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Neuronal K+-Cl- cotransporter KCC2 as a promising drug
target for epilepsy treatment
Erin McMoneagle1, Jin Zhou2, Shiyao Zhang3, Weixue Huang4, Sunday Solomon Josiah1, Ke Ding4✉, Yun Wang2✉ and
Jinwei Zhang1,3,4✉

Epilepsy is a prevalent neurological disorder characterized by unprovoked seizures. γ-Aminobutyric acid (GABA) serves as the
primary fast inhibitory neurotransmitter in the brain, and GABA binding to the GABAA receptor (GABAAR) regulates Cl

- and
bicarbonate (HCO3

-) influx or efflux through the channel pore, leading to GABAergic inhibition or excitation, respectively. The
neuron-specific K+-Cl- cotransporter 2 (KCC2) is essential for maintaining a low intracellular Cl- concentration, ensuring
GABAAR-mediated inhibition. Impaired KCC2 function results in GABAergic excitation associated with epileptic activity. Loss-of-
function mutations and altered expression of KCC2 lead to elevated [Cl-]i and compromised synaptic inhibition, contributing to
epilepsy pathogenesis in human patients. KCC2 antagonism studies demonstrate the necessity of limiting neuronal
hyperexcitability within the brain, as reduced KCC2 functioning leads to seizure activity. Strategies focusing on direct (enhancing
KCC2 activation) and indirect KCC2 modulation (altering KCC2 phosphorylation and transcription) have proven effective in
attenuating seizure severity and exhibiting anti-convulsant properties. These findings highlight KCC2 as a promising therapeutic
target for treating epilepsy. Recent advances in understanding KCC2 regulatory mechanisms, particularly via signaling pathways
such as WNK, PKC, BDNF, and its receptor TrkB, have led to the discovery of novel small molecules that modulate KCC2. Inhibiting
WNK kinase or utilizing newly discovered KCC2 agonists has demonstrated KCC2 activation and seizure attenuation in animal
models. This review discusses the role of KCC2 in epilepsy and evaluates its potential as a drug target for epilepsy treatment by
exploring various strategies to regulate KCC2 activity.
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KCC2 AND CHLORIDE HOMEOSTASIS
The cell-type and regional expression of KCC2 and NKCC1
The K+-Cl- cotransporter KCC2 and the Na+-K+-Cl- cotransporter 1
(NKCC1) belong to the cation chloride cotransporters (CCCs) family,
and they are encoded by Slc12a5 and Slc12a2, respectively. NKCC1 is
expressed ubiquitously in various cell types, including central and
peripheral neurons, as well as glial cells [1, 2]. In contrast, KCC2 is
selectively expressed on the plasma membrane of somata and
dendrites of pyramidal neurons and interneurons in the hippo-
campus and neocortex [3, 4]. Additionally, KCC2 expression has
been observed in the adult animal retina [5, 6], as well as in INS-1E β-
cell lines or glucagon-positive α cells of pancreatic islets, where it
regulates insulin secretion [7, 8]. However, KCC2 exhibits a more
nerve-specific expression pattern compared to NKCC1. Therefore, it
is more reasonable to consider KCC2 as a potential drug target for
the treatment of brain disorders.

Chloride homeostasis and the role of normal KCC2 functioning
Chloride (Cl-) homeostasis plays a crucial role in determining the
polarity of signaling within the central nervous system (CNS).
The primary fast inhibitory neurotransmitter, γ-aminobutyric acid
(GABA), binds to the ionotropic GABAA receptor (GABAAR) located
on the postsynaptic neuronal membrane [9]. Upon GABA binding
to its receptor, the activation of GABAAR leads to the influx or
efflux of Cl- and bicarbonate (HCO3

-) through the channel pore,
resulting in GABAergic inhibition or excitation, respectively [9–11].
This GABAergic signaling is dependent upon the intracellular Cl-

concentration, which determines the reversal potential for the
GABAAR (EGABA) [10, 11]. When the intracellular Cl- concentration is
high, EGABA is more depolarized relative to the resting membrane
potential, resulting in neuronal depolarization on GABAA activa-
tion [11]. Conversely, when intracellular Cl- is low, EGABA is more
hyperpolarized relative to the resting membrane potential,
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leading to GABA-mediated hyperpolarization and GABAergic
inhibition [11].
Neuronal Cl- homeostasis is regulated by KCC2 and NKCC1.

NKCC1 drives Cl- into the neuron using the Na+ gradient, while
KCC2 extrudes Cl-, driven by the K+ gradient generated by the
active transporter Na+/K+/ATPase [11]. However, during neuronal
development, NKCC1 and KCC2 are reciprocally expressed
and undergo changes (Fig. 1) [12, 13]. In early neuronal
development, NKCC1 activity predominates with high expression
levels [13]. As neuronal maturation progresses, KCC2 expression
increases, becoming the prominent Cl- extruder in mature neurons
[13–15]. This shift in KCC2 and NKCC1 expression corresponds to a
developmental transition from GABA-mediated depolarization to
hyperpolarization [11, 13, 14, 16]. Therefore, maintaining a balance
between the activities of KCC2 and NKCC1 is crucial for GABAergic
inhibition.

Epilepsy and the involvement of disrupted Cl- homeostasis
Epilepsy is a chronic neurological disorder characterized by the
occurrence of two or more recurrent seizures unprovoked by
systemic or acute neurological insult [17]. Seizures occur due to a
hyperexcitable neuronal network and synchronization [18].
Epileptogenesis is the process by which a ‘normal’ neuronal
network switches to a hyperexcitable network. This hyperexcitable
state within the brain can result from either increased excitatory
neurotransmission or decreased inhibitory neurotransmission [18].
Epilepsy is believed to result from an imbalance in the electrical

activity of the brain. Disrupted Cl- homeostasis is one of the factors
that can contribute to the development and occurrence of seizures
in epilepsy [19]. Chloride ions play a crucial role in maintaining the
balance of electrical signals in neurons. Under normal circum-
stances, chloride ions are primarily maintained at low levels inside
neurons, creating a negative membrane potential. This negative

Fig. 1 Developmental shifts in KCC2 and NKCC1 expression levels modulate GABAergic signaling from depolarizing to hyperpolarizing.
NKCC1 imports Cl- into neurons, while KCC2 exports Cl-. High NKCC1 expression in immature neurons leads to elevated intracellular Cl- levels,
resulting in a depolarized EGABA relative to the resting membrane potential. This triggers Cl- efflux through GABAARs, causing membrane
depolarization. However, as neurons mature, KCC2 expression increases, and NKCC1 expression decreases. Increased KCC2 activity lowers
intracellular Cl- levels, establishing a hyperpolarized EGABA compared to the resting membrane potential. This induces inward GABAergic Cl-

currents, hyperpolarizing mature neurons. Diagram created using BioRender.com. [Cl-]i intracellular chloride concentration, NKCC1 Na+-K+-Cl-

cotransporter 1, KCC2 K+-Cl- cotransporter 2, [Cl-]i Intracellular chloride concentration, GABAAR γ-aminobutyric acid receptor type A, Na+

sodium, K+ Potassium; and AP action potential.
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potential helps to stabilize the resting state of neurons and prevents
excessive excitation. In epilepsy, disrupted Cl- homeostasis occurs
due to impaired regulation of chloride ions [19]. This can result
from altered expression or functionality of transporters of KCC2
or NKCC1, which respectively promote the exit and entry of
chloride ions in neurons [3]. Such changes in transporter levels or
functionality contribute to the chloride ion imbalance seen in
epilepsy.
Furthermore, in some forms of epilepsy, there can be alterations

in the GABAergic system, including changes in GABA receptors or
GABA release, which can disrupt the normal inhibitory function of
GABA and lead to increased neuronal excitability [20]. The
C-terminus of KCC2 contains a region called the isotonic (ISO)
domain, which is necessary for KCC2 to facilitate GABAergic
hyperpolarizing signaling [21]. Due to its role as a key modulator
in inhibitory GABAergic signaling, KCC2 has been implicated in
various neuropathological conditions involving inhibitory dysfunc-
tion, such as Huntington’s disease, Rett syndrome, spinal cord
injury, autism, and epilepsy [19, 22–26].
This review focuses on the reduced inhibitory GABAergic

signaling caused by reduced KCC2-dependent chloride extrusion,
leading to a high intracellular Cl- concentration in neurons. This
loss of GABAergic inhibition underlies epileptogenesis and the
development of seizures [27]. Epileptic seizures are classified into
three main groups: focal (seizure activity is localized in one region
of the brain in one hemisphere), generalized (seizure activity
occurs over both hemispheres), and unknown [28]. The diagnosis
of epilepsy is based on the presence of spike-wave activity on an
electroencephalogram (EEG) as well as the clinical presentation of
symptoms [29].

The importance of identifying a new therapeutic target for
epileptic treatment
Approximately 50 million people live with epilepsy, making it one of
the most common neurological diseases. The World Health
Organization (WHO) recognizes epilepsy as a major public health
concern. Currently, the main therapeutic interventions used to
prevent seizure generation are anti-epileptic drugs (AEDs). However,
despite the effectiveness of currently available AEDs for many
epileptic patients, approximately one-third of patients remain drug-
resistant [30]. These individuals are considered to have refractory
epilepsy [30]. The majority of anti-epileptic drugs act by enhancing
GABAergic inhibition via GABAARs [31]. For instance, two commonly
used AEDs, benzodiazepines, and phenobarbital, primarily potenti-
ate GABAAR activity to increase neuronal inhibition in the brain,
particularly in the treatment of status epilepticus (severe epileptic
activity that is considered a medical emergency) [32–34].
Given that current treatment options are ineffective for one-

third of epileptic patients, there is a clinical need for the
development of novel therapeutic targets [30]. Recently, a loop
diuretic, bumetanide, which inhibits NKCC1 activation by binding
to it, has been proposed as a promising therapeutic agent and has
undergone clinical trials for epileptic treatment [35, 36]. Although
bumetanide has shown some success as an epileptic treatment, it
has been suggested that KCC2 may be more desirable than NKCC1
to reduce neuronal intracellular Cl- concentration. This is mainly
because NKCC1 is widely expressed in the periphery (unlike KCC2),
such as in the kidney, leading to side effects like hypokalaemia
[37–40]. Therefore, direct targeting of KCC2 with agonists would
potentially result in fewer side effects due to greater target
specificity. Current research focuses on the role of KCC2 in
epileptic pathology and identifying potential mechanisms to
augment KCC2 activity for reducing neuronal excitability. How-
ever, it remains unclear whether KCC2 would be a clinically viable
therapeutic drug target for epileptic treatment.
The aim of this review is to provide insights into the role of

KCC2 in epileptogenesis and evaluate the potential of targeting
KCC2 with various therapeutic agents for the treatment of

epilepsy. This will be achieved by examining the current evidence
regarding the involvement of reduced KCC2 function in epileptic
activity, KCC2 dysfunction in epileptic patients, and discussing the
existing strategies for direct and indirect modulation of KCC2. By
addressing these areas, this review seeks to answer the research
question: Is there sufficient evidence to support KCC2 as a
promising drug target for epilepsy treatment?

THE ROLE OF KCC2 IN EPILEPTOGENESIS
Preclinical studies investigating KCC2 antagonism have demon-
strated that impaired KCC2 function leads to neuronal hyperexcit-
ability and epileptic-like activity. This suggests that reduced KCC2
activity may be involved in the mechanisms underlying increased
excitability in the brains of epileptic patients. The identification of
various KCC2 mutations (encoded by SLC12A5) has further high-
lighted the association between KCC2 dysfunction and the
development of epilepsy [41–46]. A summary of the KCC2 mutations
discovered in human epilepsy can be found in Table 1 [47], with their
localization shown in Fig. 2. In addition to preclinical studies,
analyzing KCC2 dysfunction in humans is necessary to determine
whether targeting KCC2 would be an effective therapeutic strategy
in the treatment of epilepsy.

Epilepsy of infancy with migrating focal seizures
Evidence from epileptic patients indicates that various KCC2
mutations result in impaired chloride extrusion. This impaired Cl-

extrusion has been proposed to underlie the mechanism by which
SLC12A5 mutations cause epilepsy of infancy with migrating focal
seizures (EIMFS) [42, 43]. Saitsu et al. studied patients from families
with EIMFS who had been diagnosed with severe infantile
epilepsy syndrome [42]. Through whole-exome sequencing of
ten sporadic cases and one familial case of EIMFS, Saitsu et al.
discovered heterozygous SLC12A5 mutations in two families [42].
These mutations include c.279 + 1 G > C, which causes skipping of
exon 3 in the mRNA transcript (p.E50_Q93del), c.572 C > T
(p.A191V) in two separate individuals, and both c.967 T > C
(p.S323P) and c.1243 A > G (p.M415V) in another individual [42].
Targeted resequencing of 141 patients with infantile epilepsy from
526 epileptic patients identified a further two heterozygous
mutations of c.953 G > C (p.W318S) and c.2242_2244del
(p.S748del) in another individual [42]. Functional analysis showed
that some of the above mutations (E50_Q93del, A191V, S323P,
M415V) suppressed Cl- extrusion to varying degrees, without
affecting KCC2 cell surface expression [42]. Cells exhibiting the
pair of KCC2 mutations S323P and M415V demonstrated a
significantly greater positive shift of ECl (17.6 mV) compared to
cells expressing E50_Q93del and A191V mutations (12 mV) (WT:
−59.9 ± 2.9 mV; S323P and M415V: −42.3 ± 3.9 mV, P < 0.01;
E50_Q93del and A191V: −47.9 ± 3.1 mV) [42]. This positive shift
may correspond to an increase in excitatory GABA signaling [19].
However, the assessment of the change in ECl by individual
mutations suggested that E50_Q93del and M415V were the most
significant mutations underlying the increase in intracellular Cl-

concentration, as the other mutations did not reach a significant
change in ECl compared to wild type (WT). A potential reason for
this difference could be the different localizations of these
mutations (Fig. 2). However, the authors acknowledged that the
immunoblotting assay used would not have been able to detect
minor changes in KCC2 surface expression level due to low
sensitivity [42]. This may explain the subtle differences in the
severity of Cl- impairment between the mutations and WT KCC2
[42]. Analyzing KCC2 surface expression using cold-adapted
trypsin could have been utilized in addition to surface biotinyla-
tion to check the KCC2 surface expression [48]. Despite this, a
follow-up study also found attenuated neuronal Cl- extrusion
without altered KCC2 surface expression in EIMFS patients with
SLC12A5 mutations [49]. This suggests that another explanation,
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such as impairment to KCC2’s intrinsic transport properties, could
underlie the impaired Cl- extrusion mechanisms of KCC2.
EIMFS patients with SLC12A5mutations have also shown altered

KCC2 surface expression. Stödberg et al. discovered biallelic
SLC12A5 loss-of-function mutations through screening 42 patients
with EIMFS [43]. Functional analysis of all three mutations
identified by Stödberg et al. demonstrated diminished Cl-

extrusion as well as reduced cell surface expression [43] (Table 2).
This differs somewhat from the results indicated by Saitsu et al.
and Saito et al. [42, 43, 49]. However, it has been proposed that
Stödberg et al.’s assessment of Cl- extrusion may be inaccurate
due to using a whole-cell pipette solution containing 110 mM Cs+,
instead of K+, to measure ECl. [42, 43]. This would result in KCC2
being unable to extrude Cl- as KCC2 requires a K+ gradient for Cl-

extrusion [42]. The use of gramicidin perforated patch clamp
electrophysiology, as used by Saitsu et al., would have been a
more accurate method, providing a high-precision estimation of
intracellular Cl- concentration at a single-cell level in the presence
of K+ [42, 50]. Despite this, the difference in KCC2 surface
expression between the different mutations may be due to the
differences in their genic location. For example, the mutations
examined by Saitsu et al. were located within the N-terminal
domain (p.E50_Q93del), transmembrane domains (p.A191V and
p.M415V), and the large extracellular loop (p.S323P) [42]. In
comparison, Stödberg et al. discovered mutations located in the
transmembrane domain (p.2426 P) and intracellular loops
(p.L331H and p.G551D) [42, 43]. Mutations discovered by Stödberg

et al. may have a greater effect on KCC2 trafficking to the cell
surface [43]. The literature, therefore, highlights the need for
further studies to assess whether these mutations affect either or
both the intrinsic properties and trafficking of KCC2.

Idiopathic generalized epilepsy
Idiopathic Generalized Epilepsy (IGE), a form of generalized epilepsy
suggested to be due to genetics, has also been associated with
impaired Cl- extrusion [34]. Kahle et al. utilized Sanger sequencing to
screen for mutations in the cytoplasmic C-terminal of SLC12A5 [44].
This targeted DNA sequencingmethod identified two heterozygous
mutations: c.2855 G > A (R952H) and c.3145 C > T (R1049C) [44].
These variants demonstrated significantly impaired Cl- extrusion
capacity, as measured by a fluorescence-based assay (basal R430/500
decreased from 1.16 ± 0.05 to 0.87 ± 0.01 arbitrary units) [44, 49].
Consequently, these impaired Cl- extrusion mechanisms resulted in
cells with a higher basal intracellular Cl- concentration and reduced
hyperpolarizing response to glycine compared to the WT KCC2, as
expected [44]. However, while R952H exhibited reduced KCC2 cell
surface expression, R1049C did not [44]. This suggests that their
different positions within the cytoplasmic C-terminus may have led
to R952H compromising KCC2 function by decreasing cell surface
expression, while R1049C reduced intrinsic KCC2 activity [44].
Therefore, this underscores the potential impact of the mutation’s
localization on the epileptic phenotype.
Puskarjov et al. support findings that indicate R952H significantly

reduces neuronal Cl- extrusion, as measured by the somatodendritic

Fig. 2 Schematic representation of SLC12A5 mutations associated with human epilepsy and key regulatory phosphorylation sites. KCC2
consists of two N-terminal splice isoforms, KCC2a and KCC2b, which comprise 12 transmembrane (TM) domains, 11 loops, N-terminus, and
C-terminus. KCC2a contains an additional 23-amino-acid sequence with a conserved SPAK/OSR1-binding domain (RFTV). The N-terminal
domains of KCC2a (V81-N107) and KCC2b (A66-N83) exhibit an autoinhibitory function, preventing intracellular solvent access to the ion-
binding sites within TM1, 3, 6, and 8. The purple region represents the ISO domain, essential for hyperpolarizing GABAergic signaling. Within
the intracellular carboxy-terminal domain (CTD), crucial regulatory phosphorylation sites of KCC2, including WNK-SPAK/OSR1 kinase sites
(Threonine T906, T1007), PKC phosphorylation sites (Serine S940), and Src family kinase phosphorylation sites (Tyrosine Y903, Y1087), are
located. The figure key outlines the mutation phenotypes and implications of the phosphorylation sites. The diagram was created using
BioRender.com. SLC12 solute carrier family 12, KCC2 K+-Cl- cotransporter 2, TM transmembrane, GABA γ-aminobutyric acid, CTD carboxy-
terminal domain, WNK With-No-Lysine (K) kinases, SPAK SPS/Ste20-related proline-alanine-rich kinase, OSR1 oxidative stress-responsive kinase
1, PKC protein kinase C, and ISO isotonic.
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Table 2. Small molecular compounds or a CRISPRa system used in modulating KCC2 activity via its direct and indirect modulation on its function or
epileptic seizure activity.

Molecule Chemical structure Target Model Findings Reference

KCC2 inhibitors or antagonists

VU0463271 KCC2 C57BL/6 mice subicular slices or
hippocampal slices (ex vivo)

Generated hypersynchronous discharged and
induced status epilepticus.

[167]; [150]

Furosemide KCC2 Sprague–Dawley (SD) rats (in vivo) Prevented membrane KCC2 downregulation
during acute seizure induction, restored KCC2-
mediated GABA inhibition, and interrupted the
progression from acute seizure to epileptogenesis.

[168]

KCC2 activators or agonists

OV350 N/A KCC2 Cultured forebrain neurons, C57BL/6
mice brain slices (ex vivo), C57BL/6
mice (in vivo)

Reduced neuronal Cl− accumulation and the
development of LRDs in acute brain slices exposed
to 0-Mg, acted to protect against PTZ-induced
motor seizures, slowed the SE onset, and reduced
the KA-induced seizures.

[156]

CLP257 KCC2 C57BL/6 mice hippocampal slices (ex
vivo)

Reduced the duration and frequency of ictal-like
epileptiform discharges (ILDs).

[150]

CLP290 KCC2 Tat+ and Tat– mice (in vivo) Restored phosphorylation of Ser940 and increased
KCC2 membrane localization.

[154]

Indirect KCC2 modulators

LM22A-4 TrkB Naive P7 mouse pup brain slices (ex
vivo)

Reduced postischemic neonatal seizure burdens at
P7 and rescued ipsilateral KCC2 degradation.

[122]

ANA12 TrkB CD1 mice (in vivo) Rescued P7 or P10 post-ischemic KCC2
downregulation, improved phenobarbital-efficacy
at P10.

[121]

WNK463 (orthosteric) WNKs C57BL/6 mice (in vivo) Delayed onset of kainic acid-induced status
epilepticus, less epileptiform EEG activity.

[86]

NEM SPAK, PKC Cultured cortical neurons or HEK293
cells (in vitro)

Increased the surface stability of KCC2 and reduces
pThr1007, increased pSer940, thus enhanced KCC2
activity.

[53, 169]

KW-2449 FLT3 Cultured cortical neurons or mice
hippocampal slices, or Mecp2 mutant
mice

Increased the expression of KCC2, induced a
significant hyperpolarizing shift in EGABA, and
increased in the chloride extrusion rate in human
RTT neurons, ameliorated disease-related
behavioral pathologies in Mecp2 mutant mice.

[161]

KCC2 genetic modulator

An adeno-associated
virus-mediated
CRISPRa system

CRISPRa KCC2 Cultured cells, mouse hippocampal
kindling model and mouse kainic
acid-induced epilepticus model

Increased KCC2 expression both in cell culture and
the targeted brain region in vivo, reduced the
severity of hippocampal seizures and enhancing
the anti-seizure effects of diazepam, and mitigated
valproate-resistant spontaneous seizures.

[166]

KCC2 K+-Cl- cotransporter 2, TrkB tyrosine kinase receptor B, WNKs may include WNK1, WNK2, WNK3 and WNK4, NEM N-ethylmaleimide, PKC Protein kinase C,
SPAK SPS1-related proline/alanine-rich kinase, FLT3 tyrosine kinase 3, MECP2 methyl CpG binding protein 2, RTT Rett syndrome, LRDs late recurrent discharges,
SE status epilepticus, KA kainic acid, PTZ pentylenetetrazole; and CRISPRa CRISPR-mediated transcriptional activation.
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EGABA gradient (KCC2-R952H: ΔEGABA=− 3.28 ± 0.33mV/50 μm
compared to KCC2-WT) [45]. Consequently, this results in a higher
basal intracellular Cl- concentration, which decreases the Cl- driving
force required to elicit a hyperpolarizing GABA response. These
research findings are likely to have high validity because they utilize
the soma-to-dendrite Cl- gradient to measure Cl- extrusion, allowing
for the quantification of the ‘pure’ Cl- extrusion capacity [50].
Furthermore, Puskarjov et al. demonstrated that R952H impaired
KCC2’s ability to induce dendritic spine formation both in vivo and
in vitro, suggesting that it could lead to desynchronization of
excitability and promote seizures [45]. The link between the R952H
mutation and increased neuronal excitability is further supported by
a recent study on naked mole-rats with the same arginine to
histidine point mutation, as found by Puskarjov et al. [45] and Kahle
et al. [44]. Electrophysiology recordings showed that this variant
resulted in naked mole-rats exhibiting reduced hyperpolarizing
GABA signaling due to less efficient Cl- extrusion [51]. This reinforces
the importance of this specific position within KCC2’s regulatory
region in limiting overexcitation.
Finally, despite exerting different effects on KCC2 trafficking,

both R952H and R1049 variants exhibited decreased phosphoryla-
tion of the serine 940 (Ser940) residue. Typically, phosphorylated
Ser940 enhances KCC2 activity and membrane stability
[44, 52, 53]. This suggests that the reduced phosphorylation of
KCC2-Ser940 may contribute to neuronal hyperexcitability in
individuals with epilepsy, indicating that increasing KCC2-Ser940
phosphorylation could potentially alleviate this hyperexcitability.
Consequently, it has been concluded that R952H is a susceptibility
variant for IGE [44, 45]. Additionally, a novel KCC2 variant, V4731,
has recently been discovered in Hungarian patients with IGE
[41, 46]. The existing literature on epileptic patients with KCC2
mutations has emphasized the role of accumulated high
intracellular Cl- concentration resulting from reduced KCC2-
dependent Cl- extrusion, which may underlie the hyperexcitability
observed in epilepsy. These findings indicate that KCC2 activation
is necessary to prevent epilepsy’s pathophysiology. Overall, these
genetic studies support the concept of enhancing KCC2 function
by increasing its intrinsic trafficking ability and/or cell surface
expression as potential therapeutic strategies for treating epilepsy.
Further functional studies focusing on the specific localization

of the KCC2 mutations would provide valuable insights into how
KCC2 can be enhanced to develop the most effective therapeutic
strategy. Additionally, while Saitsu et al. [42] discussed the
association between the identified mutations and their clinical
features, further research is needed to evaluate how the
localization of SLC12A5 mutations affects epileptic severity, using
a standardized rating scale. Conducting this research could help
identify epileptic patients who are at a higher risk of developing
severe epilepsy, thereby potentially influencing the treatment
options available to them.

Reduced KCC2 expression in epileptic patients
Research conducted on human brain slices has proposed that the
generation of epileptic seizures involves an altered expression
pattern between NKCC1 and KCC2, which determines the switch
from hyperpolarizing to depolarizing GABA signaling [54–56].
Another study focusing on surgically resected brain specimens
from temporal lobe tissue demonstrated reduced expression of
KCC2 mRNA within the epileptic region of the hippocampal
subiculum [19]. This reduction in KCC2 expression corresponded
with greater expression in neurons that maintained hyperpolariza-
tion during interictal events, in contrast to depolarized cells [19].
However, it is important to note that this research only examined
KCC2 expression and did not explore NKCC1 expression, which may
lead to potential misunderstandings. Examining both KCC2 and
NKCC1 expression is crucial to accurately understand the associa-
tion between altered CCC expression and hyperexcitability involved
in epileptogenesis since the NKCC1/KCC2 ratio plays a vital role in

maintaining Cl- homeostasis [11]. For instance, in the context of
schizophrenia, an elevated expression ratio of NKCC1/KCC2 with
reduced KCC2 levels has been shown to increase intracellular
chloride concentration ([Cl-]i) [57–59]. Previous research investigat-
ing both KCC2 and NKCC1 expression levels within the hippocampal
subiculum further supports the importance of studying both
transporters [23]. In this study, human hippocampal tissue exhibited
downregulated KCC2 and upregulated NKCC1, with the authors
suggesting that the upregulation of NKCC1 also played a significant
role in determining EGABA [23]. Therefore, these findings suggest
that altered NKCC1 expression is equally important as KCC2 in
contributing to the hyperexcitability required for the generation of
epileptic seizures.
Research on sclerosed hippocampi with mesial temporal lobe

epilepsy (MTLE) further supports the concept of increased NKCC1
and decreased KCC1 expression contributing to epileptic activity
[54, 56]. The sclerotic CA1 region of hippocampal sclerosis patients
has demonstrated a lower degree of NKCC1/KCC2 colocalization
than in non-sclerotic regions [56]. However, the usefulness of this
study is limited due to potential inaccuracies in the data obtained
from the control group. These inaccuracies may have arisen as the
normal adult human brain tissue examined in this study was
obtained post-mortem, potentially resulting in protein loss
between death and Western blot analysis [54]. Despite this
concern, Cai et al. found similar results using fresh hippocampal
tissue, showing an increase in NKCC1 and a decrease in KCC2
expression in both the CA2 region and dentate gyrus of sclerosed
hippocampi [54]. However, the change in NKCC1 expression
elicited greater significance than KCC2 [54]. This greater change in
NKCC1 expression than KCC2 suggests that NKCC1 is the main
contributor to hyperexcitability underlying the patients’ epileptic
seizures, as suggested previously by Palma et al. [23]. This
therefore suggests that downregulating NKCC1 may be a more
beneficial strategy for attenuating neuronal hyperexcitability in
epileptic patients rather than targeting KCC2. However, both Cai
et al. [54] and Munoz et al. [56] did not assess the differences in
KCC2 expression between healthy and epileptic human hippo-
campi. The addition of a further analysis of hippocampal tissues
from those with epilepsy would have been beneficial to determine
the extent of the NKCC1 and KCC2 expression changes. In
addition, none of the research discussed so far has correlated the
extent of the changed KCC2 or NKCC1 expression with epileptic
severity. A more recent study using a human dataset of 413
patients with tumor-associated epilepsy attempted to do this by
using Kaplan-Meier analysis to determine the association between
KCC2 expression and survival rate [55]. They found a strong
correlation between decreased KCC2 gene expression and early
death [55]. However, it has been suggested that Kaplan-Meier
estimates can be misleading, and thus, this conclusion should be
interpreted with caution [60]. Future research examining NKCC1
and KCC2 expression patterns in human epileptic tissue from
patients with varying epileptic severity would be beneficial. This
research would enable the correlation of the expression pattern of
these CCCs with epileptic severity and could be used to determine
the altered expression profile that increases an individual’s
susceptibility to seizure generation and consequently the devel-
opment of epilepsy.
Cortical dysplasia (CD) is a developmental abnormality of cortical

organization and a common cause of drug-resistant epilepsy [61].
Munakata et al. investigated KCC2 expression in 18 CD specimens
obtained during epilepsy surgery, comparing them with control
sections [62]. The CD specimens consisted of 8 cases of focal CD
(FCD) type I, 6 cases of FCD type II, and 4 cases of hemimegalence-
phaly (HME). In non-dysplastic cortex, KCC2 staining, by immuno-
histochemistry, was widespread in all layers. CD tissues showed
lower staining intensity in cell bodies, while subcortical ectopic
neurons exhibited dense intrasomatic staining. FCD type I displayed
less intense KCC2 staining in cell bodies, aberrant giant pyramidal
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neurons showed reduced KCC2 staining, and immature neurons
exhibited intrasomatic staining. FCD type II had dysmorphic
neurons with intense intrasomatic staining and reduced
KCC2 staining in neighboring neuropils. Balloon cells did not
exhibit KCC2 staining. This study suggests that variations in KCC2
distribution may affect the ionic balance and epileptic activity
within CD tissues. In another study, Han et al. analyzed surgical
samples from 12 individuals with FCD and normal brain tissues from
6 autopsy cases without developmental abnormalities [63]. Patients’
ages ranged from 0.5 to 65 years, with 11 individuals above 14 years
old and 7 individuals below 5 years old. The study identified two
distinct patterns of abnormal GABAergic neuronal density in FCD: a
"broad pattern" observed in 7 cases where both dysplastic and
neighboring nondysplastic regions had reduced GABAergic neuron
density, and a "restricted pattern" seen in the remaining cases
where GABAergic neuron density decreased only in the dysplastic
regions. These patterns were not linked to specific FCD subtypes.
Notably, most FCD type II subjects (5 out of 7) exhibited
intracytoplasmic retention of KCC2 in dysmorphic neurons, while
this was not observed in FCD type I cases. Consequently, the study
suggests that a "broad" GABAergic deficiency may indicate
increased epilepsy susceptibility beyond the dysplastic region and
that abnormal KCC2 distribution might contribute to seizure
generation in FCD type II patients (4 out of 7 below 3 years old),
but not in those with type I.
Gelastic seizures (GS) are rare epilepsy episodes of inappropri-

ate laughter, often associated with hypothalamic hamartoma (HH).
Wu et al. studied 93 neurons from 34 HH patients [64]. 76% were
small (6–9 micrometer) and 24% were large (>20 micrometer).
GABAAR activation had opposite effects on small and large HH
neurons. Large neurons were depolarized/excited, while small
neurons were hyperpolarized/inhibited. Large neurons had
positive Cl- equilibrium potentials, higher intracellular Cl- concen-
trations, lower KCC2 expression, and an immature phenotype,
indicating GABAAR-mediated excitation. These findings shed light
on HH’s epileptogenicity, emphasizing GABAAR-mediated excita-
tion as a contributing factor.
On the contrary, Karlocai et al. undertook a study to compare

the levels of KCC2 expression in the hippocampus of TLE patients
and control brain samples [65]. Through the use of Western blot
analysis at the whole cell level and immunocytochemistry at the
subcellular level, they discovered a widespread increase in KCC2
expression in individuals with epilepsy. Furthermore, the research-
ers performed parallel experiments on chronically epileptic mice
and observed a similar distribution pattern of KCC2 [65]. There has
been disagreement regarding whether the variances in KCC2
expression stem from variances in epileptic tissues, epileptic
phases (such as acute, latent, chronic) [66], and the specific brain
regions (for example, cortex, subiculum, hippocampus, cortical
etc.) under investigation [19, 56, 67, 68]. Nevertheless, the
techniques used (such as Western blot, immunofluorescence,
immunohistochemistry, and RT-PCR) and the reliability of the
antibodies or PCR primers employed can also influence the
outcome of the research.
Nevertheless, spatially resolved studies have investigated the

changes in KCC2 and NKCC1 induced by lesions, providing a clear
understanding of whether precise, anatomically well-defined
lesions can elicit spatially restricted, layer-specific alterations in
the expression of these proteins. Turco et al. recently demonstrated
that entorhinal denervation induces specific changes in the
expression of KCC2 and NKCC1 in the molecular layers of the
dentate gyrus, specifically the oml/mml layers [69]. Through the use
of laser microdissection, microarray analysis, and RT-qPCR, they
identified a decrease in KCC2 mRNA and reduced levels of KCC2
protein in denervated granule cell dendrites. Furthermore, they
observed an increase in NKCC1 expression in reactive astrocytes
within the oml/mml. This study suggests that the temporary
decrease in KCC2 may facilitate GABAergic depolarization and

denervation-induced spine loss, while the delayed recovery of KCC2
may contribute to compensatory spinogenesis.

KCC2 rs2297201 gene polymorphism in epileptic patients
Dimitrijevic et al. conducted an analysis to investigate the
association between KCC2 rs2297201 gene polymorphisms and
the phenotypic expression of febrile seizures (FS) in a cohort of
112 patients diagnosed with FS, comparing them with a control
group of healthy children [70]. The study revealed that the CT and
TT genotypes, as well as the T allele of the rs2297201
polymorphism in the KCC2 gene, are risk factors for FS [70].
These findings provide initial evidence for the involvement of
functional polymorphisms in the KCC2 gene in the development
of febrile seizures.

The impact of KCC2 in the viability and structure of developing
and mature neurons
Kontou et al. investigated the impact of KCC2 on neuronal viability
and structure by selectively eliminating its expression in develop-
ing and mature neurons [71]. Reduction of KCC2 expression in
mature neurons promptly activated the extrinsic apoptotic path-
way. Pharmacological inhibition of KCC2 in mature neurons
induced apoptosis rapidly, independent of neuronal depolariza-
tion. In contrast, abolishing KCC2 expression in immature neurons
did not significantly affect their subsequent development or
structure. However, it did result in the cessation of hyperpolarizing
GABAAR currents during postnatal development. These findings
demonstrate that KCC2 plays a crucial role in preserving neuronal
survival by limiting apoptosis in mature neurons, while having
minimal influence on neuronal development or structure.

POSTTRANSLATIONAL REGULATORY MECHANISMS OF KCC2
KCC2 functions are regulated by multiple posttranslational mechan-
isms, including phosphorylation, glycosylation, and ubiquitination,
involving various pathways and feedback loops. These mechanisms
enable precise regulation of chloride ion homeostasis in neurons
and play a role in modulating inhibitory neurotransmission.

Phospho-regulation of KCC2 activity
Several studies have shown a decrease in the functional
expression of KCC2 in human epileptic patients [19, 23, 51, 54].
Epileptic patients have also exhibited reduced Cl- extrusion
capacity dependent on KCC2 activity [23, 56]. Identifying the
regulatory mechanisms of KCC2 may lead to therapeutic strategies
for increasing KCC2 activity to treat epileptic patients. The
localization of key phospho-regulatory sites of KCC2 discussed is
demonstrated in Fig. 2. The research findings from studies
targeting the signaling pathways involved in the phospho-
regulation of KCC2 are summarized in Table 3.

WNK-regulated SPAK/OSR1 kinases-dependent KCC2 phosphoryla-
tion. Phosphorylation of NKCC1 and KCC2 is a crucial post-
translational regulatory mechanism controlling the activity and
expression of these CCCs at the cell surface membrane, as
illustrated in Fig. 3. The With-No-Lysine (K) kinases (WNKs)
regulating SPS/Ste20-related proline-alanine-rich kinase (SPAK)/
oxidative stress-responsive kinase 1 (OSR1) pathway has been
shown to reciprocally regulate NKCC1 and KCC2 activity, resulting
in inhibition and activation, respectively, to tightly coordinate Cl-

homeostasis [39, 72]. WNK (lysine-deficient protein kinase), mainly
WNK1, WNK3, and WNK4 within the brain, indirectly regulate KCC2
and NKCC1 activity [72, 73]. Low intracellular Cl- concentration
activates WNK to directly phosphorylate the two kinases, SPAK
(SPS1-related proline/alanine-rich kinase) and OSR1 (oxidative
stress-responsive kinase 1), on their threonine residues within the
T-loop motif and serine residues within the S-motif [73, 74]. This
stimulates the activation of SPAK/OSR1 kinase activity, resulting in
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the phosphorylation of KCC2 at various serine and threonine
residues [73, 75, 76]. The phosphorylation of threonine 906
(Thr906) and threonine 1007 (Thr1007) residues of KCC2 by the
WNK-SPAK/OSR1 kinase complex manifests inhibitory properties
[39, 75]. The extent of WNK phospho-regulation of KCC2 is altered
during development, with a decrease in KCC2 phosphorylation as
neuronal development progresses [75, 77].
Most of the research conducted on WNK-dependent phospho-

regulation of CCCs has focused on renal epithelial tissue in the
context of studying hypertension, with limited literature discuss-
ing this regulation in brain tissue [39, 73, 78]. However, Friedel
et al. demonstrated that WNK1 stimulates the phosphorylation of
KCC2 at Thr906 and Thr1007, resulting in KCC2 inhibition in rat
cultured hippocampal neurons [75]. In our study, we observed
increased phosphorylation of WNK1, SPAK, and OSR1 occurs in
low intracellular Cl- concentrations when GABAAR activation was
prevented using gabazine [72]. Additionally, expression assays
revealed that gabazine reduced KCC2 cell surface expression by
approximately 22% (P < 0.01, exact expression levels not stated),
increased KCC2 lateral diffusion, and reduced KCC2 clustering,
suggesting that phosphorylation of Thr1007 and Thr906 decreases
KCC2 cell surface membrane stability. More recently, researchers
have studied the effect of constitutive phosphorylation at Thr906
and Thr1007 on epileptic activity. To investigate this further,

knock-in mice expressing homozygous dual glutamate (E)
substitutions at Thr906/Thr1007 (“KCC2E/E”) were developed,
resulting in constitutive phospho-mimetic inhibition, compro-
mised neuronal Cl- extrusion, and early post-natal death from
respiratory arrest [79]. Heterozygous KCC2E/E mice exhibited
altered GABAergic inhibition, increased susceptibility to epileptic
seizures, and other neurodevelopmental defects. Furthermore,
hippocampal neurons in the heterozygous KCC2E/+ mice showed a
delay in the developmental hyperpolarizing GABA shift, and
transgenic mice displayed increased seizure susceptibility at P15,
along with deficits in social interactions [76]. In contrast, Moore
and colleagues took the opposite approach and generated a
transgenic mouse strain with homozygous dual alanine (A)
substitutions at Thr906/Thr1007 (“KCC2A/A”), preventing
phospho-dependent inactivation [80]. These KCC2A/A mice exhib-
ited increased basal neuronal Cl- extrusion and reduced drug-
induced epileptic activity [80]. These findings suggest that
overactivity of WNK-SPAK/OSR1, leading to impaired KCC2
function, may contribute to the pathogenicity of epilepsy and
vice versa. Taken together, these findings support the concept of
WNK1 inhibition as a promising strategy to increase KCC2-
dependent Cl- extrusion, lower intracellular Cl- concentration,
restore GABAergic inhibition, and consequently reduce seizure
activity. However, to the best of our knowledge, no research has

Fig. 3 Regulation mechanisms of KCC2 in mature neurons. a BDNF-TrkB Signaling: Binding of BDNF to its TrkB receptor leads to
autophosphorylation of tyrosine residues within the receptor. This creates docking sites for the adaptor protein Shc and phospholipase Cγ
(PLCγ), activating second messengers that stimulate a downstream cascade, resulting in the phosphorylation and activation of CREB. CREB
binds to the transcriptional machinery within the nucleus to control gene expression, leading to reduced KCC2 gene transcription in mature
neurons. b WNK-SPAK/OSR1 Signaling: WNK-SPAK/OSR1 signaling regulates the activity of NKCC1 and KCC2 through phosphorylation. WNK
phosphorylates and activates SPAK/OSR1. The activated WNK-SPAK/OSR1 signaling pathway phosphorylates NKCC1 at Thr203, Thr207, and
Thr212 and KCC2 at Thr906 and Thr1007 residues, resulting in their activation and inhibition, respectively. WNK1 collaborates with TGF-β and
Smad2 in KCC2 expression and phosphorylation at Thr1007. c PKC and PP1 Regulation: PKC and PP1 have reciprocal roles in regulating KCC2
activity. PKC phosphorylates KCC2 at the Ser940 residue, stabilizing it at the neuronal cell surface membrane. Conversely, PP1, which is
activated by high NMDA receptor activity, stimulates the internalization of KCC2, consequently reducing neuronal KCC2 activity. The diagram
was created using BioRender.com. BDNF brain-derived neurotrophic factor, TrkB tropomyosin-related kinase receptor type B, PLCγ
phospholipase C gamma 1, CREB cAMP response element-binding protein, NKCC1 Na+-K+-Cl- cotransporter 1, KCC2 K+-Cl- cotransporter 2,
WNK With-No-Lysine (K) kinases, SPAK SPS1-related proline/alanine-rich kinase, OSR1 oxidative stress-responsive kinase 1, TGF-β2 transforming
growth factor beta 2, PKC protein kinase C, PP1 protein phosphatase 1, and NMDA N-Nitrosodimethylamine.
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correlated the extent of KCC2 phosphorylation at Thr906 and
Thr1007 with KCC2 activity. Future functional assays examining
this relationship would be beneficial in determining the amount of
WNK or SPAK activation (measured by their phosphorylation
levels) required to elicit excitatory GABAergic signaling. Further-
more, genetic studies on epileptic patients are needed to discover
potential genetic variants in WNK proteins that contribute to
overactive WNK-SPAK/OSR1 signaling, in order to determine if this
is a genetic risk factor for epilepsy. Indeed, our recent study
utilized exome sequencing and variant validation, which led to the
identification of six rare single nucleotide variants (SNVs) in WNK3
from six unrelated families. The affected individuals displayed
intellectual disability phenotypes, with varying presence of
epilepsy and structural brain defects [81]. This is the first reported
association of WNK3 mutation with human epilepsy. Biochemical
assays conducted on three WNK3 pathogenic missense variants
(p.(Pro204Arg), p.(Leu300Ser), and p.(Glu607Val)) indicated that all
three variants induce WNK3 degradation and impair the
regulatory phosphorylation of KCC2 [81]. However, further
investigation is necessary to understand the impact of these
variants on KCC2 function and the GABA excitatory-inhibitory
transition in in vivo models.
The literature discussed thus far indicates that increased

phosphorylation at Thr906 and Thr1007 contributes to hyperexcit-
ability. However, it has also been demonstrated that epileptic
activity itself stimulates KCC2 phosphorylation at these threonine
residues [72, 76, 80, 82]. In a study by Yang et al., the post-epileptic
expression profile of SPAK was examined in the hippocampus of
mice affected by pilocarpine-induced status epilepticus (PISE),
providing the first research linking SPAK expression to epilepsy [82].
It was found that SPAK mRNA and protein levels were significantly
increased until 45 days after PISE induction, with the peak
expression observed 14 days post PISE [82]. This aligns with a
significant increase in KCC2-Thr1007 phosphorylation (150% ± 17%
of WT littermates) in hippocampal tissue following kainate-induced
seizures [80]. These findings suggest that SPAK expression increases
as a result of both pilocarpine-induced and kainate-induced
epileptic activity, shedding light on the involvement of the WNK-
SPAK/OSR1 pathway in epilepsy. However, it is important to note
that the generalizability of these findings is limited as the study
employed a model of epilepsy instead of studying epileptic tissue
directly [83, 84]. Future research should focus on investigating the
changes in WNK expression patterns in brain tissue of epileptic
patients to gain a more direct understanding of the role of WNK-
SPAK/OSR1 pathway in human epilepsy.
WNK has been shown to decrease KCC2 activity, which could

contribute to the elevated intracellular Cl- concentrations
observed in epileptic activity. Consequently, WNK-SPAK/OSR1
kinase inhibitors have been proposed as an indirect approach to
modulate intracellular Cl- levels by inhibiting NKCC1 and
activating KCC2. These inhibitors would effectively reduce Cl-

levels, thereby restoring inhibitory GABA signaling. Previous
studies have demonstrated that WNK inhibition enhances KCC2
activity [72, 75]. In our previous research, we transfected mouse
neuroblastoma neuro-2a (N2a) cells with WNK-AS, a chemically
genetically altered WNK variant susceptible to inhibition by
protein phosphatase 1 (PP1) [75]. Inhibiting WNK1 resulted in
enhanced KCC2 activity, as evidenced by a faster fluorescence
recovery in response to GABAAR activation, along with a decrease
in Thr906 and Thr1007 phosphorylation[75]. This study is
particularly valuable as it employed a method of WNK1 inhibition
that mimics a potential therapeutic agent. Additionally, the use of
N2a cells, which are known to express low levels of KCC2 [85],
offers the advantage of simulating the reduced KCC2 expression
observed in epileptic patients [19, 54]. Furthermore, genetic
silencing of WNK1 using specific short hairpin RNAs (shRNA)
prevented the increase in KCC2 diffusion, demonstrating the
effectiveness of WNK inhibition in enhancing KCC2 membrane

stability [72]. The increase in KCC2 activity resulting from WNK1
inhibition holds promise for promoting inhibitory GABAergic
signaling [75, 86]. Both WNK inhibition through genetic silencing
and a selective WNK kinase inhibitor (WNK463) (Table 2) induce a
significant hyperpolarizing shift in EGABA of approximately 15 mV
and 11mV, respectively, in immature cortical rat neurons (pre
WNK463 treatment neuronal baseline EGABA: −67 ± 4mV; post
WNK463 treatment EGABA: −78 ± 4mV, P < 0.0001; and genetic
silencing baseline EGABA: −57.9 ± 1.5 mV) [75, 86]. However, it is
worth noting that mature cortical neurons did not exhibit a
significant negative shift in EGABA (an approximate 8 mV shift) [75].
This discrepancy may be attributed to mature neurons already
having a more hyperpolarized EGABA value compared to immature
neurons, suggesting that a more depolarized EGABA is required
[75]. Additionally, the higher basal EGABA value in mature neurons
may explain why WNK463 produced a more pronounced negative
shift in EGABA compared to WNK genetic silencing. Further research
is needed to evaluate the effectiveness of WNK inhibition in
individuals with normal phosphorylation patterns of KCC2.
The effect of WNK inhibition on seizure susceptibility needs to

be assessed to determine its potential as a strategy for treating
seizures in epileptic patients. Some evidence suggests that WNK
inhibition could be an effective anticonvulsant approach in vivo
[76, 80, 86]. Lee et al. conducted a study where an orally
bioavailable WNK inhibitor, WNK463, was administered to C57BL/6
mice at postnatal day 7–8 (P7-P8) [86]. The intrahippocampal
administration of WNK463 delayed the onset of status epilepticus
and reduced the severity of kainate acid (KA)-induced status
epilepticus [86]. These findings are consistent with earlier research
that utilized threonine 906/1007 sites knock-in mice (KCC2A/A

mice) to prevent WNK phospho-dependent KCC2 inhibition [80].
The KCC2A/A mice also demonstrated a reduced severity of KA-
induced seizures using similar EEG recording and power spectra
analysis methods [80]. However, unlike pharmacologically inhib-
ited WNK1, KCC2A/A mice experienced a significant delay in the
onset of the first KA-induced seizure rather than solely delaying
status epilepticus [80, 86]. Despite these differences, this research
indicates that inhibiting Thr906 and Thr1007 phosphorylation to
increase KCC2 activity is sufficient to attenuate the development
and severity of epileptic activity. It is worth noting that
pharmacological WNK inhibition did not reduce the mortality rate
in mice following KA-induced status epilepticus, whereas a
reduced number of Kcc2A/A mice died compared to WT mice
[80, 86]. The contrasting findings between Moore et al. [80] and
Lee et al. [86] are likely due to the different methods of WNK
inhibition employed. Furthermore, these findings suggest that
pharmacological WNK inhibition may not improve survival in the
KA-induced epileptic model. However, it should be considered
that kainate is a potent chemoconvulsant, and therefore the
reduction in KCC2 activity induced by kainate might be greater
than what is observed in human epileptic tissue [80]. This suggests
that attenuating seizures through WNK inhibition may be more
effective in epileptic patients. Additionally, it is important to note
that WNK inhibition does not alter KCC2 surface expression,
indicating that the prevention of Thr906 and Thr1007 phosphor-
ylation increases the functional activity of KCC2 [80, 86]. However,
this finding contradicts previous research conducted by Conway
et al., who demonstrated that N-ethylmaleimide (NEM), an organic
compound that inhibits Thr1007 phosphorylation by WNK
inhibition (Table 2), actually increases KCC2 cell surface levels
[53]. Nevertheless, this increase in surface levels may be due to
NEM increasing phosphorylation of Ser940, which could be the
underlying cause. Furthermore, NEM may also affect other
KCC2 sites such as Ser31, Thr34, and Ser932 [87], as well as
Thr934 and Ser937 [88]. Consequently, future functional studies
are required to determine the exact mechanism underlying the
enhancement of KCC2 activity through the prevention of Thr906
and Thr1007 phosphorylation.
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Finally, WNK463 has demonstrated its ability to prevent the
development of diazepam-resistant seizures, as evidenced by
reduced epileptic EEG activity in mice treated with diazepam-
resistant drugs [86]. This suggests an additional therapeutic
application of pharmacological WNK inhibition as an adjunct
strategy for patients with diazepam-refractory seizures. However,
further research is necessary to investigate the efficacy of WNK
inhibition on different animal models of drug-refractory epilepsy
and validate these findings. It is important to note that there are
four isoforms of WNKs expressed in various tissues, and adverse
effects have been observed with WNK463, which hinder its further
development [89]. Therefore, dedicated chemical efforts are
required to develop more selective and specific inhibitors
targeting WNK1. Alternatively, it may be worthwhile to explore
the use of effective SPAK kinase inhibitors with good brain
penetration, such as ZT-1a [90], in animal models of epilepsy.

WNK1 collaborates with TGF-β2 and Smad2 in KCC2 expression and
phosphorylation. Roussa et al. previously identified the signaling
pathway connecting transforming growth factor beta 2 (TGF-β2)
to cAMP-response-element-binding protein (CREB) and Ras-
associated binding protein 11b (Rab11b) as the fundamental
mechanism behind TGF-β2-induced trafficking and functional
activation of KCC2 [91]. TGF-β2 enhanced the colocalization and
interaction between KCC2 and Rab11b, and impairing CREB1 or
Rab11b hindered TGF-β2-mediated trafficking, surface expression,
and functionality of KCC2. In a recent study, Rigkou et al.
examined the effects of TGF-β2 on KCC2 during neuronal
maturation [92]. They found that inhibiting TGF-β/activin signaling
decreased KCC2 mRNA expression in immature neurons. TGF-β2
deficiency in mice resulted in reduced KCC2 expression, AP2β
transcription factor, and KCC2 protein in the forebrain. The
binding of AP2β to the KCC2 promoter was absent in TGF-β2-
deficient mice. Additionally, TGF-β2 deficiency led to increased
KCC2 phosphorylation at T1007 and decreased membrane KCC2
in pre-Bötzinger-complex neurons. These effects were rescued
with exogenous TGF-β2. The study highlights the role of TGF-β2 in
regulating KCC2 transcription in immature neurons, potentially
acting upstream of AP2β, and contributing to KCC2 depho-
sphorylation at Thr1007 during development. TGF-β2 has diverse
effects on KCC2 during neuronal maturation, providing insights
into TGF-β2’s regulation of KCC2 expression, posttranslational
modification, and surface expression. The study proposes that
TGF-β2 is a significant regulator of KCC2 with implications for
pathophysiological conditions. Interestingly, Cobb and colleagues
previously discovered that WNK1 and WNK4 directly phosphor-
ylate Smad2 [93], and recently found the functional interactions of
TGF-β receptors with WNK1/OSR1 kinases [94]. Knockdown of
WNK1 in HeLa cells using small interfering RNA reduces Smad2
protein expression due to down-regulation of Smad2 transcrip-
tion. Conversely, WNK1 depletion leads to nuclear accumulation of
phosphorylated Smad2, enhancing Smad-mediated transcriptional
responses. Moreover, WNK1 small interfering RNA cells exhibit
increased TGF-β-induced target gene transcripts. These findings
highlight WNK1 as a dual modulator of TGF-β-Smad2 signaling
pathways for TGF-β-regulated functions on KCC2. Bar-Klein et al.
previously demonstrated that losartan, an angiotensin II type 1
receptor antagonist known to block peripheral TGF-β signaling,
effectively inhibits albumin-induced TGF-β activation in the brain
[95]. This suggests that blocking the TGF-β pathway may be
beneficial in preventing epilepsy. However, further studies should
explore the role of TGF-β signaling and KCC2 in epileptogenesis.

Thr1007 site phosphorylation dependent ubiquitin degradation of
KCC2 by ubiquitin ligase Fbxl4. F-box and leucine-rich repeat
protein 4 (Fbxl4) was previously identified as a clock output
molecule that controls sleep by facilitating the rhythmic degrada-
tion of the GABAAR [96]. Recently, Hu et al. highlighted that the

recovery of consciousness is not a passive process but an active
one [97]. According to their findings, the activation of specific
neural circuits could be associated with the restoration of
consciousness and may hold significant importance in facilitating
it. In their study, Hu et al. discovered a vital mechanism for actively
recovering consciousness, involving Fbxl4-mediated ubiquitin
degradation of KCC2 and phosphorylation specifically at the
Thr1007 site, rather than the Thr906 site. This crucial process takes
place in the ventral posteromedial nucleus (VPM) brain region [97].
Lowered total KCC2 levels and heightened phosphorylation at the
Thr1007 site observed during the minimum responsive state
caused a reduction in KCC2 activity, resulting in higher levels of
[Cl-]i. This promoted Cl- output driven by GABA and consequently
led to depolarization mediated by GABAA receptors in VPM
neurons. By specifically inhibiting the phosphorylation of the KCC2
Thr1007 site in the VPM brain region of mice while they were
under general anesthesia, the level of KCC2 protein increased. This
led to a further prolongation of the loss of consciousness and
intensified the anesthetic effect. These findings indicate that
blocking this effect through KCC2 antagonists shows promise as a
potential therapeutic approach. The WNK-SPAK/OSR1 kinases
directly regulate the KCC2 Thr1007 site, but the kinase regulator
of Thr906 remains unknown. Therefore, it is highly likely that the
WNK-SPAK/OSR1 signaling pathway is involved in the active
recovery of consciousness following propofol anesthesia [98].
Exploring this pathway in future studies would be worthwhile.
Moreover, Hu et al. made an observation that animals under
anesthesia displayed persistent tremors resembling seizures in
their front limbs, lasting approximately 10–40min prior to
regaining consciousness. This implies a potential connection
between the degradation of KCC2 through ubiquitin and the
occurrence of anesthesia-induced epilepsy. Nevertheless, the
precise mechanisms underlying the regulation of KCC2 expression
through ubiquitination remain inadequately comprehended,
necessitating further investigation.

PKC-dependent KCC2 phosphorylation. Another mechanism of
phospho-regulation of KCC2 involves the phosphorylation of
Ser940 within its C-terminal domain (Fig. 2). This phosphorylation
is mediated by protein kinase C (PKC), leading to enhanced KCC2
activity [99, 100]. The increased activity of KCC2 is attributed to its
improved cell surface stability, which reduces endocytosis and
decreases the rate of internalization [99, 100]. Conversely, the
dephosphorylation of KCC2-Ser940 is stimulated by high levels of
glutamate and increased NMDA receptor (N-Methyl-D-Aspartate
receptor) activity, which activates PP1 to remove the phosphate
group from this residue [100]. The regulatory mechanism of KCC2
involving KCC2-Ser940 phosphorylation and dephosphorylation is
illustrated in Fig. 3.
Research has demonstrated the importance of KCC2-Ser940

phosphorylation in maintaining GABAergic inhibitory signaling.
Dephosphorylation of Ser940 has been shown to coincide with
reduced GABAergic inhibition and hyperexcitability [100, 101]. In
vitro studies have shown that preventing the dephosphorylation
of Ser940 through pharmacological inhibition of PP1 attenuates
the decrease in KCC2 cell surface expression induced by
glutamate [100]. Moreover, this PP1 inhibition has been shown
to be sufficient in maintaining GABAergic inhibition [100].
However, it should be noted that these findings were obtained
using cultured rat hippocampal neurons, which only serve as a
model for adult neurons [100]. Therefore, for greater usefulness, it
would be necessary to measure the effect of PP1 inhibition in vivo
using an epilepsy model. Despite this limitation, these findings
align with later research conducted on a glioma xenograft model
of tumor-associated epilepsy. In this study, the dephosphorylation
of KCC2-Ser940 was associated with increased depolarizing
GABAergic signaling and spontaneous seizure generation in vivo
[101]. This suggests that the dephosphorylation of Ser940 is
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involved in the pathophysiology of tumor-associated epilepsy.
However, the researchers did not examine whether preventing the
dephosphorylation of Ser940 decreased seizure activity, as their
focus was on elucidating the mechanism behind the epileptiform
activity in glioma mice [101]. Nevertheless, they did demonstrate
that inhibiting the intracellular accumulation of Cl- through the
presence of bumetanide (an NKCC1 blocker) reduced seizure
susceptibility in glioma-implanted mice [101]. This indicates that
modulation of KCC2 could also be effective, as bumetanide
restores Cl- homeostasis and acts as an effective anticonvulsant in
this model. Given the increase in glutamatergic excitatory
signaling associated with epileptic seizures, this literature suggests
that a therapeutic agent inhibiting PP1 could be an effective
treatment for tumor-associated epilepsy. Such an agent could
decrease the rate of KCC2-Ser940 dephosphorylation and limit the
excitatory GABAergic signaling associated with this dephosphor-
ylation [102].
Phosphorylation of KCC2-Ser940 is crucial in preventing the

development of severe epileptiform activity [103, 104]. To
investigate the role of KCC2-Ser940 phosphorylation in seizure
severity, Silayeva et al. generated knock-in mice with a KCC2 point
mutation where Ser940 was mutated to alanine (KCC2-Ser940Ala)
to prevent Ser940 phosphorylation [103]. The study found that
when these mice were exposed to kainate, they exhibited greater
seizure power (measured through EEG power spectra) compared
to wild-type (WT) mice during status epilepticus, indicating
increased seizure severity [103]. Furthermore, the increased
seizure severity was confirmed by the rapid death of Ser940Ala
mice after status epilepticus induction with kainate, while no
lethality was observed in WT mice during EEG monitoring [103].
While these findings emphasize the importance of Ser940
phosphorylation in limiting seizure severity, they only indicate
the impact of the loss of Ser940 phosphorylation on extreme
epileptiform activity (status epilepticus). However, in acute
entorhinal-hippocampal slices of KCC2-Ser940Ala mutant mice
under 0-Mg2+ conditions (a less extreme in vitro epilepsy model),
a lack of termination of seizure-like events and faster progression
to status epilepticus were observed [103, 104]. This demonstrates
that Ser940 phosphorylation is a critical phospho-regulatory
mechanism that restricts the progression of seizures into status
epilepticus. Nonetheless, further research is needed to investigate
the significance of Ser940 phosphorylation in limiting less extreme
epileptic activity. This is crucial as treatments that effectively
attenuate less extreme seizure activity would benefit a broader
range of epileptic patients. Currently, the literature only suggests
that enhancing KCC2-Ser940 phosphorylation would be beneficial
for epileptic patients experiencing severe seizures. Additionally, a
decrease in Ser940 phosphorylation has been identified in
patients with idiopathic generalized epilepsy, specifically those
with R952H and R1049 KCC2 mutations [44]. This highlights the
involvement of decreased KCC2-Ser940 phosphorylation in the
pathophysiology of epilepsy. However, further research is required
to establish the underlying mechanism by which these KCC2
mutations lead to a decrease in Ser940 phosphorylation. For
instance, investigating the intrinsic ability of KCC2-Ser940 to be
phosphorylated in a R952H mutant mouse would be necessary.
This research would help determine if indirectly increasing KCC2
function by inhibiting PP1 or enhancing PKC would be effective in
preventing epileptic seizures in individuals carrying this mutation.
Furthermore, studies utilizing human epileptic tissue for in vitro
functional assessments are needed to evaluate the efficacy of PP1
inhibitors and/or PKC activators in enhancing KCC2-Ser940
phosphorylation and reducing seizure severity.

Src family kinase-dependent KCC2 phosphorylation. An earlier
study by Kelsch et al. found that the activation of KCC2 function
requires the activity of tyrosine kinases, including cytosolic protein
tyrosine kinase and C-Src tyrosine kinase (c-Src). They applied two

membrane-permeable protein tyrosine kinase inhibitors, genistein
or lavendustin A, to mediate the developmental switch of
GABAergic responses to hyperpolarizing inhibition [105]. Impair-
ment of Zn2+-induced EGABA depolarization in cultured hippo-
campal neurons was observed in the presence of Src kinases
inhibitor (PP2) or the tropomyosin-related kinase receptor type B
(TrkB) inhibitor (K252A) [106]. Rapidly decreased tyrosine phos-
phorylation of KCC2 in rat hippocampal neurons was observed
under conditions of oxidative stress (H2O2), induction of seizure
activity (BDNF), and hyperexcitability (0 Mg2+) [107]. Reduced
KCC2 tyrosine phosphorylation was also found to be correlated
with a decrease in [Cl-]i and a reduction in transport activity [107].
However, opposite results were observed in another study,
showing increased KCC2 tyrosine phosphorylation at Y903/
Y1087 in rat brain slices after pilocarpine-induced status
epilepticus or in primary neuronal cultures treated with carbachol
[108]. Due to discrepancies in these results, it is therefore not
certain whether tyrosine phosphorylation of KCC2 plays an
important role in functional transport activity. Further studies to
clarify the importance of KCC2 tyrosine phosphorylation have
been suggested in a previous review by Medina et al. [50].

Other mechanisms in regulating KCC2
Trophic factors. BDNF is one of the most extensively studied
trophic factors that regulate KCC2 activity [50]. BDNF binds to its
receptor TrkB with high affinity [50], and upon binding, intracellular
cascades are activated, leading to altered gene transcription that
regulates KCC2 activity (Fig. 3) [109–111]. Aguado et al. first
discovered the role of BDNF in regulating KCC2 expression by
demonstrating that transgenic overexpression of BDNF significantly
increased KCC2 mRNA levels in developing neurons [112]. However,
it was later found that this upregulation only occurs in immature
neurons, and in contrast, BDNF downregulates KCC2 expression in
mature adult neurons [109, 112–114]. Figure 3 summarizes the
mechanisms by which BDNF-TrkB signaling regulates KCC2 activity.
The research findings from studies targeting BDNF-TrkB signaling to
modulate KCC2 activity are summarized in Table 3.
Seizure activity elevates the levels of BDNF and TrkB, as

neuronal activity has been shown to stimulate the release of BDNF
and subsequently activate BDNF-TrkB signaling [109, 110, 115].
This suggests that BDNF-TrkB signaling may be involved in the
downregulation of KCC2 in epileptic patients. However, despite
the increase in BDNF associated with heightened neuronal
activity, animal models have demonstrated that this elevated
BDNF also promotes epileptic activity in vivo [115–117]. The pro-
epileptic effect of BDNF has been demonstrated using a
transgenic mouse model that either overexpressed the full-
length (normal) TrkB receptor or overexpressed a truncated form,
mimicking reduced BDNF-TrkB signaling [115]. This genetic
modification approach allows for establishing the causal role of
BDNF and TrkB in epileptic activity without pharmacologically
inhibiting TrkB receptor activation. Transgenic mice with
enhanced TrkB signaling showed faster development of epilepto-
genesis compared to delayed epileptogenesis in mutants with
reduced TrkB signaling [115]. However, since TrkB activity is only
reduced and not abolished in the transgenic mice, it suggests that
pharmacological blockade of BDNF-TrkB signaling would lead to
even greater disruption of epileptogenesis and thus has the
potential to prevent epileptic development in children at risk of
MTLE [115]. These findings are consistent with previous observa-
tions in homozygous TrkB knockout mice in the electrical kindling
model [116]. He et al. demonstrated that the deletion of TrkB
receptors and, hence, prevention of TrkB activation, prevented
epileptogenesis, while in BDNF-/- mice where TrkB activation was
not fully inhibited, only modest impairment of epileptogenesis
was observed [116]. Subsequent research investigating the TrkB-
dependent activation of phospholipase C gamma 1 indicated
that PLCγ1 signaling may underlie this epileptogenesis [118].
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Therefore, it is proposed that TrkB activation is crucial for the
development of MTLE.
The role of TrkB activation in epileptogenesis, as discussed

previously, suggests that preventing the activation of BDNF-TrkB
signaling or its downstream cascade involving PLCγ1 could
potentially prevent the development of epilepsy. This concept has
led to the development of ANA12 (Table 2), a low-molecular-weight
TrkB ligand [119]. ANA12 binds non-competitively to the extra-
cellular domain of the TrkB receptor to selectively block BDNF-TrkB
signaling [119]. ANA12 has shown effectiveness in enhancing the
efficacy of phenobarbital (PB), which is commonly used to treat
neonatal seizures [120, 121]. The combination of PB and ANA12 has
been found to successfully alleviate PB-resistant seizures in CD-1
mice, with ANA12 doses as low as 2.5 mg/kg [120, 121]. However, it
should be noted that the study conducted by Kang et al. [120]
reported a 20% greater improvement in PB efficacy compared to
the later study by Carter et al. [121], even though both studies used
the same ANA12 concentration (2.5mg/kg). Themeasured values of
ANA12+ PB suppression of seizures were −62% and −42% ±5.3%
according to Carter et al. [121] and Kang et al. [120], respectively.
The enhanced seizure suppression observed in the study by Carter
et al. [121] may be attributed to a greater ischemia-induced
downregulation of KCC2 in the ipsilateral hemisphere of the mice.
Additionally, ANA12 demonstrated the ability to prevent post-
ischemic downregulation of KCC2, as evidenced by rescuing both
KCC2 and phosphorylated KCC2-Ser940 [121]. This research
collectively underscores the therapeutic benefits of ANA12 by
preventing the decrease in KCC2 activity and maintaining a low
intracellular Cl- concentration. Interestingly, contrary to the afore-
mentioned research, more recent studies have shown that TrkB
agonists (LM22A-4, HIOC, and deoxygedunin) can prevent post-
ischemic downregulation of KCC2 and rescue PB-refractory seizures
in the same neonatal mouse model by inhibiting BDNF-TrkB
signaling [122]. This alternative approach to prevent BDNF-TrkB
signaling further emphasizes the role of TrkB in neonatal seizure
susceptibility. These findings also propose an alternative therapeu-
tic strategy for treating patients with PB-refractory seizures, which
should be investigated in future research.
Regarding ANA12, it should be considered a promising

therapeutic agent due to its ability to penetrate the blood-brain
barrier, thus addressing the limitations of the previously investi-
gated NKCC1 antagonist bumetanide [119, 123]. Consequently,
ANA12 may exhibit superior therapeutic efficacy in epileptic
patients. Furthermore, when systematically administered to the
brains of adult mice, ANA12 was found to inhibit TrkB activity
without affecting neuronal survival or inducing significant adverse
effects [119]. However, despite these promising findings, concerns
have been raised about the selectivity of ANA12 due to the lack of
comprehensive receptor interaction screening [124]. Conducting
such screening is necessary before clinical implementation.
Additionally, it should be noted that ANA12 was unable to prevent
the occurrence of ischemic seizures or mitigate post-ischemic
degradation of KCC2 in the absence of PB [120]. Therefore, the
usefulness of ANA12 as an adjunct therapeutic agent for individuals
with PB-resistant seizures appears limited. Further research and
investigations are needed to better understand ANA12’s selectivity
and its potential benefits in treating specific seizure conditions.

KCC2 glycosylation regulation. KCC2 possesses a total of six
N-glycosylation sites located within the extracellular loop con-
necting TM5 and TM6 (Fig. 2). Notably, glycosylation of KCC2 has
been observed in neurons at various developmental stages,
encompassing both immature and mature states [125]. The
glycosylation of KCC2 has been shown to significantly impact
transporter function, as well as its relationship to KCC2 membrane
trafficking. In a study conducted by Stödberg et al., patients with
EIMFS were examined, focusing on loss-of-function mutations in
the SLC12A5 gene [43]. The study revealed that both the

expression and glycosylation of the KCC2 protein were dimin-
ished, resulting in a decrease in KCC2 activity and subsequent
reduction in synaptic inhibition. Puskarjov et al. investigated the
role of BDNF in the regulation of KCC2 glycosylation during
seizures and development [114]. They found that BDNF is
necessary for seizure-induced upregulation of KCC2 glycosylation
but not for developmental upregulation. These findings suggest
that BDNF plays a critical role in the regulation of KCC2
glycosylation during seizures. In another study by Lee et al., the
effect of NMDA receptor activity on KCC2 glycosylation and
GABAergic signaling was explored [100]. The researchers dis-
covered that NMDA receptor activity downregulates KCC2
glycosylation, resulting in depolarizing GABAergic currents. These
results suggest that NMDA receptor activity can modulate the
balance of excitation and inhibition in the brain by altering KCC2
glycosylation. Gauvain et al. investigated the role of KCC2
glycosylation in regulating the content and lateral diffusion of
AMPA receptors in dendritic spines [126]. Their findings indicated
that KCC2 glycosylation is important for maintaining the correct
number of AMPA receptors in spines and for regulating their
lateral diffusion. Additionally, Gagnon et al. investigated the
potential of chloride extrusion enhancers (CEE) as a therapeutic
approach for neurological diseases [127]. The study demonstrated
that CEE can enhance KCC2 glycosylation and restore inhibitory
neurotransmission in animal models of epilepsy and neuropathic
pain. These results suggest that CEE may be a promising
therapeutic strategy for neurological disorders associated with
impaired KCC2 glycosylation. Further research is needed to
explore the full potential of CEE as a treatment option and to
better understand its mechanism of action in enhancing KCC2
glycosylation.

KCC2 ubiquitination regulation. KCC2 ubiquitination dysfunction
has been implicated in various conditions, including general
anesthesia, epilepsy, neuropathic pain, and autism spectrum
disorders. Hu et al. made a significant finding regarding the
physical interaction between KCC2 and the ubiquitin ligase Fbxl4
in regulating KCC2 expression in the VPM of the thalamus. This
interaction serves as a key mechanism in the recovery of
consciousness from anesthesia [97] (for detailed discussions, refer
to Section 3.1.3). Chen et al. identified a physical interaction
between KCC2 and amyloid precursor protein (APP) [128].
Deficiency of APP leads to notable reductions in both the total
and membrane levels of KCC2, resulting in a shift in EGABA towards
depolarization. By restoring the normal expression and
function of KCC2 in App–/– mice, EGABA, GABAAR α1 levels, and
GABAAR-mediated phasic inhibition were rescued. These findings
indicate that APP acts to limit tyrosine-phosphorylation and
ubiquitination processes, thereby preventing the subsequent
degradation of KCC2. This mechanism explains how APP
influences the abundance of KCC2. In the study by Ma et al., they
investigated the effects of BDNF treatment on KCC2 ubiquitination
in the dorsal horn of adult mice [129]. They demonstrated that
direct administration of BDNF to the spinal cord enhances the
interaction between KCC2 and Casitas B-lineage lymphoma b (Cbl-
b), an E3 ubiquitin ligase involved in nociceptive information
processing. Knocking down Cbl-b expression resulted in
decreased KCC2 ubiquitination levels and a reduction in BDNF-
induced pain hypersensitivity. Additionally, they observed that
following spared nerve injury, KCC2 ubiquitination significantly
increased, but this effect could be reversed by inhibiting the TrkB
receptor. These findings suggest that Cbl-b plays a crucial role in
modulating KCC2, an important substrate related to pain, and that
ubiquitin modification contributes to the impairment of KCC2
function induced by BDNF in the spinal cord. Goutierre et al.
investigated the role of KCC2 in regulating neuronal excitability
and hippocampal activity through its interaction with Task3
channels [130]. They discovered that KCC2 and Task3 channels

KCC2 as a drug target for epilepsy
E McMoneagle et al.

14

Acta Pharmacologica Sinica (2023) 0:1 – 22



interact to modulate neuronal excitability, which is crucial for
proper hippocampal activity. Moreover, they found that KCC2
ubiquitination plays a role in this interaction. These findings
suggest that targeting this interaction could be a potential
therapeutic strategy for neurological disorders. Further research is
needed to fully understand the therapeutic implications of KCC2
ubiquitination and its potential for treating various neurological
conditions.

Sonic hedgehog (Shh) signaling. Sonic hedgehog (Shh) and its
receptor complex, patched-smoothened, play crucial roles in
neural stem cell proliferation and differentiation within the
developing CNS. Our recent findings indicate that activated Shh
signal transducer smoothened (Smo) signaling during develop-
ment accelerates the transition from depolarizing to hyperpolariz-
ing GABA, a process that relies on the functional expression of
KCC2 [131]. Previous studies have reported increased expression
of Shh in epileptic patients and animal models [132], as well as in
the temporal neocortex in response to epileptiform discharge
[133]. Collectively, these studies suggest that Shh/Smo signaling
regulates chloride homeostasis and contributes to the onset of
epilepsy by modulating KCC2 cell-surface expression and neuronal
activity. Exploring specific antagonists of the Shh/Smo signaling
pathway in future research could, therefore, present a novel
strategy for the treatment of epilepsy.

mZnR/GPR39- SNAP23 signaling. Neuronal presynaptic mossy
fibers release zinc ions (Zn2+) synaptically, triggering intracellular
Ca2+ signaling through the activation of a postsynaptic metabo-
tropic Gq-protein-coupled receptor known as mZnR/GPR39. It has
been discovered that the KCC2 C-terminal domain plays a crucial
role in the regulation of Zn2+-dependent transport through
mZnR/GPR39 signaling. SNAP23, a SNARE protein associated with
synaptosomes and an integral component of the membrane
insertion machinery, interacts with KCC2 and enhances its activity
[134]. In hippocampal neurons, mZnR/GPR39 increases the
binding of SNAP23 to KCC2, thereby promoting its surface
expression [134]. This process relies on the phosphorylation
activation of SNAP23 by IκB kinase (IKK), as demonstrated by the
prevention of mZnR/GPR39-induced upregulation of KCC2 activity
through SNAP23 phosphorylation-insensitive mutants or pharma-
cological inhibition of IKK [134]. The study suggests that IKK could
also serve as a potential drug target for modulating KCC2 activity
in the treatment of epilepsy.

PACSIN1- KCC2 signaling. In a study exploring the KCC2 inter-
actome, it was discovered that Protein kinase C and casein kinase
substrate in neurons protein 1 (PACSIN1) serves as a novel native
binding partner of KCC2, exerting a negative regulatory effect on
KCC2 expression and function in hippocampal neurons [135].
Knockdown of PACSIN1 through shRNA in hippocampal neurons
resulted in increased KCC2 expression and hyperpolarization of the
reversal potential for Cl- [135]. However, it remains unknown
whether PACSIN1-mediated reductions in KCC2 are associated with
any specific neurological disorders.

SERBP1 and IGF-1. Serpine mRNA binding protein 1 (SERBP1) and
the Ago2/miR-92 complex have been found to bind to the 3ʹUTR of
KCC2, potentially playing a significant role in modulating KCC2
translation in SH-SY5Y cells and primary hippocampal neurons
[136]. Additionally, insulin-like growth factor (IGF-1) and the
neuropeptide oxytocin (OXT) have been identified as regulators of
KCC2 function. In methyl CpG binding protein 2 (MECP2) knockout
mice, which exhibit KCC2 expression deficits and synaptic
transmission impairments, the administration of recombinant full-
length human IGF-1 (rhIGF-1) or OXT pharmacologically rescued
these effects [137]. Consistent with these findings, another study
demonstrated that adeno-associated viral overexpression of IGF-1

(AAV-IGF-1) in female Sprague-Dawley rats resulted in elevated
levels of KCC2 and improved motor function after spinal cord injury
[138]. These findings suggest the existence of potential new
modulators of KCC2.

PHARMACOLOGICAL MODULATION OF KCC2
Overall, the previously discussed literature demonstrates the
involvement of reduced functional activity of KCC2 in epileptic
activity. This has raised the possibility of pharmacologically
enhancing KCC2 as a crucial therapeutic strategy for epileptic
patients. The underlying concept is that enhancing KCC2 activity
prevents the accumulation of intracellular Cl-, thereby preventing
the loss of neuronal inhibitory GABAergic signaling associated
with hyperexcitability [127]. So far, four different categories of
KCC2 modulators have been identified: (1) KCC2 inhibitors or
antagonists, (2) KCC2 activators or agonists, (3) indirect KCC2
modulators, and (4) KCC2 genetic modulators (Table 2).

Neuronal hyperexcitability results from KCC2 antagonism
A decrease in KCC2 activity has been recognized as one of the
primary causes of hyperexcitability associated with epilepsy, given
KCC2’s functional contribution to maintaining excitation-inhibition
balance [139, 140]. The pathogenic role of KCC2 dysfunction has
been extensively studied by employing the potent and selective
KCC2 inhibitor, VU0463271 (Table 2) [104, 139–143]. VU0463271,
discovered by Delphire et al., has shown enhanced selectivity for
KCC2 compared to previously utilized pharmacological agents like
furosemide [144]. Examining the literature on the effects of KCC2
antagonism on epileptic activity can help determine the potential
of KCC2 as a therapeutic treatment for epilepsy.
Perforated-patch recording with gramicidin is suitable for study-

ing anionic channels and their regulation of homeostatic [Cl-]i,
because this type of electrophysiological method can avoid
artifactual changes in intracellular chloride concentration [145].
The application of VU0463271, both in vitro and in vivo, has been
shown to result in increased neuronal excitability [140, 141]. In vitro
gramicidin perforated-patch recordings of muscimol-induced cur-
rents from rat reticular thalamic (RT) neurons in the presence of
VU0463271 (10 μM) resulted in a more depolarized EGABA of RT
neurons compared to baseline (−58 ± 3.4 mV to −42 ± 5.4 mV,
t(4)= 6.24) [140]. Similarly, neurons within the ventrobasal thalamus
(VB) also exhibited a change in EGABA, with an approximate positive
shift of 17mV (−69 ± 5.6 mV to −52 ± 8.7 mV, t(4)= 7.47) [140].
These findings highlight the importance of KCC2 in maintaining
GABAergic inhibition and Cl- homeostasis, even when KCC2
expression is low. Immunofluorescence studies indicate low KCC2
expression in RT neurons [140]. These findings are consistent with a
previous study conducted by Sivakumaran et al. in 2015 using the
same electrophysiology technique but with cultured hippocampal
neurons [141]. Sivakumaran et al. found that the application of
VU0463271 (10 μM) resulted in a depolarizing shift of EGABA from
−76 ± 5mV to −36 ± 2mV [141]. However, the positive shift in
EGABA is greater in this study in comparison to Klein et al.’s. This
difference may be attributed to Sivakumaran and colleagues using
cultured mouse neurons instead of rat neurons. Overall, the
literature demonstrates that KCC2 antagonism leads to neuronal
excitability by switching GABA-mediated inhibition to GABA-
mediated excitation.
Research has shown that KCC2 antagonism exacerbates

neuronal hyperexcitability, both ex vivo and in vivo in the brain,
as depicted in Fig. 4 [139]. Ex vivo electrophysiology employed to
assess the impact of abolished KCC2 activity by VU0463271
revealed that VU0463271 (10 μM) increased spiking frequency of
CA1 pyramidal neurons [139]. In vivo, particularly under hypoxic
conditions, there was an increase in spike and sharp wave activity
was observed during the interictal period (the epileptiform activity
between seizures), as well as a rise in the number of ictal events
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(the epileptiform activity during a seizure) [139]. These findings
hold high validity due to Raol and colleagues’ utilization of video
and EEG recordings to observe the rats’ seizure-like activity,
enabling researchers to establish correlations between seizure
patterns and behavioral/motor changes. Consequently, this
eliminates the possibility of the seizure-like activity being mere
artifacts [146]. However, it is worth noting that the hippocampal
neuron slices used in the study were obtained from male rats aged
between P7-P9. Considering the developmental increase in KCC2,
which is considered to be fully operational by P10–15 [11],
conducting the study using older hippocampal slices might have
yielded an even greater impact of VU0463271, thus resulting in
more severe epileptic-like activity. This research, therefore,
signifies the role of KCC2 in limiting overexcitation.
Evidence suggests that the application of VU0463271 results in

continuous epileptic activity [104, 141, 143]. This has been
demonstrated in acute mouse hippocampal brain slices exposed
to 0-Mg2+ conditions, an in vitro epilepsy model [104]. VU0463271
(10 μM) induced continuous clonic-like discharges (seizure activity
associated with repeated muscle movements such as jerking) and
increased the duration of seizure-like events [104]. This continuous
epileptiform activity is consistent with previous research using a
similar methodology, while this research also suggests that
VU0463271 increases the duration of ictal events [141]. Further
support for VU0463271 altering epileptic activity has been
demonstrated in an in vitro 4-Aminopyridine (4-AP) epileptic
model, indicating KCC2 antagonism results in a change from low
voltage fast-activity (ictal events) to continuous interictal spiking
[143]. The continuous interictal events reflect the neuronal
hyperexcitability caused by the downregulation of KCC2. However,
the previous study calls into question whether VU0463271
exacerbates both ictal and interictal seizure activity. Chen et al.
found that the addition of VU0463271 (10 μM) abolishes ictal
discharges induced by 4-AP, with the authors proposing that KCC2
function is required for 4-AP-induced ictal events [143]. This
difference in findings may be due to methodological differences.
Chen and colleagues’ use of tetrode recordings may allow more
accurate spike sorting than standard field recordings conducted
by Kelley et al. [104, 143, 147]. This study was also the first to use
tetrode recordings within the entorhinal cortex to demonstrate
that abolished KCC2 function impaired ictal discharges [143].
However, Myers et al. demonstrated that antagonism of KCC2

activity reduces 4-AP-induced ictal-like activity via 60-channel
multi-electrode array recordings, highlighting the complexity of
KCC2’s role in seizure-like activity and epileptic pathology [142].
Future work should focus on studying ictal activity through ictal
EEGs to determine whether reduced KCC2 activity can increase
ictal activity. If this is the case, it would affect the therapeutic
potential of targeting KCC2. Overall, the literature suggests that
KCC2 activity is required for normal physiology and has a vital role
in limiting overexcitation. The research performed supports the
assertion that enhancing KCC2 activity may be an effective
therapeutic strategy in treating individuals with epilepsy.

Direct KCC2 agonism
The direct enhancement of KCC2 activity through the KCC2
activator CLP257 (Table 2), discovered by Gagnon et al., has been
proposed as a potential therapeutic agent [127, 148]. High-
throughput screening revealed that CLP257 (200 nM) selectively
increases KCC2 activity. This was demonstrated by a significant
61% increase in KCC2 transport activity in Xenopus laevis oocytes
microinjected with complementary ribonucleic acid (cRNA)
encoding these CCCs, without affecting other CCC activities
[127]. Moreover, CLP257 restored Cl- homeostasis in neurons with
reduced KCC2 activity by rescuing its cell surface expression [127].
However, due to the short terminal half-life of CLP257, its prodrug
CLP290 (Table 2) is suggested to be a more effective therapeutic
agent [127]. This research indicates that CLP290 could potentially
reverse the high intracellular Cl- concentration associated with
hyperexcitability in epilepsy resulting from reduced KCC2 activity.
It is important to note that this research was conducted on spinal
cord slices modeling neuropathic pain, which limits its applic-
ability in evaluating CLP257 as a potential therapeutic agent for
epilepsy. Similar limitations are observed in the current literature,
which primarily focuses on CLP257 as a treatment for neuropathic
pain [149]. Nonetheless, some studies have explored the effects of
CLP257 on epileptic activity. Evidence suggests that CLP257, by
enhancing KCC2 activity, reduced the duration and frequency of
ictal-like discharges in vitro [150]. However, Hamidi and Avoli
raised concerns by reporting that CLP257 increased the duration
of ictal discharges using the 4-AP model of epilepsy [151]. These
contrasting results may be attributed to the higher concentration
of CLP257 used by Hamidi and Avoli (100 μM compared to 30 μM),
which could have led to non-specific effects [151]. Additionally, it

Fig. 4 The reciprocal effect of KCC2 antagonist VU0463271 and KCC2 agonist OV350 on epileptiform activity. The KCC2 antagonist
VU0463271 increases intracellular Cl- concentration by reducing KCC2-dependent Cl- extrusion. This elevated intracellular chloride leads to a
positive, depolarizing shift in EGABA in vitro. In vitro and in vivo studies have demonstrated that VU0463271 enhances seizure-like activity,
including interictal and ictal events. In contrast, the KCC2 agonist OV350 reduces intracellular Cl- concentration, restoring Cl- to homeostatic
levels and resulting in a negative shift in EGABA. OV350’s promotion of KCC2 activity and subsequent reduction in intracellular Cl-

concentration have been shown to decrease seizure-like activity, including ictal events and duration. The diagram was created using
BioRender.com. KCC2 K+-Cl-−cotransporter 2, GABA γ-aminobutyric acid, EGABA GABAAR-medicated currents, and [Cl-]i, intracellular chloride
concentration.
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has been suggested that Hamidi and Avoli mischaracterized
epileptiform events, emphasizing the need for caution in
interpreting their conclusions [104, 151]. However, Hamidi and
Avoli’s research underscores the importance of examining the
impact of high extracellular K+ levels generated by elevated KCC2
activity on seizure generation [151]. The high extracellular K+

concentration produced in the 4-AP model could directly
depolarize neurons, leading to further seizures [152]. Further
research is needed to determine the potential effectiveness of
KCC2 activators in epileptic patients with varying degrees of
reduced KCC2 activity, considering the possibility of excessively
high extracellular K+ levels that might depolarize neurons.
Later, the mechanism of CLP257 as a KCC2 activator has been

challenged by Cardarelli et al., who proposed that CLP257may exert
its effects by potentiating GABAARs instead [153]. This raises the
need for a reinterpretation of the previously discussed studies.
However, there have been questions regarding the replicability of
Cardarelli et al.’s findings [3]. This underscores the necessity for
additional studies to investigate the pharmacodynamic profile of
CLP257 (and CLP290) before evaluating their potential therapeutic
effects in a clinical setting. Encouragingly, preclinical toxicological
studies involving the administration of CLP290 to rats have revealed
no adverse side effects, indicating the possibility of evaluating the
therapeutic effectiveness of CLP290 in clinical trials [127]. Recently,
the mechanism of action of CLP290 to reverse or reduce epileptic
activity has been described, showing that CLP290 acts by restoring
the phosphorylation of Ser940, resulting in increased KCC2
membrane localization in Tat+ mice [154]. Recently, Zuo et al.
developed a microinvasive nanodrug delivery system using reactive
oxygen-responsive copolymers and neurotransmitter-conjugated
CLP257 [155]. This microinvasive approach results in significant
functional improvement in rats with contusive spinal cord injury.
Ultimately, further research conducted on human neuronal lines is
necessary to determine the safety of pharmacological activators and
to translate the promising preclinical findings of CLP257 or CLP290
into a viable therapeutic agent.
Recently, Jarvi and colleagues identified a compound, Cmp1, by

screening 1.3 million compounds using an established thallium
(TI) influx assay [156]. Cmp1 was found to enhance KCC2 activity at
an EC50 of 2.01 μM, with no effect on the activity of KCC3, KCC4, or
NKCC1. Building upon Cmp1, they optimized the compound
through medicinal chemistry, resulting in the derivative OV350
(350). OV350 exhibited an EC50 of 261.4 nM for KCC2 without
altering its plasma membrane accumulation and phosphorylation,
which are important for KCC2 function [75, 99, 157]. To observe
the drug effect of OV350, Jarvi and colleagues conducted
gramicidin perforated patch-clamp recordings on 18–21 DIV
hippocampal neurons expressing high levels of KCC2 [71]. They
used bumetanide and tetrodotoxin during the recordings to limit
the effects of NKCC1 and activity-dependent changes in Cl- levels,
respectively [100]. Administration of 300 nM OV350 significantly
decreased intracellular Cl- levels, as evidenced by a decrease in
EGABA from −75 ± 3.1 to −85.1 ± 4.2 mV and a reduction in
intracellular Cl- from 7.7 ± 0.4 to 5.1 ± 0.4 mM. Conversely, the
vehicle did not have a significant impact on EGABA, suggesting that
KCC2 activation by OV350 is responsible for the observed changes
in intracellular Cl- levels. To evaluate the compound’s impact on
KCC2 activity in a dynamic setting, cultures were exposed to
OV350 for 1 h, followed by whole-cell patch-clamp recordings.
Neurons were artificially loaded with 32mM Cl- via the patch
pipette. The OV350-treated cells exhibited lower basal EGABA
values compared to the controls (−59.3 ± 2.1 vs −47.4 ± 2.3 mV),
indicating a decrease in neuronal Cl- levels (Fig. 4). The impact of
OV350 on "seizure-like events" (SLEs) was evaluated in mouse
brain slices exposed to Mg2+-deficient artificial cerebrospinal fluid,
a method commonly used to increase neuronal excitability [158].
Field recordings within the entorhinal cortex were employed to
observe the evolution of SLEs and their progression into late

recurrent discharges, which resemble the development of status
epilepticus [80]. OV350 did not affect the appearance of the first
SLE but delayed the progression of LRDs. Additionally, the authors
analyzed the interictal interval, comparing the time span between
the first and second SLE. The results showed that OV350
considerably prolonged the interictal interval, and the activity
levels returned to baseline after the initial SLE ended. Jarvi and
colleagues also observed that subcutaneous administration of
OV350 in mice resulted in significant brain penetration and CNS
activity. While KCC2 activation by OV350 did not cause significant
changes in mouse behavior, it provided protection against
seizures induced by the GABAAR antagonist pentylenetetrazole
and refractory seizures induced by benzodiazepines, canonical
GABAAR-positive allosteric modulators [156]. Thus, OV350 is the
first reported compound to directly bind to and activate the KCC2
cotransporter, a target implicated in neuronal excitation, including
epilepsies in vivo. Nevertheless, further efforts are required to
develop oral and intravenous (IV) formulations for OV350 or its
analogs before proceeding to clinical trials.

Pharmacological enhancement of KCC2 gene expression
As mentioned in Section 2.1, epileptic patients have been found to
have reduced KCC2 expression [23]. Zavalin et al. conducted a
study where they conditionally knocked out KCC2 in Dlx5-lineage
neurons (Dlx5 KCC2 cKO) in a mouse line, targeting cortical
interneurons and post-mitotic GABAergic neurons in the forebrain
during embryonic development. They found that the loss of KCC2
caused an imbalance in cortical interneuron subtypes, occasional
spontaneous seizures, and early death [159]. Cheung et al.
established a mouse line with 2–3-fold KCC2 overexpression
occurring in pyramidal neurons. They discovered that enhanced
KCC2 expression significantly reduced spike rate, time in seizure,
and EEG spectral power following the administration of diazepam
(5mg/kg, i.p.), thereby increasing diazepam’s efficacy in stopping
EEG seizures [160]. These in vivo studies suggest that normal KCC2
function is crucial for proper brain development, and increased
KCC2 activity is beneficial for treating epilepsy. Tang et al.
developed neuron-based high-throughput screening assays to
identify chemical compounds that can increase KCC2 gene
expression from a library of 900 small-molecule chemicals [161].
Among the library, several KCC2 expression-enhancing com-
pounds were found, including KEEC KW-2449 (an inhibitor of
tyrosine kinase 3 (or FLT3) [162]) (Table 2), resveratrol (activating
the sirtuin 1 (or SIRT1) signaling pathway [163]), piperine (a
transient receptor potential cation channel subfamily V member 1
(or TRPV1) activator [164]), and BIO (an inhibitor of the glycogen
synthase kinase 3β (or GSK3β) pathway [165]). These compounds
induced a significant increase in KCC2 expression in a dose-
dependent manner in cultured human neurons[161]. Further
experiments using gramicidin-perforated patch recordings
revealed that KW-2449 induced a significant hyperpolarizing shift
in EGABA in human Rett syndrome (RTT) neurons, bringing it to a
level similar to that in wild-type neurons. Additionally, KW-2449
treatment significantly enhanced the chloride extrusion rate of
human RTT neurons [161]. Administration of KW-2449 (2 mg/kg) or
piperine (6 mg/kg) ameliorated disease-related behavioral pathol-
ogies by reducing the frequency of breathing pauses or increasing
locomotion in 4-week-old male Mecp2 mutant mice [161]. These
identified compounds that enhance KCC2 expression could be
potential therapeutic agents for future epileptic treatments.

Enhanced KCC2 expression by CRISPRa
Recently, Shi et al. utilized an adeno-associated virus (AAV)-
mediated CRISPR-mediated transcriptional activation (CRISPRa)
system to selectively enhance the expression of KCC2 in the
subiculum [166]. This approach aimed to investigate the therapeutic
potential of KCC2 in various in vivo epilepsy models. Calcium fiber
photometry was employed to examine the role of KCC2 in restoring
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impaired GABAergic inhibition. The CRISPRa system effectively
increased KCC2 expression both in cell culture (300-fold increase)
and in the targeted brain region in vivo (1.7-fold increase). Delivery
of CRISPRa using adeno-associated viruses led to upregulation of
KCC2 in the subiculum, resulting in a reduction in the severity of
hippocampal seizures and enhancing the anti-seizure effects of
1 mg/kg diazepam in a hippocampal kindling model. In a model of
kainic acid-induced epilepticus, KCC2 upregulation significantly
improved the termination rate of diazepam-resistant epilepticus,
thereby widening the therapeutic window. Notably, KCC2 upregu-
lation mitigated valproate (300mg/kg)-resistant spontaneous
seizures in a chronic epilepsy model induced by kainic acid.
Calcium fiber photometry demonstrated that CRISPRa-mediated
KCC2 upregulation partially restored the impaired GABAergic
inhibition in epilepsy. These findings underscore the potential of
AAV-mediated delivery of CRISPRa as a promising translational
approach for treating neurological disorders. Specifically, targeting
KCC2 holds significant promise in managing epilepsy, particularly as
an adjunctive therapy for patients with drug-resistant epilepsy.
However, it is important to note that increasing KCC2 expression
through this method may only have a limited effect in restoring
GABA neurotransmission, restoring it to approximately one-third of
its original state. This suggests that a combination treatment
utilizing CRISPR interference (CRISPRi) targeting NKCC1 may lead to
improved outcomes in restoring GABA neurotransmission.

CONCLUSIONS AND FUTURE DIRECTIONS
KCC2 dysfunction plays a crucial role in epileptogenesis and the
pathogenesis of epilepsy. The existing literature clearly indicates
that normal functioning and expression patterns of KCC2 are
essential for maintaining intracellular Cl- concentration, thereby
facilitating GABAergic inhibition in the brain, which helps prevent
neuronal hyperexcitability, a prerequisite for seizure generation.
However, while studies on human brain slices and genetic
investigations have identified reduced KCC2 activity and expres-
sion in epileptic patients, the precise mechanisms underlying this
altered activity and expression remain unclear. Preclinical research
has demonstrated that overactivity of WNK-SPAK/OSR1 in
phosphorylating KCC2 at Thr906 and Thr1007, BDNF-TrkB signal-
ing in downregulating KCC2 expression, and the underactivity
of PKC in phosphorylating KCC2-Ser940 increase seizure activity
and susceptibility. Future research can explore the correlation
between WNK, SPAK, PKC, and/or BDNF expression levels in
human epileptic tissue to determine if the overexpression of these
trophic factors and kinases contributes to epileptogenesis through
their indirect regulation of KCC2. Genetic studies can also
investigate the activity of these signaling pathways to identify
genetic risk factors for epilepsy.
This review has summarized the role of KCC2 in epileptogenesis

and the research investigating effective therapeutic strategies,
providing an overall understanding of KCC2 as a therapeutic target.
Future research should focus on utilizing pharmacological inhibitors
(for WNK1, SPAK, PP1, and PLCγ1) and activators (for PKC) to
determine whether enhancing KCC2 activation throughmodulation
of KCC2 Thr906, Thr1007, and Ser940 is a clinically effective
anticonvulsant strategy. It is important to note that most of the
research conducted on KCC2 modulation has been carried out on
animal neuronal cell lines, which may have a different neuronal
phenotype than human neuronal cell lines. Continued research
using human tissue is necessary to determine the applicability of
the various therapeutic strategies discussed. Furthermore, future
research is needed to investigate the potential of KCC2 modulation
in preventing epileptogenesis rather than solely reducing seizure
activity and severity. Such research would unveil the full potential of
targeting KCC2 in epilepsy treatment.
KCC2 demonstrates promising potential as a therapeutic target

for epilepsy. Direct modulation of KCC2 activity or indirect

enhancement of activity by decreasing Thr906 and Thr1007
phosphorylation, increasing Ser940 KCC2 phosphorylation, and
increasing KCC2 transcription show promising anticonvulsant
effects by effectively reducing seizure activity. Additionally,
indirect KCC2 modulation via the inhibition of WNK-SPAK/OSR1
and BDNF-TrkB signaling holds promise as an adjunct therapeutic
strategy for drug-resistant epileptic patients. Previous studies have
indicated that both kinases, WNK and SPAK/OSR1, within the
WNK-SPAK/OSR1 complex, directly regulate the Thr1007 site of
KCC2. However, the direct kinase responsible for the Thr906 site
remains to be identified in future studies, which could facilitate
drug discovery for targeting the KCC2 Thr906 site. OV350 is a
potential first-in-class KCC2 direct activator that exhibits signifi-
cant efficacy in reducing neuronal excitation, included in the
treatment of epilepsies, as demonstrated in in vivo studies.
Nevertheless, additional efforts are needed to develop oral and IV
formulations of OV350 or its analogs before they can proceed to
clinical trials. The application of AAV-mediated delivery of CRISPRa
has been employed to partially upregulate KCC2 and restore
impaired GABA-mediated inhibition in epilepsy. This approach
holds significant promise for managing epilepsy, particularly as an
adjunctive therapy for patients with drug-resistant epilepsy.
However, the therapeutic effect is somewhat limited in terms of
restoring GABA neurotransmission. Hence, a combination treat-
ment involving CRISPRi targeting NKCC1 may potentially yield
enhanced outcomes in restoring GABA neurotransmission. Alter-
natively, the dual regulator ZT-1a, which directly targets the
shared upstream kinase of both KCC2 and NKCC1, may potentially
achieve improved drug effectiveness for epilepsy treatment.

ACKNOWLEDGEMENTS
We are very grateful for the financial support from the National Natural Science
Foundation of China (Grant Nos.: 82170406, 81970238, and 32111530119), Shanghai
Municipal Science and Technology Major Project (Grant No.: 2018SHZDZX01), The
Royal Society UK (Grant No.: IEC\NSFC\201094), and The Commonwealth Scholarship
Commission UK (Grant No.: NGCA-2020-43).

ADDITIONAL INFORMATION
Competing interests: The authors declare no competing interests.

REFERENCES
1. Javdani F, Hegedus K, Miranda CO, Hegyi Z, Hollo K, Antal M. Differential

expression of Na(+)/K(+)/Cl(-) cotransporter 1 in neurons and glial cells within
the superficial spinal dorsal horn of rodents. Sci Rep. 2020;10:11715.

2. Pieraut S, Laurent-Matha V, Sar C, Hubert T, Mechaly I, Hilaire C, et al. NKCC1
phosphorylation stimulates neurite growth of injured adult sensory neurons. J
Neurosci. 2007;27:6751–9.

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

4. Zhang LL, Fina ME, Vardi N. Regulation of KCC2 and NKCC during development:
membrane insertion and differences between cell types. J Comp Neurol.
2006;499:132–43.

5. Vu TQ, Payne JA, Copenhagen DR. Localization and developmental expression
patterns of the neuronal K+-Cl- cotransporter (KCC2) in the rat retina. J Neurosci.
2000;20:1414–23.

6. Vardi N, Zhang LL, Payne JA, Sterling P. Evidence that different cation chloride
cotransporters in retinal neurons allow opposite responses to GABA. J Neurosci.
2000;20:7657–63.

7. Shimizu-Okabe C, Okada S, Okamoto S, Masuzaki H, Takayama C. Specific
expression of KCC2 in the alpha cells of normal and type 1 diabetes model
mouse pancreatic islets. Acta Histochem Cytochem. 2022;55:47–56.

8. Kursan S, McMillen TS, Beesetty P, Dias-Junior E, Almutairi MM, Sajib AA, et al.
The neuronal K+Cl- co-transporter 2 (Slc12a5) modulates insulin secretion. Sci
Rep. 2017;7:1732.

9. Schmidt T, Ghaffarian N, Philippot C, Seifert G, Steinhauser C, Pape HC, et al.
Differential regulation of chloride homeostasis and GABAergic transmission in
the thalamus. Sci Rep. 2018;8:13929.

KCC2 as a drug target for epilepsy
E McMoneagle et al.

18

Acta Pharmacologica Sinica (2023) 0:1 – 22



10. Bormann J, Hamill OP, Sakmann B. Mechanism of anion permeation through
channels gated by glycine and gamma-aminobutyric acid in mouse cultured
spinal neurones. J Physiol. 1987;385:243–86.

11. Chamma I, Chevy Q, Poncer JC, Levi S. Role of the neuronal K+-Cl- co-transporter
KCC2 in inhibitory and excitatory neurotransmission. Front Cell Neurosci.
2012;6:5.

12. Amadeo A, Coatti A, Aracri P, Ascagni M, Iannantuoni D, Modena D, et al.
Postnatal changes in K+/Cl- cotransporter-2 expression in the forebrain of mice
bearing a mutant nicotinic subunit linked to sleep-related epilepsy. Neu-
roscience. 2018;386:91–107.

13. Yamada J, Okabe A, Toyoda H, Kilb W, Luhmann HJ, Fukuda A. Cl- uptake
promoting depolarizing GABA actions in immature rat neocortical neurones is
mediated by NKCC1. J Physiol. 2004;557:829–41.

14. Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen H, Lamsa K, et al. The K+/Cl-

co-transporter KCC2 renders GABA hyperpolarizing during neuronal maturation.
Nature. 1999;397:251–5.

15. Stein V, Hermans-Borgmeyer I, Jentsch TJ, Hubner CA. Expression of the KCl
cotransporter KCC2 parallels neuronal maturation and the emergence of low
intracellular chloride. J Comp Neurol. 2004;468:57–64.

16. Lee KG, Rajakumar N. Partial ablation of frontal cortical subplate leads to
developmental abnormalities in KCC2 in the prefrontal cortex. Mol Cell Neurosci.
2022;120:103733.

17. Beghi E. The epidemiology of epilepsy. Neuroepidemiology. 2020;54:185–91.
18. O’Dell CM, Das A, Wallace GT, Ray SK, Banik NL. Understanding the basic

mechanisms underlying seizures in mesial temporal lobe epilepsy and possible
therapeutic targets: a review. J Neurosci Res. 2012;90:913–24.

19. Huberfeld G, Wittner L, Clemenceau S, Baulac M, Kaila K, Miles R, et al. Perturbed
chloride homeostasis and GABAergic signaling in human temporal lobe epi-
lepsy. J Neurosci. 2007;27:9866–73.

20. Houser CR, Zhang N, Peng Z Alterations in the distribution of GABA(A) receptors
in epilepsy. In: Noebels JL, Avoli M, Rogawski MA, Olsen RW,Delgado-Escueta AV,
Editors. Jasper’s Basic Mechanisms of the Epilepsies. (Bethesda (MD), 4th ed,
2012).

21. Acton BA, Mahadevan V, Mercado A, Uvarov P, Ding Y, Pressey J, et al. Hyper-
polarizing GABAergic transmission requires the KCC2 C-terminal ISO domain. J
Neurosci. 2012;32:8746–51.

22. Andrews K, Josiah SS, Zhang J. The therapeutic potential of neuronal K+-Cl- co-
transporter KCC2 in Huntington’s disease and its comorbidities. Int J Mol Sci.
2020;21:9142.

23. Palma E, Amici M, Sobrero F, Spinelli G, Di Angelantonio S, Ragozzino D, et al.
Anomalous levels of Cl- transporters in the hippocampal subiculum from tem-
poral lobe epilepsy patients make GABA excitatory. Proc Natl Acad Sci USA.
2006;103:8465–8.

24. Zhao X, Zhang T, Wang Y, Hu Z, Yu X, Chen P, et al. BDNF-TrkB signaling
pathway-mediated microglial activation induces neuronal KCC2 downregulation
contributing to dynamic allodynia following spared nerve injury. Mol Pain.
2023;19:17448069231185439.

25. Salihu S, Meor Azlan N, Josiah S, Wu Z, Wang Y, Zhang J. Role of the cation-
chloride-cotransporters in the circadian system. Asian J Pharm Sci. 2020;16:
589–97.

26. Bertoni A, Schaller F, Tyzio R, Gaillard S, Santini F, Xolin M, et al. Oxytocin
administration in neonates shapes hippocampal circuitry and restores social
behavior in a mouse model of autism. Mol Psychiatry. 2021;26:7582–95.

27. Ben-Ari Y. Seizures beget seizures: the quest for GABA as a key player. Crit Rev
Neurobiol. 2006;18:135–44.

28. Anwar H, Khan QU, Nadeem N, Pervaiz I, Ali M, Cheema FF. Epileptic seizures.
Discoveries (Craiova). 2020;8:e110.

29. Scheffer IE, Berkovic S, Capovilla G, Connolly MB, French J, Guilhoto L, et al. ILAE
classification of the epilepsies: Position paper of the ILAE commission for clas-
sification and terminology. Epilepsia. 2017;58:512–21.

30. Kwan P, Brodie MJ. Definition of refractory epilepsy: defining the indefinable?
Lancet Neurol. 2010;9:27–9.

31. Rogawski MA, Loscher W. The neurobiology of antiepileptic drugs for the
treatment of nonepileptic conditions. Nat Med. 2004;10:685–92.

32. Sills GJ, Rogawski MA. Mechanisms of action of currently used antiseizure drugs.
Neuropharmacology. 2020;168:107966.

33. Wang Y, Wei P, Yan F, Luo Y, Zhao G. Animal models of epilepsy: A phenotype-
oriented review. Aging Dis. 2022;13:215–31.

34. McWilliam M, Al Khalili Y. Idiopathic (Genetic) generalized epilepsy. In: Stat-
Pearls. (Treasure Island (FL), 2022).

35. Eftekhari S, Mehvari Habibabadi J, Najafi Ziarani M, Hashemi Fesharaki SS,
Gharakhani M, Mostafavi H, et al. Bumetanide reduces seizure frequency in
patients with temporal lobe epilepsy. Epilepsia. 2013;54:e9–12.

36. Gharaylou Z, Tafakhori A, Agah E, Aghamollaii V, Kebriaeezadeh A, Hadjigh-
assem M. Correction to: A preliminary study evaluating the safety and efficacy of

bumetanide, an NKCC1 inhibitor, in patients with drug-resistant epilepsy. CNS
Drugs. 2019;33:839.

37. Vanden Heuvel GB, Payne JA, Igarashi P, Forbush B 3rd. Expression of the
basolateral Na+-K+-Cl- cotransporter during mouse nephrogenesis and
embryonic development. Gene Expr Patterns. 2006;6:1000–6.

38. Lemonnier E, Villeneuve N, Sonie S, Serret S, Rosier A, Roue M, et al. Effects of
bumetanide on neurobehavioral function in children and adolescents with
autism spectrum disorders. Transl Psychiatry. 2017;7:e1056.

39. de Los Heros P, Alessi DR, Gourlay R, Campbell DG, Deak M, Macartney TJ, et al.
The WNK-regulated SPAK/OSR1 kinases directly phosphorylate and inhibit the
K+-Cl- co-transporters. Biochem J. 2014;458:559–73.

40. Meor Azlan NF, Koeners MP, Zhang J. Regulatory control of the Na+-Cl- co-
transporter NCC and its therapeutic potential for hypertension. Acta Pharm Sin
B. 2021;11:1117–28.

41. Kovesdi E, Ripszam R, Postyeni E, Horvath EB, Kelemen A, Fabos B, et al. Whole
exome sequencing in a series of patients with a clinical diagnosis of tuberous
sclerosis not confirmed by targeted TSC1/TSC2 sequencing. Genes (Basel).
2021;12:1401.

42. Saitsu H, Watanabe M, Akita T, Ohba C, Sugai K, Ong WP, et al. Impaired neu-
ronal KCC2 function by biallelic SLC12A5 mutations in migrating focal seizures
and severe developmental delay. Sci Rep. 2016;6:30072.

43. Stodberg T, McTague A, Ruiz AJ, Hirata H, Zhen J, Long P, et al. Mutations in
SLC12A5 in epilepsy of infancy with migrating focal seizures. Nat Commun.
2015;6:8038.

44. Kahle KT, Merner ND, Friedel P, Silayeva L, Liang B, Khanna A, et al. Genetically
encoded impairment of neuronal KCC2 cotransporter function in human idio-
pathic generalized epilepsy. EMBO Rep. 2014;15:766–74.

45. Puskarjov M, Seja P, Heron SE, Williams TC, Ahmad F, Iona X, et al. A variant of
KCC2 from patients with febrile seizures impairs neuronal Cl- extrusion and
dendritic spine formation. EMBO Rep. 2014;15:723–9.

46. Till A, Szalai R, Hegyi M, Kovesdi E, Buki G, Hadzsiev K, et al. A rare form of ion
channel gene mutation identified as underlying cause of generalized epilepsy.
Orv Hetil. 2019;160:835–8.

47. Duy PQ, David WB, Kahle KT. Identification of KCC2 mutations in human epi-
lepsy suggests strategies for therapeutic transporter modulation. Front Cell
Neurosci. 2019;13:515.

48. Ahmad F, Coleman SK, Kaila K, Blaesse P. Cold-adapted protease enables
quantitation of surface proteins in the absence of membrane trafficking. Bio-
techniques. 2011;50:255–7.

49. Saito T, Ishii A, Sugai K, Sasaki M, Hirose S. A de novo missense mutation in
SLC12A5 found in a compound heterozygote patient with epilepsy of infancy
with migrating focal seizures. Clin Genet. 2017;92:654–8.

50. Medina I, Friedel P, Rivera C, Kahle KT, Kourdougli N, Uvarov P, et al. Current
view on the functional regulation of the neuronal K+-Cl- cotransporter KCC2.
Front Cell Neurosci. 2014;8:27.

51. Zions M, Meehan EF, Kress ME, Thevalingam D, Jenkins EC, Kaila K, et al. Nest
carbon dioxide masks GABA-dependent seizure susceptibility in the naked
mole-rat. Curr Biol. 2020;30:2068–77.e4.

52. Chen L, Wan L, Wu Z, Ren W, Huang Y, Qian B, et al. KCC2 downregulation
facilitates epileptic seizures. Sci Rep. 2017;7:156.

53. Conway LC, Cardarelli RA, Moore YE, Jones K, McWilliams LJ, Baker DJ, et al.
N-Ethylmaleimide increases KCC2 cotransporter activity by modulating trans-
porter phosphorylation. J Biol Chem. 2017;292:21253–63.

54. Cai X, Yang L, Zhou J, Zhu D, Guo Q, Chen Z, et al. Anomalous expression of
chloride transporters in the sclerosed hippocampus of mesial temporal lobe
epilepsy patients. Neural Regen Res. 2013;8:561–8.

55. Campbell SL, Robel S, Cuddapah VA, Robert S, Buckingham SC, Kahle KT, et al.
GABAergic disinhibition and impaired KCC2 cotransporter activity underlie
tumor-associated epilepsy. Glia. 2015;63:23–36.

56. Munoz A, Mendez P, DeFelipe J, Alvarez-Leefmans FJ. Cation-chloride cotran-
sporters and GABA-ergic innervation in the human epileptic hippocampus.
Epilepsia. 2007;48:663–73.

57. Arion D, Lewis DA. Altered expression of regulators of the cortical chloride
transporters NKCC1 and KCC2 in schizophrenia. Arch Gen Psychiatry. 2011;68:
21–31.

58. Hyde TM, Lipska BK, Ali T, Mathew SV, Law AJ, Metitiri OE, et al. Expression of
GABA signaling molecules KCC2, NKCC1, and GAD1 in cortical development and
schizophrenia. J Neurosci. 2011;31:11088–95.

59. Ben-Ari Y. NKCC1 chloride importer antagonists attenuate many neurological
and psychiatric disorders. Trends Neurosci. 2017;40:536–54.

60. Rich JT, Neely JG, Paniello RC, Voelker CC, Nussenbaum B, Wang EW. A practical
guide to understanding Kaplan-Meier curves. Otolaryngol Head Neck Surg.
2010;143:331–6.

61. Worrell GA. Imaging focal cortical dysplasia in refractory epilepsy. Epilepsy Curr.
2012;12:35–6.

KCC2 as a drug target for epilepsy
E McMoneagle et al.

19

Acta Pharmacologica Sinica (2023) 0:1 – 22



62. Munakata M, Watanabe M, Otsuki T, Nakama H, Arima K, Itoh M, et al. Altered
distribution of KCC2 in cortical dysplasia in patients with intractable epilepsy.
Epilepsia. 2007;48:837–44.

63. Han P, Welsh CT, Smith MT, Schmidt RE, Carroll SL. Complex patterns of
GABAergic neuronal deficiency and type 2 potassium-chloride cotransporter
immaturity in human focal cortical dysplasia. J Neuropathol Exp Neurol.
2019;78:365–72.

64. Wu J, DeChon J, Xue F, Li G, Ellsworth K, Gao M, et al. GABA(A) receptor-
mediated excitation in dissociated neurons from human hypothalamic hamar-
tomas. Exp Neurol. 2008;213:397–404.

65. Karlocai MR, Wittner L, Toth K, Magloczky Z, Katarova Z, Rasonyi G, et al.
Enhanced expression of potassium-chloride cotransporter KCC2 in human
temporal lobe epilepsy. Brain Struct Funct. 2016;221:3601–15.

66. Pathak HR, Weissinger F, Terunuma M, Carlson GC, Hsu FC, Moss SJ, et al. Dis-
rupted dentate granule cell chloride regulation enhances synaptic excitability
during development of temporal lobe epilepsy. J Neurosci. 2007;27:14012–22.

67. Bragin DE, Sanderson JL, Peterson S, Connor JA, Muller WS. Development of
epileptiform excitability in the deep entorhinal cortex after status epilepticus.
Eur J Neurosci. 2009;30:611–24.

68. Aronica E, Boer K, Redeker S, Spliet WG, van Rijen PC, Troost D, et al. Differential
expression patterns of chloride transporters, Na+-K+-2Cl−-cotransporter and K+-
Cl−-cotransporter, in epilepsy-associated malformations of cortical develop-
ment. Neuroscience. 2007;145:185–96.

69. Del Turco D, Paul MH, Schlaudraff J, Muellerleile J, Bozic F, Vuksic M, et al. Layer-
specific changes of KCC2 and NKCC1 in the mouse dentate gyrus after
entorhinal denervation. Front Mol Neurosci. 2023;16:1118746.

70. Dimitrijevic S, Jekic B, Cvjeticanin S, Tucovic A, Filipovic T, Novakovic I, et al.
KCC2 rs2297201 gene polymorphism might be a predictive genetic marker of
febrile seizures. ASN Neuro. 2022;14:17590914221093257.

71. Kontou G, Josephine NgSF, Cardarelli RA, Howden JH, Choi C, Ren Q, et al. KCC2
is required for the survival of mature neurons but not for their development. J
Biol Chem. 2021;296:100364.

72. Heubl M, Zhang J, Pressey JC, Al Awabdh S, Renner M, Gomez-Castro F, et al.
GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via
the Cl--sensitive WNK1 kinase. Nat Commun. 2017;8:1776.

73. Zhang J, Karimy JK, Delpire E, Kahle KT. Pharmacological targeting of SPAK
kinase in disorders of impaired epithelial transport. Expert Opin Ther Targets.
2017;21:795–804.

74. Piala AT, Moon TM, Akella R, He H, Cobb MH, Goldsmith EJ. Chloride sensing by
WNK1 involves inhibition of autophosphorylation. Sci Signal. 2014;7:ra41.

75. Friedel P, Kahle KT, Zhang J, Hertz N, Pisella LI, Buhler E, et al. WNK1-regulated
inhibitory phosphorylation of the KCC2 cotransporter maintains the depolariz-
ing action of GABA in immature neurons. Sci Signal. 2015;8:ra65.

76. Pisella LI, Gaiarsa JL, Diabira D, Zhang J, Khalilov I, Duan J, et al. Impaired
regulation of KCC2 phosphorylation leads to neuronal network dysfunction and
neurodevelopmental pathology. Sci Signal. 2019;12:eaay0300.

77. Rinehart J, Maksimova YD, Tanis JE, Stone KL, Hodson CA, Zhang J, et al. Sites of
regulated phosphorylation that control K-Cl cotransporter activity. Cell.
2009;138:525–36.

78. Kahle KT, Rinehart J, de Los Heros P, Louvi A, Meade P, Vazquez N, et al.
WNK3 modulates transport of Cl- in and out of cells: Implications for control
of cell volume and neuronal excitability. Proc Natl Acad Sci USA. 2005;
102:16783–8.

79. Watanabe M, Zhang J, Mansuri MS, Duan J, Karimy JK, Delpire E, et al. Devel-
opmentally regulated KCC2 phosphorylation is essential for dynamic GABA-
mediated inhibition and survival. Sci Signal. 2019;12:eaaw9315.

80. Moore YE, Deeb TZ, Chadchankar H, Brandon NJ, Moss SJ. Potentiating KCC2
activity is sufficient to limit the onset and severity of seizures. Proc Natl Acad Sci
USA. 2018;115:10166–71.

81. Kury S, Zhang J, Besnard T, Caro-Llopis A, Zeng X, Robert SM, et al. Rare
pathogenic variants in WNK3 cause X-linked intellectual disability. Genet Med.
2022;24:1941–51.

82. Yang L, Cai X, Zhou J, Chen S, Chen Y, Chen Z, et al. STE20/SPS1-related proline/
alanine-rich kinase is involved in plasticity of GABA signaling function in a
mouse model of acquired epilepsy. PLoS One. 2013;8:e74614.

83. Curia G, Longo D, Biagini G, Jones RS, Avoli M. The pilocarpine model of tem-
poral lobe epilepsy. J Neurosci Methods. 2008;172:143–57.

84. Levesque M, Avoli M. The kainic acid model of temporal lobe epilepsy. Neurosci
Biobehav Rev. 2013;37:2887–99.

85. Uvarov P, Ludwig A, Markkanen M, Rivera C, Airaksinen MS. Upregulation of the
neuron-specific K+/Cl- cotransporter expression by transcription factor early
growth response 4. J Neurosci. 2006;26:13463–73.

86. Lee KL, Abiraman K, Lucaj C, Ollerhead TA, Brandon NJ, Deeb TZ, et al. Inhibiting
with-no-lysine kinases enhances K+/Cl- cotransporter 2 activity and limits status
epilepticus. Brain. 2021;145:950–63.

87. Cordshagen A, Busch W, Winklhofer M, Nothwang HG, Hartmann AM.
Phosphoregulation of the intracellular termini of K+-Cl- cotransporter 2 (KCC2)
enables flexible control of its activity. J Biol Chem. 2018;293:16984–93.

88. Weber M, Hartmann AM, Beyer T, Ripperger A, Nothwang HG. A novel regulatory
locus of phosphorylation in the C terminus of the potassium chloride cotran-
sporter KCC2 that interferes with N-ethylmaleimide or staurosporine-mediated
activation. J Biol Chem. 2014;289:18668–79.

89. Yamada K, Park HM, Rigel DF, DiPetrillo K, Whalen EJ, Anisowicz A, et al. Small-
molecule WNK inhibition regulates cardiovascular and renal function. Nat Chem
Biol. 2016;12:896–8.

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

91. Roussa E, Speer JM, Chudotvorova I, Khakipoor S, Smirnov S, Rivera C, et al. The
membrane trafficking and functionality of the K+-Cl- co-transporter KCC2 is
regulated by TGF-beta2. J Cell Sci. 2016;129:3485–98.

92. Rigkou A, Magyar A, Speer JM, Roussa E. TGF-beta2 regulates transcription of
the K+/Cl- cotransporter 2 (KCC2) in immature neurons and Its phosphorylation
at T1007 in differentiated neurons. Cells. 2022;11:3861.

93. Lee BH, Chen W, Stippec S, Cobb MH. Biological cross-talk between WNK1 and
the transforming growth factor beta-Smad signaling pathway. J Biol Chem.
2007;282:17985–96.

94. Jaykumar AB, Plumber S, Barry DM, Binns D, Wichaidit C, Grzemska M, et al.
WNK1 collaborates with TGF-beta in endothelial cell junction turnover and
angiogenesis. Proc Natl Acad Sci USA. 2022;119:e2203743119.

95. Bar-Klein G, Cacheaux LP, Kamintsky L, Prager O, Weissberg I, Schoknecht K,
et al. Losartan prevents acquired epilepsy via TGF-beta signaling suppression.
Ann Neurol. 2014;75:864–75.

96. Li Q, Li Y, Wang X, Qi J, Jin X, Tong H, et al. Fbxl4 serves as a clock output
molecule that regulates sleep through promotion of rhythmic degradation of
the GABA(A) receptor. Curr Biol. 2017;27:3616–25.e5.

97. Hu JJ, Liu Y, Yao H, Cao B, Liao H, Yang R, et al. Emergence of consciousness
from anesthesia through ubiquitin degradation of KCC2 in the ventral poster-
omedial nucleus of the thalamus. Nat Neurosci. 2023;26:751–64.

98. Zhang J. A new mechanism of consciousness recovery from anesthesia regu-
lated by K+-Cl– cotransporter KCC2. Brain-X. 2023;1:e19.

99. Lee HH, Walker JA, Williams JR, Goodier RJ, Payne JA, Moss SJ. Direct
protein kinase C-dependent phosphorylation regulates the cell surface sta-
bility and activity of the potassium chloride cotransporter KCC2. J Biol Chem.
2007;282:29777–84.

100. Lee HH, Deeb TZ, Walker JA, Davies PA, Moss SJ. NMDA receptor activity
downregulates KCC2 resulting in depolarizing GABAA receptor-mediated cur-
rents. Nat Neurosci. 2011;14:736–43.

101. MacKenzie G, O’Toole KK, Moss SJ, Maguire J. Compromised GABAergic
inhibition contributes to tumor-associated epilepsy. Epilepsy Res. 2016;126:
185–96.

102. Barker-Haliski M, White HS. Glutamatergic mechanisms associated with seizures
and epilepsy. Cold Spring Harb Perspect Med. 2015;5:a022863.

103. Silayeva L, Deeb TZ, Hines RM, Kelley MR, Munoz MB, Lee HH, et al. KCC2 activity
is critical in limiting the onset and severity of status epilepticus. Proc Natl Acad
Sci USA. 2015;112:3523–8.

104. Kelley MR, Deeb TZ, Brandon NJ, Dunlop J, Davies PA, Moss SJ. Compromising
KCC2 transporter activity enhances the development of continuous seizure
activity. Neuropharmacology. 2016;108:103–10.

105. Kelsch W, Hormuzdi S, Straube E, Lewen A, Monyer H, Misgeld U. Insulin-like
growth factor 1 and a cytosolic tyrosine kinase activate chloride outward
transport during maturation of hippocampal neurons. J Neurosci. 2001;21:
8339–47.

106. Di Angelantonio S, Murana E, Cocco S, Scala F, Bertollini C, Molinari MG, et al. A
role for intracellular zinc in glioma alteration of neuronal chloride equilibrium.
Cell Death Dis. 2014;5:e1501.

107. Wake H, Watanabe M, Moorhouse AJ, Kanematsu T, Horibe S, Matsukawa N,
et al. Early changes in KCC2 phosphorylation in response to neuronal stress
result in functional downregulation. J Neurosci. 2007;27:1642–50.

108. Lee HH, Jurd R, Moss SJ. Tyrosine phosphorylation regulates the membrane
trafficking of the potassium chloride co-transporter KCC2. Mol Cell Neurosci.
2010;45:173–9.

109. Rivera C, Li H, Thomas-Crusells J, Lahtinen H, Viitanen T, Nanobashvili A, et al.
BDNF-induced TrkB activation down-regulates the K+-Cl- cotransporter KCC2
and impairs neuronal Cl- extrusion. J Cell Biol. 2002;159:747–52.

110. Rivera C, Voipio J, Thomas-Crusells J, Li H, Emri Z, Sipila S, et al. Mechanism of
activity-dependent downregulation of the neuron-specific K+-Cl- cotransporter
KCC2. J Neurosci. 2004;24:4683–91.

111. Cunha C, Brambilla R, Thomas KL. A simple role for BDNF in learning and
memory? Front Mol Neurosci. 2010;3:1.

KCC2 as a drug target for epilepsy
E McMoneagle et al.

20

Acta Pharmacologica Sinica (2023) 0:1 – 22



112. Aguado F, Carmona MA, Pozas E, Aguilo A, Martinez-Guijarro FJ, Alcantara S,
et al. BDNF regulates spontaneous correlated activity at early developmental
stages by increasing synaptogenesis and expression of the K+/Cl- co-transporter
KCC2. Development. 2003;130:1267–80.

113. Ludwig A, Uvarov P, Soni S, Thomas-Crusells J, Airaksinen MS, Rivera C. Early
growth response 4 mediates BDNF induction of potassium chloride cotran-
sporter 2 transcription. J Neurosci. 2011;31:644–9.

114. Puskarjov M, Ahmad F, Khirug S, Sivakumaran S, Kaila K, Blaesse P. BDNF is
required for seizure-induced but not developmental up-regulation of KCC2 in
the neonatal hippocampus. Neuropharmacology. 2015;88:103–9.

115. Heinrich C, Lahteinen S, Suzuki F, Anne-Marie L, Huber S, Haussler U, et al.
Increase in BDNF-mediated TrkB signaling promotes epileptogenesis in a mouse
model of mesial temporal lobe epilepsy. Neurobiol Dis. 2011;42:35–47.

116. He XP, Kotloski R, Nef S, Luikart BW, Parada LF, McNamara JO. Conditional
deletion of TrkB but not BDNF prevents epileptogenesis in the kindling model.
Neuron. 2004;43:31–42.

117. Semaan S, Wu J, Gan Y, Jin Y, Li GH, Kerrigan JF, et al. Hyperactivation of
BDNF-TrkB signaling cascades in human hypothalamic hamartoma (HH): A
potential mechanism contributing to epileptogenesis. CNS Neurosci Ther.
2015;21:164–72.

118. He XP, Pan E, Sciarretta C, Minichiello L, McNamara JO. Disruption of TrkB-
mediated phospholipase Cgamma signaling inhibits limbic epileptogenesis. J
Neurosci. 2010;30:6188–96.

119. Cazorla M, Premont J, Mann A, Girard N, Kellendonk C, Rognan D. Identification
of a low-molecular weight TrkB antagonist with anxiolytic and antidepressant
activity in mice. J Clin Invest. 2011;121:1846–57.

120. Kang SK, Johnston MV, Kadam SD. Acute TrkB inhibition rescues phenobarbital-
resistant seizures in a mouse model of neonatal ischemia. Eur J Neurosci.
2015;42:2792–804.

121. Carter BM, Sullivan BJ, Landers JR, Kadam SD. Dose-dependent reversal of KCC2
hypofunction and phenobarbital-resistant neonatal seizures by ANA12. Sci Rep.
2018;8:11987.

122. Kipnis PA, Sullivan BJ, Carter BM, Kadam SD. TrkB agonists prevent post-
ischemic emergence of refractory neonatal seizures in mice. JCI Insight.
2020;5:e136007.

123. Romermann K, Fedrowitz M, Hampel P, Kaczmarek E, Tollner K, Erker T, et al.
Multiple blood-brain barrier transport mechanisms limit bumetanide accumu-
lation, and therapeutic potential, in the mammalian brain. Neuropharmacology.
2017;117:182–94.

124. Mazzaro N, Barini E, Spillantini MG, Goedert M, Medini P, Gasparini L. Tau-driven
neuronal and neurotrophic dysfunction in a mouse model of early tauopathy. J
Neurosci. 2016;36:2086–100.

125. Blaesse P, Guillemin I, Schindler J, Schweizer M, Delpire E, Khiroug L, et al.
Oligomerization of KCC2 correlates with development of inhibitory neuro-
transmission. J Neurosci. 2006;26:10407–19.

126. Gauvain G, Chamma I, Chevy Q, Cabezas C, Irinopoulou T, Bodrug N, et al. The
neuronal K-Cl cotransporter KCC2 influences postsynaptic AMPA receptor
content and lateral diffusion in dendritic spines. Proc Natl Acad Sci USA.
2011;108:15474–9.

127. Gagnon M, Bergeron MJ, Lavertu G, Castonguay A, Tripathy S, Bonin RP, et al.
Chloride extrusion enhancers as novel therapeutics for neurological diseases.
Nat Med. 2013;19:1524–8.

128. Chen M, Wang J, Jiang J, Zheng X, Justice NJ, Wang K, et al. APP modulates
KCC2 expression and function in hippocampal GABAergic inhibition. Elife.
2017;6:e20142.

129. Ma JJ, Zhang TY, Diao XT, Yao L, Li YX, Suo ZW, et al. BDNF modulated
KCC2 ubiquitylation in spinal cord dorsal horn of mice. Eur J Pharmacol.
2021;906:174205.

130. Goutierre M, Al Awabdh S, Donneger F, Francois E, Gomez-Dominguez D, Iri-
nopoulou T, et al. KCC2 regulates neuronal excitability and hippocampal activity
via interaction with task-3 channels. Cell Rep. 2019;28:91–103.e7.

131. Delmotte Q, Hamze M, Medina I, Buhler E, Zhang J, Belgacem YH, et al.
Smoothened receptor signaling regulates the developmental shift of GABA
polarity in rat somatosensory cortex. J Cell Sci. 2020;133:jcs247700.

132. Fang M, Lu Y, Chen GJ, Shen L, Pan YM, Wang XF. Increased expression of sonic
hedgehog in temporal lobe epileptic foci in humans and experimental rats.
Neuroscience. 2011;182:62–70.

133. Feng S, Ma S, Jia C, Su Y, Yang S, Zhou K, et al. Sonic hedgehog is a regulator of
extracellular glutamate levels and epilepsy. EMBO Rep. 2016;17:682–94.

134. Asraf H, Bogdanovic M, Gottesman N, Sekler I, Aizenman E, Hershfinkel M.
SNAP23 regulates KCC2 membrane insertion and activity following mZnR/
GPR39 activation in hippocampalneurons. iScience. 2022;25:103751.

135. Mahadevan V, Khademullah CS, Dargaei Z, Chevrier J, Uvarov P, Kwan J, et al.
Native KCC2 interactome reveals PACSIN1 as a critical regulator of synaptic
inhibition. Elife. 2017;6:e28270.

136. Barbato C, Frisone P, Braccini L, D’Aguanno S, Pieroni L, Ciotti MT, et al. Silencing
of Ago-2 interacting protein SERBP1 relieves KCC2 repression by miR-92 in
neurons. Cells. 2022;11:1052.

137. Banerjee A, Rikhye RV, Breton-Provencher V, Tang X, Li C, Li K, et al. Jointly
reduced inhibition and excitation underlies circuit-wide changes in cortical
processing in Rett syndrome. Proc Natl Acad Sci USA. 2016;113:E7287–E96.

138. Talifu Z, Qin C, Xin Z, Chen Y, Liu J, Dangol S, et al. The overexpression of insulin-
like growth factor-1 and neurotrophin-3 promote functional recovery and
alleviate spasticity after spinal cord injury. Front Neurosci. 2022;16:863793.

139. Raol YH, Joksimovic SM, Sampath D, Matter BA, Lam PM, Kompella UB, et al.
The role of KCC2 in hyperexcitability of the neonatal brain. Neurosci Lett.
2020;738:135324.

140. Klein PM, Lu AC, Harper ME, McKown HM, Morgan JD, Beenhakker MP.
Tenuous inhibitory GABAergic signaling in the reticular thalamu. J Neurosci.
2018;38:1232–48.

141. Sivakumaran S, Cardarelli RA, Maguire J, Kelley MR, Silayeva L, Morrow DH, et al.
Selective inhibition of KCC2 leads to hyperexcitability and epileptiform dis-
charges in hippocampal slices and in vivo. J Neurosci. 2015;35:8291–6.

142. Myers TL, Gonzalez OC, Stein JB, Bazhenov M. Characterizing concentration-
dependent neural dynamics of 4-aminopyridine-induced epileptiform activity.
Epilepsy J. 2018;4:128.

143. Chen LY, Levesque M, Avoli M. KCC2 antagonism increases neuronal network
excitability but disrupts ictogenesis in vitro. J Neurophysiol. 2019;122:1163–73.

144. Delpire E, Baranczak A, Waterson AG, Kim K, Kett N, Morrison RD, et al. Further
optimization of the K+-Cl- cotransporter KCC2 antagonist ML077: Development
of a highly selective and more potent in vitro probe. Bioorg Med Chem Lett.
2012;22:4532–5.

145. Kyrozis A, Reichling DB. Perforated-patch recording with gramicidin avoids
artifactual changes in intracellular chloride concentration. J Neurosci Methods.
1995;57:27–35.

146. Fisher RS, Scharfman HE, deCurtis M. How can we identify ictal and interictal
abnormal activity? Adv Exp Med Biol. 2014;813:3–23.

147. Harris KD, Quiroga RQ, Freeman J, Smith SL. Improving data quality in neuronal
population recordings. Nat Neurosci. 2016;19:1165–74.

148. Tang BL. The expanding therapeutic potential of neuronal KCC2. Cells. 2020;9:240.
149. Kahle KT, Khanna A, Clapham DE, Woolf CJ. Therapeutic restoration of spinal

inhibition via druggable enhancement of potassium-chloride cotransporter
KCC2-mediated chloride extrusion in peripheral neuropathic pain. JAMA Neurol.
2014;71:640–5.

150. Dzhala VI, Staley KJ. KCC2 chloride transport contributes to the termination of
ictal epileptiform activity. eNeuro. 2021;8:ENEURO.0208–20.2020.

151. Hamidi S, Avoli M. KCC2 function modulates in vitro ictogenesis. Neurobiol Dis.
2015;79:51–8.

152. Gonzalez OC, Krishnan GP, Chauvette S, Timofeev I, Sejnowski T, Bazhenov M.
Modeling of age-dependent epileptogenesis by differential homeostatic
synaptic scaling. J Neurosci. 2015;35:13448–62.

153. Cardarelli RA, Jones K, Pisella LI, Wobst HJ, McWilliams LJ, Sharpe PM, et al. The
small molecule CLP257 does not modify activity of the K+-Cl- co-transporter
KCC2 but does potentiate GABAA receptor activity. Nat Med. 2017;23:1394–6.

154. Barbour AJ, Nass SR, Hahn YK, Hauser KF, Knapp PE. Restoration of KCC2
membrane localization in striatal dopamine D2 receptor-expressing medium
spiny neurons rescues locomotor deficits in HIV tat-transgenic mice. ASN Neuro.
2021;13:17590914211022089.

155. Zuo Y, Ye J, Cai W, Guo B, Chen X, Lin L, et al. Controlled delivery of a
neurotransmitter-agonist conjugate for functional recovery after severe spinal
cord injury. Nat Nanotechnol. 2023. https://doi.org/10.1038/s41565-023-01416-0

156. Jarvis R, Josephine NgSF, Nathanson AJ, Cardarelli RA, Abiraman K, Wade F,
et al. Direct activation of KCC2 arrests benzodiazepine refractory status epi-
lepticus and limits the subsequent neuronal injury in mice. Cell Rep. Med.
2023;4:100957.

157. Smalley JL, Kontou G, Choi C, Ren Q, Albrecht D, Abiraman K, et al. Isolation
and characterization of multi-protein complexes enriched in the K+-Cl- Co-
transporter 2 from brain plasma membrane. Front Mol Neurosci. 2020;
13:563091.

158. Anderson WW, Lewis DV, Swartzwelder HS, Wilson WA. Magnesium-free
medium activates seizure-like events in the rat hippocampal slice. Brain Res.
1986;398:215–9.

159. Zavalin K, Hassan A, Fu C, Delpire E, Lagrange AH. Loss of KCC2 in GABAergic
neurons causes seizures and an imbalance of cortical interneurons. Front Mol
Neurosci. 2022;15:826427.

160. Cheung DL, Cooke MJ, Goulton CS, Chaichim C, Cheung LF, Khoshaba A, et al.
Global transgenic upregulation of KCC2 confers enhanced diazepam efficacy in
treating sustained seizures. Epilepsia. 2022;63:e15–e22.

161. Tang X, Drotar J, Li K, Clairmont CD, Brumm AS, Sullins AJ, et al. Pharmaco-
logical enhancement of KCC2 gene expression exerts therapeutic effects on

KCC2 as a drug target for epilepsy
E McMoneagle et al.

21

Acta Pharmacologica Sinica (2023) 0:1 – 22

https://doi.org/10.1038/s41565-023-01416-0


human Rett syndrome neurons and Mecp2 mutant mice. Sci Transl Med.
2019;11:eaau0164.

162. Pratz KW, Cortes J, Roboz GJ, Rao N, Arowojolu O, Stine A, et al. A pharmaco-
dynamic study of the FLT3 inhibitor KW-2449 yields insight into the basis for
clinical response. Blood. 2009;113:3938–46.

163. Guida N, Laudati G, Anzilotti S, Secondo A, Montuori P, Di Renzo G, et al.
Resveratrol via sirtuin-1 downregulates RE1-silencing transcription factor (REST)
expression preventing PCB-95-induced neuronal cell death. Toxicol Appl Phar-
macol. 2015;288:387–98.

164. Nagy I, Friston D, Valente JS, Torres Perez JV, Andreou AP. Pharmacology of the
capsaicin receptor, transient receptor potential vanilloid type-1 ion channel.
Prog Drug Res. 2014;68:39–76.

165. Polychronopoulos P, Magiatis P, Skaltsounis AL, Myrianthopoulos V, Mikros E,
Tarricone A, et al. Structural basis for the synthesis of indirubins as potent and
selective inhibitors of glycogen synthase kinase-3 and cyclin-dependent kina-
ses. J Med Chem. 2004;47:935–46.

166. Shi J, Xin H, Shao Y, Dai S, Tan N, Li Z, et al. CRISPR-based KCC2 upregulation
attenuates drug-resistant seizure in mouse models of epilepsy. Ann Neurol.
2023;94:91–105.

167. Anstotz M, Fiske MP, Maccaferri G. Impaired KCC2 function triggers interictal-like
activity driven by parvalbumin-expressing interneurons in the isolated sub-
iculum in vitro. Cereb Cortex. 2021;31:4681–98.

168. Chen L, Yu J, Wan L, Wu Z, Wang G, Hu Z, et al. Furosemide prevents membrane
KCC2 downregulation during convulsant stimulation in the hippocampus. IBRO
Neurosci Rep. 2022;12:355–65.

169. Zhang J, Cordshagen A, Medina I, Nothwang HG, Wisniewski JR, Winklhofer M,
et al. Staurosporine and NEM mainly impair WNK-SPAK/OSR1 mediated phos-
phorylation of KCC2 and NKCC1. PLoS One. 2020;15:e0232967.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

KCC2 as a drug target for epilepsy
E McMoneagle et al.

22

Acta Pharmacologica Sinica (2023) 0:1 – 22

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Neuronal K+-Cl- cotransporter KCC2 as a promising drug target for epilepsy treatment
	KCC2 and Chloride Homeostasis
	The cell-type and regional expression of KCC2 and NKCC1
	Chloride homeostasis and the role of normal KCC2 functioning
	Epilepsy and the involvement of disrupted Cl- homeostasis
	The importance of identifying a new therapeutic target for epileptic treatment

	The role of KCC2 in epileptogenesis
	Epilepsy of infancy with migrating focal seizures
	Idiopathic generalized epilepsy
	Reduced KCC2 expression in epileptic patients
	KCC2 rs2297201 gene polymorphism in epileptic patients
	The impact of KCC2 in the viability and structure of developing and mature neurons

	Posttranslational regulatory mechanisms of KCC2
	Phospho-regulation of KCC2 activity
	WNK-regulated SPAK/OSR1 kinases-dependent KCC2 phosphorylation
	WNK1 collaborates with TGF-β2 and Smad2 in KCC2 expression and phosphorylation
	Thr1007�site phosphorylation dependent ubiquitin degradation of KCC2 by ubiquitin ligase Fbxl4
	PKC-dependent KCC2 phosphorylation
	Src family kinase-dependent KCC2 phosphorylation

	Other mechanisms in regulating KCC2
	Trophic factors
	KCC2 glycosylation regulation
	KCC2 ubiquitination regulation
	Sonic hedgehog (Shh) signaling
	mZnR/GPR39- SNAP23�signaling
	PACSIN1- KCC2�signaling
	SERBP1 and IGF-1


	Pharmacological modulation of KCC2
	Neuronal hyperexcitability results from KCC2 antagonism
	Direct KCC2 agonism
	Pharmacological enhancement of KCC2 gene expression
	Enhanced KCC2 expression by CRISPRa

	Conclusions and future directions
	Acknowledgements
	ADDITIONAL INFORMATION
	References




