked [272]. While furosemide inhibits the NKCCs at concentra-
tions in the low micromolar range [252], it only affects the KCCs at
significantly higher concentrations of approximately 100 mM or
above [273]. High-affinity extrasynaptic GABAARs that contain the
a4 and a6 subunits can be strongly inhibited by furosemide, but not
bumetanide [274]. Furosemide has then been used to inhibit
potassium-chloride cotransport by KCC2 to prevent sound-
triggered seizures in rats prone to audiogenic seizures following
an ischemic event [275]. Our recent study found that furosemide
can restore GABA inhibition mediated by KCC2 and halt the pro-
gression from acute seizure to epileptogenesis by preventing the
downregulation of membrane KCC2 during the induction of acute
seizures [276].

4.1.4. Selective KCC2 activator
For a long time, the development of potent and selective acti-

vators for KCC2 has been a highly desired objective. In 2013, Gag-
non et al. [227] discovered CLP257 (200 nM), which selectively
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increases KCC2 activity [227]. However, in 2017, Cardarelli et al.
[176] were unable to replicate these results and proposed that
CLP257 may exert its effects via potentiating GABAA receptors
instead. Recently, Jarvi et al. [237] developed a KCC2-specific
compound termed OV350 (or 350), which showed an EC50 of
261.4 nM for KCC2 and did not affect the function of NKCC1, KCC3,
or KCC4. Additionally, it did not alter its plasma membrane accu-
mulation or phosphorylation, both of which have been proposed as
crucial factors for KCC2 function [175,277]. Subcutaneous admin-
istration of OV350 in mice exhibits significant brain penetration
and CNS activity and does not induce any overt phenotype. KCC2
activation by OV350 protects against seizures caused by convulsant
pentylenetetrazole, a GABAAR antagonist, and refractory seizures
triggered by benzodiazepines, the canonical GABAAR-positive
allosteric modulators [237]. Therefore, OV350 is the first compound
known to directly bind to and activate the KCC2 cotransporter,
which shows promising potential for treating epilepsy.
4.1.5. Others
[(dihydroindenyl)oxy]alkanoic acid (DIOA) is much more spe-

cific for blocking KCCs rather than NKCCs. At a concentration of
100 mM, DIOA inhibits KCCs (half maximal inhibitory concentration
(IC50) of 10 mM), but it does not block NKCCs [18,236]. The char-
acteristics of Kþ efflux sensitive to DIOA provide conclusive evi-
dence that there exists a mechanism for the cotransportation of Kþ

and Cl� in human red blood cells, which plays a role in regulating
cell swelling [236]. The Kþ transport experiments that com-
plemented the study found that 50 mmDIOA completely eliminated
both lipopolysaccharide- and phorbol 12-myristate 13-acetate-
induced Kþ efflux, which was insensitive to ouabain and bumeta-
nide. Despite its effects on Kþ efflux sensitive to DIOA in human red
blood cells, this compound did not alter the basal Cl� and Kþ efflux
or affect the viability of resting human neutrophils [278]. Recently,
we and others have also developed specific kinase inhibitors that
target the upstream regulators of CCCs, the WNK-SPAK signaling
pathway. For example, in 2016, Yamada et al. [110] made a break-
through by identifying WNK463, a pan-WNK kinase inhibitor that
can be taken orally. It has a high level of selectivity for kinases and
an affinity in the low nanomolar range. When given orally,
WNK463 was observed to considerably reduce blood pressure in a
rat model of hypertension [110]. The development of WNK463 as a
potential treatment was halted due to the discovery of additional
effects beyond those observed in the renal and cardiovascular
systems when administered at higher concentrations to rats [279].
Nevertheless, a study conducted by Lee et al. [177] in 2021 showed
that WNK463 can be effective in reducing the occurrence and fre-
quency of seizure-like events in a slicemodel of seizures induced by
4-aminopyridine. The drug achieved this by enhancing KCC2-
mediated Cl� export and causing hyperpolarization of EGABA
[177]. A specific inhibitor for SPAK, ZT-1a (5-chloro-N-(5-chloro-4-
((4-chlorophenyl)(cyano)methyl)-2-methylphenyl)-2-
hydroxybenzamide), has recently been developed [138]. It func-
tions as a modulator for both KCCs and NKCC1 by promoting KCCs
and inhibiting NKCC1 through a decrease in their phosphorylation
that is dependent on SPAK [138]. Inhibiting SPAK leads to an
improvement in the export of Kþ that is dependent on Cl� and al-
lows for better cellular volume regulation after injury. Animal
studies have shown that ZT-1a can lower the level of CCC phos-
phorylation caused by ischemia, which can reduce cerebral edema
and lead to better results in terms of functionality [138]. Given its
specificity and positive results in vivo, ZT-1a has the potential to be
a highly effective treatment for cerebral edema.
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5. Functional and structural investigation of CCCs by Cryo-EM
technology

Cryo-EM of single particles is a method employed to investigate
the configuration of large biological molecules, such as proteins,
viruses, and ribosomes, at high resolution. The technique was first
developed in the 1980s [280] and has undergone significant tech-
nological advancements in recent years [281]. It received the Nobel
Prize in Chemistry in 2017 due to its impact on structural biology
and biomedicine [282]. The process of Cryo-EM entails rapidly
freezing a biological macromolecule sample in a layer of vitrified
ice, followed by imaging the particles with an electron microscope.
Subsequently, the pictures are analyzed and combined to generate
a precise three-dimensional (3D) model of the macromolecule
through averaging. The workflow from purified protein samples to
the 3D model is shown in Fig. S4. Cryo-EM has several advantages
over traditional crystallography, including the ability to study large
and flexible macromolecules that are difficult to crystallize and the
ability to study macromolecules in a near-native, hydrated state.
Furthermore, Cryo-EM allows for the study of macromolecules that
exist in multiple conformations, as it provides an average repre-
sentation of the entire population of macromolecules in the sam-
ple. Cryo-EM has revolutionized the field of structural biology and
has enabled the determination of structures for many previously
intractable biological systems. As a result, novel information
regarding the roles and operations of biological macromolecules
has emerged, opening up new opportunities for the creation of
innovative medications and treatments.

Previously, conventional hydropathy analysis revealed that CCCs
are identified by their transmembrane domain (TMD), which con-
sists of 12 helices, as well as their extensive extracellular domains
and substantial cytoplasmic N- and C-terminal domains [33,37].
Recently, high-resolution structures of almost all CCCs, except for
NKCC2, including NKCC1 [7,8], NCC [9,10], KCC1 [11], KCC2 [12,13],
KCC3 [12,13] and KCC4 [13,14], in various ionic environments where
ion-binding sites may be partially or fully occupied, or completely
vacant (Fig. 7A). The TMD is readily apparent in the structures of all
CCCs, but for certain structures, the extensive C-terminal domain
displays incomplete density, which could be attributed to its
diverse orientations below the TMD [283,284]. The TMD of CCCs
exhibits a conventional leucine transporter fold, with the substrate
transport core consisting of two inverted repeats of TM1e5 and
TM6e10. Meanwhile, the two remaining helices (TM11 and TM12)
might play a role in the dimeric assembly [283e285]. Within the
ion transport pathway, the TM1 and TM6 helices occupy a central
position and interrupt the a-helical geometry at themidpoint of the
lipid bilayer. The sites for ion binding are arranged surrounding
these noncontinuous hinge regions [283e285]. The domains
located at the C-terminus of NKCC1 [7,8], NCC [9,10], and KCCs
[12e14] have a high degree of conservation and share an identical
ten-stranded b sheet core. The structures of KCC2 [12,13], KCC3
[12,13], and KCC4 [13,14] reveal that an autoinhibitory segment at
the N-terminus is inserted and acts as a physical barrier at the point
where the ion permeation pathway opens into the cell's interior
(Fig. 7A). This indicates that the cytoplasmic vestibule must be
cleared of this segment when KCCs are actively transporting ions.

Further, CCCs structures have been determined in complex with
diuretic drugs (Fig. 7B), such as human NKCC1 and bumetanide and
furosemide [283], human NCC and thiazide diuretic [9], or with
small molecule inhibitors, for example, human KCC3 and DIOA [12],
and human KCC1 and VU0463271 [284]. These findings offer an
initial atomic-level understanding of the interactions between
these inhibitors and different CCC transporters and their effects on
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ion transportation. Bumetanide binds to the ion translocation
pathway on the extracellular side, which includes highly conserved
residues in both human NKCC2 and NKCC1 [283]. This is the reason
why bumetanide, as well as other loop diuretics, is unable to
distinguish between these two highly similar paralogs. Therefore,
future co-structure work on NKCC1 and ARN23746 would be
interesting to explain why ARN23746 is an NKCC1 selective
inhibitor.

6. Established HTS methods for specific CCCs compound

6.1. HTS screening for KCC2 modulator

Conventional techniques employed to evaluate the activity of
CCCs are not suitable for HTS. In 2009, Delpire et al. [168] developed
a fluorescence-based approach suitable for HTS to discover small
molecules or compounds that impact KCC2 activity (Fig. 8A). Their
method involves utilizing a fluorescent dye that reacts toTI, a cation
that is transported by CCCs (as mentioned in Section 3.7). The as-
say's strength was assessed by computing the Z0, a statistical metric
utilized for evaluating the robustness of an HTS assay [286]. They
used this approach to screen a library of 234,560 compounds with
an average Z0 value of 0.686, across several 384-well plates growing
with HEK293 cells overexpressing KCC2. They discovered 465
compounds that displayed a typical dose dependence in inhibiting
KCC2 activity. After evaluating their strength and chemical struc-
ture, they chose 26 compounds that hindered the rise in TI-induced
fluorescence and conducted tests on their impact on the functions
of NKCC1 and KCC2 through radioactive rubidium (86Rbþ) uptake
experiments on HEK293 cells. They then focused on a compound
termed D4, N-(4-methylthiazol-2-yl)-2-(6-phenylpyridazin-3-
ylthio)acetamide, which noticeably suppressed Kþ uptake medi-
ated by KCC2 at 10 mM while exhibiting minimal impact on NKCC1.
By employing a structure-activity relationship analysis, they
designed a series of molecules based on the structure of D4. As a
result, they produced two potent analogs, D4/6m (CID 25067404, or
ML077) and D4/6l (CID 7211972), with EC50 values of 537 and
558 nM, respectively. Subsequently, they carried out additional
chemical lead optimization of ML077, resulting in the development
of a highly potent antagonist probe termed VU0463271 for KCC2
[241]. VU0463271 displays over 100-fold specificity towards NKCC1
and exhibits no activity against awider range of ion transporter, ion
channels, and G protein-coupled receptors (GPCRs). The application
of VU0463271 both in vitro and in vivo has been shown to result in
neuronal excitability [287,288]. Recording muscimol-induced cur-
rents from rat reticular thalamic (RT) neurons through in vitro
gramicidin perforated patch technique, the administration of 10 mM
VU0463271 led to a more depolarized EGABA of RT neurons as
compared to the baseline [287]. According to Sivakumaran et al.
[288], the use of VU0463271 at a concentration of 10 mM caused a
shift towards depolarization of EGABA, changing it from �76 ± 5 mV
to �36 ± 2 mV. The activity of KCC2 was abolished by 10 mM
VU0463271, as evaluated by ex vivo electrophysiology, revealing
that the spiking frequency of CA1 pyramidal neurons increased
upon treatment [289].

In 2013, Gagnon et al. [227] conducted a screen to assess the
activity of KCC2 by measuring the intracellular Cl� concentration of
neuroblastoma � glioma NG108-15 hybrid cells. To evaluate KCC2
function, cultured cells were transfectedwith Clomeleon, a chloride
indicator. Following this setup, they started screening a collection
of 92,500 compounds, leading to the identification of 78 positive
hits. Subsequently, they performed a secondary screening to
identify compounds that exhibited specificity towards cells



Fig. 7. Overall cryo-electronmicroscopy (Cryo-EM) structures of Naþ-Kþ-2Cl� cotransporter 1 (NKCC1), Naþ-Cl� cotransporter (NCC), and Naþ-Cl� cotransporters (KCCs). (A) Cryo-EM
structures of selected cation-chloride cotransporters (CCCs). From left to right: human species of NKCC1, NCC, KCC1, KCC2, KCC3, KCC4, NKCC1 TMdomain, NKCC1, KCC1 TMdomain, and
NCC C-terminal domains (CTD). (B) CCCs structures in complex with diuretic drugs. From left to right: human NKCC1 K289NA492EL671C bound with bumetanide, KCC1 bound with
VU0463271, and KCC3 bound with DIOA. Codes of cryo-EM structures that were submitted in the Protein Data Bank (PDB) are indicated below each image. Transmembrane domain
(TMD) is colored in green, CTD in marine, and scissor helix in yellow. DIOA: [(dihydroindenyl)oxy]alkanoic acid.
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expressing NKCC1, KCC1, KCC2, and KCC4, as well as towards a
compound called CL-058, which contains three rings with a middle
thiazol group, namely (5Z)-5-[(2-hydroxyphenyl)methylidene]-2-
piperidin-1-yl-1,3-thiazol-4-one. Using CL-058 as a starting com-
pound, they synthesized 300 analogs and discovered a lead com-
pound termed CLP257. CLP257wasmodified by adding an Fl� ion to
the hydroxyphenyl group and replacing the pyridine group with a
pyridazine. This resulted in a significant increase in potency, with
an EC50 decreasing from 31.5 mM to 50 nM. It is noteworthy that
the specificity of CLP257 appeared to be limited to KCC2, as there
was no indication of increased transport observed in a rubidium
flux assay conducted on Xenopus laevis oocytes expressing other
CCCs [227].

In order to discover compounds that enhance KCC2 function, in
2022, Prael Iii et al. [290] created a KCC2 activity assay compatible
with HTS. The assay employs a monoclonal HEK293 cell line that
expresses KCC2 in an inducible manner and constitutively ex-
presses the Cl� sensor SuperClomeleon [291]. They utilized varia-
tions in the fluorescence of SuperClomeleon, which indicate
changes in intracellular chloride concentration [Cl�]i, as a measure
of KCC2 activity (as mentioned in Section 3.13). They screened
~23,000 small molecules, and the assay's strength was quantified
using the Z0 method [286]. The compound known as VU0500469
displayed a distinctive pharmacological profile as it enhanced the
activity of KCC2 in neurons and prevented seizure-like events
in vitro. In the future, efforts should be made to improve the
effectiveness of compounds in the VU0500469 category. Addi-
tionally, a comprehensive evaluation will be conducted to deter-
mine the specificity of compounds similar to VU0500469 against a
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wide range of targets, along with gaining a more thorough under-
standing of how VU0500469-like compounds enhance the activity
of KCC2.

Jarvis et al. [237] in 2023 employed a drug screening process
involving multiple tiers to detect chemical compounds capable of
directly activating KCC2. In this experiment, the researchers uti-
lized HEK293 cells that overexpressed KCC2 to conduct TI influx
assays. They then tested the effect of 1.3 million compounds from
AstraZeneca's compound library on potassium flux at a concen-
tration of 30 mM. Afterward, they chose compounds for further
analysis based on their capacity to enhance KCC2 activity, but not
KCC3, KCC4, or NKCC1, by over 30% with an EC50 of less than 30 mM.
The researchers carried out an investigation to eliminate the pos-
sibility of compounds indirectly regulating KCC2 activity by altering
its phosphorylation at Ser940 and Thr1007 sites. They accom-
plished this by analyzing the effects of the compounds on a set of
348 protein kinases. By eliminating compounds that exhibited ki-
nase activities with an IC50 value of less than 10 mM, the researchers
identified a cluster of fused aminopyrimidine compounds, with
compound 1 (Cmp1) serving as the representative molecule. Cmp1
displayed the ability to enhance KCC2 activity, with a lower EC50
value of 2.01 mM. It is worth noting that this concentration had no
effect on the activity of other solute carriers, such as KCC3, KCC4, or
NKCC1, which are also involved in the neuronal Cl� homeostasis
regulation. A cellular thermal shift assay was performed to confirm
the direct interaction between Cmp1 and KCC2. To investigate the
impact of Cmp1 on the thermal stability of KCC2, HEK293 cells were
used to transiently express KCC2. The results showed that Cmp1
caused KCC2 to become unstable, with an IC50 value of about



Fig. 8. General workflows of high-throughput screening of Kþ-Cl� cotransporter 2 (KCC2) or Naþ-Kþ-2Cl� cotransporter 1 (NKCC1) modulators. (A) The overall workflow of high-
throughput screening of KCC2 or NKCC1 compounds from compound libraries, followed by structure-activity relationship (SAR) optimization of drug candidates for in vitro and
in vivo validations. (B) The overall workflow of high-throughput screening for NKCC1 inhibitors through in silico modeling, molecular docking, molecular dynamics (MD) simu-
lation, evaluation on the absorption, distribution, metabolism, and excretion (ADME) properties, carcinogenicity, and toxicological and biological activities of the chosen com-
pounds. HTS: high-throughput screening; CNS: central nervous system; 3D: three-dimensional; CCCs: cation-chloride cotransporters; PDB: Protein Data Bank; YASARA: Yet Another
Scientific Artificial Reality Application.
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1.1 mM. One of the derivatives generated, OV350 (or 350), showed
an EC50 of 261.4 nM for KCC2 during the medicinal chemistry
optimization process, which started with Cmp1 as the initial
compound. OV350 can penetrate the brain and reduce the accu-
mulation of neuronal chloride ions, thereby decreasing excitability.
When activated, KCC2 by OV350 prevents the onset of status epi-
lepticus induced by benzodiazepines, thereby reducing the risk of
neuronal cell death [237], as discussed in the above section.

6.2. HTS screening for NKCC1 inhibitor

In 2017, Gill et al. [292] showcased the utilization of Aurora's Ion
Channel Reader (ICR, ICR8000TM/ICR12000TM) as an alternative to
traditional radioactive-based assays for studying NKCC1 and con-
ducting high-throughput drug screening. The ICR platform is
updated and does not require the use of radioactive materials. The
new functional assay provided by this model for NKCC1 enables the
accurate ranking of tested compounds and demonstrates its spec-
ificity and sensitivity. The Z0-score was calculated to evaluate the
robustness of the HTS assay [286]. Afterward, a screening of 1,450
compounds from a targeted library was carried out to identify
NKCC1 inhibitors. The automated assay yielded strong results, with
a Z0 score exceeding 0.7 and demonstrating high consistency across
three independent runs. They conducted a full HTS of a library of 1.2
million compounds, with bumetanide included as a positive con-
trol. One of the molecules, termed 4636277, was found potent than
bumetanide, and another one termed 993437 showed a similar
dose-response curve as bumetanide. However, neither of their
structures have been released, nor have further in vitro cellular
experiments been conducted. Nevertheless, the ICR8000TM/
ICR12000TM features an automated sampling mechanism that uti-
lizes microliter sampling technology, making it possible to screen
compounds in an HTS format for CCC transporters and beyond.
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In silico modeling is the use of computer simulations to model
biological systems and predict their behavior. In the context of drug
screening, in silico modeling can be used to predict the interactions
between potential drug compounds and target proteins. This can
save time and resources compared to traditional experimental
approaches, as it allows for the quick screening of a vast number of
compounds. Among the variousmethods for screening compounds,
HTS using in silico modeling is considered one of the most effective.
Other techniques, such as molecular docking and molecular dy-
namics simulation, are also utilized to assess the absorption, dis-
tribution, metabolism, and excretion (ADME) properties.
Additionally, for the selected compounds, it is essential to evaluate
the ADME properties, carcinogenicity, and toxicological and bio-
logical activities (Fig. 8). In 2020, Savardi et al. [223] developed a
pharmacophore model using a ligand-based computational
approach based on bumetanide and other known inhibitors of
NKCC1. The researchers used an iterative way that involved in silico
and in vitro screening, along with optimization of small-molecule
inhibitor candidates' structural and functional properties to
enhance their efficacy. In silico screening was conducted on
135,000 compounds, and subsequently, 255 compounds were
examined for NKCC activities using Cl� influx assay in HEK293 cells.
The integrated drug discovery strategy resulted in the identification
of two new potential drugs, ARN22642 and ARN22430, which
demonstrated strong inhibitory effects on NKCC1 [223]. However,
these candidates were found to have poor solubility and metabolic
stability. The authors then developed new analogs based on
ARN22642 and ARN22430 to address their inadequate drug-like
properties. One of these analogs, called ARN23746, was tri-
fluoromethylated and demonstrated significantly improved solu-
bility and metabolic stability, as well as increased potency for
inhibiting NKCC1 (31.8% ± 5.4% at 10 mM), and did not exhibit a
marked impact on NKCC2 [223]. Inhibition of NKCC1 by ARN23746
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restored normal levels of intracellular Cl� in murine DS neuronal
cultures and improved core symptoms in mouse models of autism
and DS [223].

In another study, Roy et al. [293] used the predicted human
NKCC1 crystal structure to conduct virtual screening of a library of
1,930 brain-permeable compounds using molecular docking. As a
result, they discovered four novel NKCC1-selective inhibitors. It is
important to conduct both in vitro and in vivo experiments to verify
the potency and selectivity of the four identified compounds for
NKCC1. Although these compounds have chemical structures that
are notably different from bumetanide and other loop diuretics,
further testing is required to confirm their effectiveness.

The use of in silico modeling based on available crystal struc-
tures of CCCs holds great potential in identifying more promising
lead compounds for further testing and development in the future.
This can be complemented with other experimental techniques,
such as Cryo-EM technology, to offer a comprehensive compre-
hension of the molecular mechanisms of drug action.

7. Conclusion and future perspectives

In summary, CCCs are transmembrane proteins that have a vital
function in the transportation of ions across the cell membrane.
These cotransporters participate in the management of intracel-
lular ion concentrations and fluid equilibrium. Additionally, they
play a critical part in controlling various physiological functions,
including cell volume, blood pressure, neuronal excitability, and
more. Each of these cotransporters has a specific role in regulating
ion transportation, and their expression and function are regulated
by a variety of signaling pathways and physiological stimuli. De-
ficiencies in CCCs can lead to several diseases and disorders,
including epilepsy, cystic fibrosis, Bartter syndrome, and Liddle
syndrome. Thus, understanding the way CCCs work and how they
are regulated is critical for advancing new treatments for these and
other ailments.

Significant research progress has been made in identifying
therapeutic indications for these cotransporters in following
areas, 1) renal diseases: NKCC2 and NCC have been proven to play
important roles in regulating blood pressure and electrolyte bal-
ance, making them potential targets for treating various renal
diseases, including Bartter's syndrome and Gitelman syndrome;
2) hypertension: blockade of NKCC2 and/or NCC in animal models
of hypertension has been found to effectively lower blood pres-
sure; 3) edema: inhibition of NKCC1 has shown promise in
reducing edema in animal models of various diseases, including
stroke and hydrocephalus; 4) neurological disorders: activation of
KCC2 or inhibition of NKCC1, which are involved in regulating
neuronal excitability and synaptic plasticity, are potential thera-
peutic targets for various neurological disorders, such as autism,
epilepsy, and neuropathic pain; and 5) cancer: KCC3 and NKCC1
have the potential to be significant factors in the growth and
advancement of specific types of cancer, presenting an appealing
opportunity to develop novel cancer treatments targeting these
proteins. Therefore, it is highly probable that we will observe
continuous expansion in the field of CCCs, paving the way for the
creation of advanced and potent therapies for a range of diseases
in the future.

It is advantageous to have the capability of employing functional
assays to identify and describe small-molecule modulators of SLC12
transporters. Although SLC12 transporters are electroneutral due to
their stoichiometry, the conventional methods available tomeasure
their transport function rely on gauging Kþ or Kþ-substitute
transport, as well as the direct or indirect assessment of
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intracellular chloride concentration. Techniques used to evaluate
CCC activity include the ammonium pulse technique, radioactive or
nonradioactive rubidium ion uptake assay, and TIþ uptake assay.
Moreover, intracellular chloride concentration can be indirectly
assessed using sensitive microelectrodes, radiotracer 36Cl�, and
fluorescent dyes. Additional techniques for CCC evaluation include
looking directly at kinase regulatory sites phosphorylation, flame
photometry, 22Naþ uptake assay, structural biology, and in silico
modeling. To evaluate the activity of KCC2 or NKCC1 in nerve cells,
patch-clamp electrophysiology is typically used to measure GABA
activity. However, this approach is highly specialized, labor-
intensive, and time-consuming, limiting its efficiency and its use
for HTS applications. In contrast, the non-radioactive version of the
ion flux assay method has shown benefits for studying various
types of ion transporters and for conducting high-throughput drug
screening. High-resolution structures of CCCs are now available
through Cryo-EM technology, enabling researchers to apply in silico
modeling for screening more specific and potent CCC compounds.
While these cotransporters have shown promise as therapeutic
targets in preclinical studies, it is important to note that more
research is needed to validate their use in treating human diseases,
such as neurological disorders, CVDs, and certain types of cancer.
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