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Abstract

Introduction: Epilepsy is a common neurological disorder of neuronal hyperexcitability that 

begets recurrent and unprovoked seizures. The lack of a truly satisfactory pharmacotherapy for 

epilepsy highlights the clinical urgency for the discovery of new drug targets. To that end, 

targeting the electroneutral K+/Cl− cotransporter KCC2 has emerged as a novel therapeutic 

strategy for the treatment of epilepsy.

Areas covered: We summarize the roles of KCC2 in the maintenance of synaptic inhibition and 

the evidence linking KCC2 dysfunction to epileptogenesis. We also discuss preclinical proof-of-

principle studies that demonstrate that augmentation of KCC2 function can reduce seizure activity. 

Moreover, potential strategies to modulate KCC2 activity for therapeutic benefit are highlighted.

Expert opinion: Although KCC2 is a promising drug target, questions remain before clinical 

translation. It is unclear whether increasing KCC2 activity can reverse epileptogenesis, the 

ultimate curative goal for epilepsy therapy that extends beyond seizure reduction. Furthermore, the 

potential adverse effects associated with increased KCC2 function have not been studied. 

Continued investigations into the neurobiology of KCC2 will help to translate promising 

preclinical insights into viable therapeutic avenues that leverage fundamental properties of KCC2 
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to treat medically intractable epilepsy and other disorders of failed synaptic inhibition with 

attendant neuronal hyperexcitability.
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1. Introduction: The need for better antiepileptic drugs for the treatment of 

epilepsy, a disorder of neuronal hyperexcitability

Epilepsy is the most common serious brain disorder worldwide that affects approximately 

one percent of the population [1]. The clinical hallmark of epilepsy is heightened propensity 

of the brain to generate recurrent and unprovoked seizures. Seizures (from the Latin word 

sacire, “to take possession of”) are transient increases in the brain’s electrical activity that 

result in a myriad of clinical manifestations depending on the affected brain region, 

including sensory symptoms, abnormal motor behaviors, and impaired consciousness. 

Epileptic seizures are associated with increased risks for injuries, neurocognitive 

impairments, psychosocial dysfunction, and mortality [2–4]. It has been estimated that 

epilepsy imparts an economic burden of up from $9.6–12.5 billion to the United States per 

year [5, 6].

Although the precise mechanisms underlying epilepsy remain enigmatic, it is believed that 

epilepsy is a disorder of hyperexcitability secondary to increased neuronal excitation or 

failed inhibition [7]. This derangement in neuronal excitability arises from a chronic 

underlying process termed epileptogenesis, the set of cellular and molecular alterations with 

attendant disruptions to neuronal networks that render the brain vulnerable to producing 

seizures. Some authors have proposed that epileptogenesis can occur either as a primary 

process that directly drives development of epilepsy in a normally functioning brain or a 

secondary process that exacerbates the severity of pre-existing epilepsy [8]. Based on the 

concept of epilepsy as a pathology of deranged neuronal excitation, the primary goal of 

therapeutic intervention is to prevent seizures by restoring control of neuronal excitability. 

Antiepileptic drugs (AEDs), the mainstay therapy, aim to attenuate excitatory 

neurotransmission or increase inhibition by targeting channels and receptors involved in ion 

homeostasis. Examples include phenytoin (Na+ channel blockade – reduced excitation), 

phenobarbital (Ca+2 channel blockade – reduced excitation), topiramate (glutamate receptor 

antagonism – reduced excitation), levetiracetam (inhibition of glutamate release – reduced 

excitation), and benzodiazepines (potentiation of inhibitory neurotransmission – increased 

inhibition). Despite the panoply of AEDs from years of intense investigations, up to a half of 

medically treated epilepsy patients still have seizures (medication refractory or medically 

intractable epilepsy) [9–12]. Even in patients who do not exhibit clinically manifested 

seizures, interictal activity persists [13], indicating that at best AEDs provide symptomatic 

relief without reversing the underlying epileptogenic processes. In addition to suboptimal 

seizure control, AEDs are associated with significant side effects, including dizziness, 

fatigue, learning and memory impairments, and ataxia secondary to cerebellar atrophy from 

longstanding phenytoin use [14, 15]. Although some patients may be candidates for surgical 

Duy et al. Page 2

Expert Opin Ther Targets. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



resection of seizure focus or neurostimulation therapies, neurostimulation is no more 

effective than pharmacotherapy with regards to seizure free outcome [16]. The lack of 

effective treatments and curative strategies for epilepsy highlights the need for continued 

investigations into the biological substrates of epileptogenesis that can serve as viable 

therapeutic targets.

In this review, we discuss the therapeutic potential of the K+/Cl− cotransporter KCC2 as a 

novel drug target for the treatment of epilepsy. We review the fundamental roles of KCC2 in 

ionic homeostasis as well as evidence linking KCC2 dysfunction to deranged neuronal 

excitability underlying epilepsy in animal models and human [17–23]. We will also discuss 

emerging proof-of-principle studies in preclinical models that show augmenting KCC2 

activity may confer anticonvulsant effects and current advances in developing 

pharmacological agents that modulate KCC2 for therapeutic benefits [24]. Ultimately, the 

exciting therapeutic potential of targeting KCC2 motivates continued investigations in order 

to translate promising preclinical insights into clinical applications for the treatment of 

medically intractable epilepsy and other conditions of neuronal excitability.

2. KCC2 function in chloride homeostasis and maintaining GABAergic 

inhibition

We summarize here aspects of KCC2 physiology that are most directly relevant to 

understanding epilepsy (for more in-depth coverage of KCC2 functions in the nervous 

system, see [25–28]). Ionic homeostasis plays a central role in governing in neuronal 

excitability wherein the electrochemical gradient of diverse ions across the neuronal plasma 

membrane determines the magnitude and direction of electrical responses to various inputs. 

In the central nervous system, neuronal inhibition is achieved primarily via binding of γ-

aminobutyric acid (GABA) to GABA type A receptors (GABAARs), triggering a 

hyperpolarizing influx of Cl− into the post-synaptic neuron. Thus, neuronal concentration of 

Cl− exerts a major influence on the degree of Cl− influx and thus synaptic inhibition in 

response to inhibitory cues. Neuronal intracellular Cl− homeostasis is largely regulated by a 

set of electroneutral cotransporters that appear to act in a ying-and-yang manner [29]: 1) Na
+/K+ chloride cotransporter 1 (NKCC1), which transports Na+, K+, and Cl− across the 

plasma membrane into the cell; 2) KCC2, a transporter that extrudes K+ and Cl− from 

neurons. In mature neurons, NKCC1 activity is low while KCC2 activity is high [30], setting 

up cellular conditions that favor low intra-neuronal Cl− concentrations responsible for 

GABA-driven influx of Cl− that suppresses neural activity by shifting membrane potential 

away from threshold [25, 26, 31] (Figure 1). Primarily expressed in neurons of the central 

nervous system, KCC2 has been shown to co-localize with GABAA receptors at the plasma 

membranes of neuronal somata and dendrites [32]. These functions in the regulation of ionic 

homeostasis position KCC2 to be a major regulator of neuronal excitability and provide the 

basis for understanding how KCC2 dysfunction begets disorders of hyperexcitation and how 

it may be leveraged for therapeutic benefit in the treatment of epilepsy (Figure 1). 

Independent of its ion transport activity, KCC2 has been shown to promote development of 

dendritic spines via direct interactions with cytoskeleton proteins [33, 34] and regulate 

developmental apoptosis of cortical projection neurons [35]. How these non-canonical 
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functions of KCC2 contribute to the etiology of epilepsy has been less studied than its role 

as an ion transporter, and thus we focus the remainder of our review on KCC2’s function in 

ionic homeostasis and setting GABA polarity.

3. KCC2 dysfunction begets neuronal hyperexcitability and 

epileptogenesis

In settings of low KCC2 activity, intraneuronal Cl− concentrations are expected to increase 

due to diminished extrusion capacity, leading to a depolarizing response marked by Cl− 

efflux following GABAergic input. In other words, these changes can render GABA a 

paradoxically excitatory rather than an inhibitory neurotransmitter. Although membrane 

depolarization is usually thought to be excitatory (by bringing membrane potential towards 

threshold potential), depolarizing GABA can also exert inhibitory actions under specific 

circumstances due to other mechanisms such as shunting inhibition (see [29, 36] for detailed 

explanation). KCC2 hypofunction has been observed in some physiological settings, such as 

those during early neural development when KCC2 activity is minimal in young neurons 

[37, 38]. During early postnatal life, KCC2 upregulation in postnatal neurons reduces 

intracellular chloride concentrations, leading to a reversal of GABAergic responses from 

depolarization to hyperpolarization [39–41]. Depolarizing GABA in early neural 

development has been shown to regulate multiple aspects of brain morphogenesis and 

maturation, including neural stem cell proliferation, migration, and differentiation [42–45]. 

These functional effects of depolarizing GABA on neural development are thought to be 

mediated by activation of voltage-gated calcium channels, leading to recruitment of calcium-

dependent second-messenger pathways [46, 47]. Consequently, by influencing GABA 

polarity and the attendant signaling cascades, the spatiotemporal dynamics of KCC2 activity 

constitutes a mechanism that allows developing neuronal cells to execute the appropriate 

cellular program at the right time in response to developmental cues. The transition from low 

to high KCC2 activity across neuronal development is regulated at the posttranslational level 

by reciprocal phosphorylation and dephosphorylation events at critical amino acid residues 

[48, 49] (Figure 2).

Decreased KCC2 activity beyond its expected hypofunction during early development 

otherwise causes pathologies of neuronal hyperexcitability underpinned by dysregulation of 

chloride homeostasis and attendant GABAergic disinhibition. Thus, inappropriately low 

KCC2 function alters normal neurophysiology of the mature brain, reversing neuronal 

functions back to an immature-like state that is hyperexcitable. Intriguingly, emerging 

studies now suggest that KCC2 dysfunction may promote increased neuronal excitability not 

only via altered GABA signaling, but also failed membrane trafficking of a K+ channel 

(Task-3) [50]. Nevertheless, it is not surprising that alterations in KCC2 function are 

intimately linked to epilepsy, a pathological paradigm of deranged neuronal excitability. 

Genetic deficiency or knockdown of KCC2 in preclinical models is sufficient to cause 

seizures [51–54]. Strikingly, reduction of KCC2 expression specifically in the mouse 

hippocampus is sufficient to cause temporal lobe epilepsy marked by not only epileptic 

seizure activity, but also core histopathological features (increased gliosis and neuronal loss) 

found in human patients [55, 56]. Consistent with these preclinical findings, downregulation 
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of KCC2 expression has been observed in epileptogenic tissues from human patients with 

epilepsy syndromes, including mesial temporal lobe epilepsy [57–60]. Whether such 

downregulation of KCC2 constitutes a primary derangement that initiates epileptic seizures 

(primary epileptogenesis) or a secondary consequence of recurrent seizure activity that can 

exacerbate the disease state (secondary epileptogenesis) remains an ongoing area of 

investigation. Intriguingly, downregulation of KCC2 function has also been observed in a 

myriad of other neurological disorders in which GABAergic disinhibition is thought to 

contribute to pathogenesis, including spasticity secondary to spinal cord injury [61], 

neuropathic pain [62], and Rett Syndrome [63].

The best evidence linking KCC2 dysfunction to epilepsy pathogenesis has come from 

human genetic studies. Namely, genetic mutations and variants in KCC2 (encoded by 

SLC12A5) have been associated with genetic epilepsy syndromes or serve as genetic risk 

factors for idiopathic epilepsy (for a systematic review of all pathogenic variants in 

SLC12A5, see [64]). Kahle et al. [18] and Puskarjov et al. [17] were the first to discover 

SLC12A5 variants in human epilepsy. These studies identified heterozygous missense 

variants in the C-terminal region of SLC12A5 (R952H and R1049C) in patients with 

idiopathic generalized epilepsy. Functional studies showed that both variants impair KCC2 

function, reflected by decreased Cl− extrusion capacity and decreased phosphorylation of an 

important regulatory domain that normally promotes KCC2 activity [65]. More recent 

studies have identified recessive KCC2 mutations in patients with epilepsy of infancy with 

migrating focal seizures (EIMFS) [19–21]. These loss-of-function KCC2 variants were 

inherited as homozygous or compound heterozygous mutations and were associated with 

decreased Cl− extrusion and reduced expression at the cell surface, although in some cases 

cell surface expression and distribution were unaffected [20].

4. Augmenting KCC2 target to treat epilepsy: proof-of-principle studies

Conceptually, epilepsy is a disorder of deranged neurophysiology that begets neuronal 

hyperexcitation. One potential mechanism underlying hyperexcitation is failed synaptic 

inhibition. Indeed, loss of inhibition has been proposed to underlie epileptogenesis in 

preclinical models and human epilepsy syndromes [66–68], providing the scientific basis for 

pharmacotherapies such as benzodiazepines and phenobarbital that strive to restore normal 

inhibition by potentiating GABAergic neurotransmission. However, current AEDs provide 

suboptimal seizure relief associated with significant drug-related effects [9–11], and 

increased GABAergic signaling may paradoxically promote seizure activity [69–73], 

possibly due to their effects on exaggerating Cl− fluctuation [74]. Thus, alternative strategies 

to restore GABAergic inhibition are needed. It has been hypothesized that excessive Cl− 

influx following seizure activity results in paradoxical, excitatory GABAergic responses and 

therefore neuronal hyperexcitability underlying epileptogenesis [73, 75, 76]. Increasing 

KCC2 activity to promote Cl− extrusion and strengthen GABAergic inhibition appears to be 

a feasible and attractive strategy to dampen pathological neuronal activity in disorders of 

hyperexcitation. In support of this hypothesis, increased neuronal activity has been shown to 

suppress KCC2 expression and activity [65, 77, 78], thus potentially accounting for the 

observations that KCC2 expression is reduced in epileptic brain tissues of human patients 

[57–59].
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Two studies using preclinical models have sought to test the hypothesis that increasing 

KCC2 function is protective against epileptic seizures in vivo. In the first study, Moore et al. 

generated knock-in mice that harbor a mutant form of KCC2 that is constitutively active via 

modification of key modulatory phosphorylation sites [24, 79]. In brief, phosphorylation of 

the amino acid residues T906 and T1007 inhibits KCC2 function [48, 79], whereas 

dephosphorylation of these residues increases KCC2 activity and promotes Cl− extrusion 

[80–82]. Phosphorylation of yet another site, S940, increases KCC2 function [65, 83]. By 

substituting the threonines 906 and 1007 for alanines, Moore et al. were able to generate 

mice in which KCC2 is unable to be phosphorylated at the T906 and T1007 residues 

(KCC2-T906A/T1007A). Unfettered by phospho-dependent inhibition, KCC2 activity is 

upregulated, resulting in increased neuronal Cl− extrusion [24]. Under basal conditions, the 

KCC2-T906A/T1007A mice exhibited normal overall brain morphology and neuronal 

network excitability, suggesting that increased KCC2 function does not appear to cause 

obvious side-effects that disrupt normal neurophysiological functions. To examine the 

effects of increased KCC2 function in the setting of epileptogenesis, Moore et al. injected 

mice with the chemoconvulsant kainic acid and found that KCC2-T906A/T1007A mice 

experienced less severe seizures with a delayed onset compared to WT control mice. These 

findings provided the first proof-of-principle that increasing KCC2 function via modification 

of regulatory phosphorylation sites is sufficient to attenuate development and severity of 

seizures during epileptogenesis.

In a second study, Magloire et al. sought to investigate the contribution of GABAergic 

parvalbumin (PV+)-expressing interneurons to seizure activity in a mouse model of focal 

cortical seizures elicited by injections of the chemoconvulsant pilocarpine [73, 84]. They 

found that experimental activation of PV+ interneurons rapidly switched from an 

anticonvulsant to a proconvulsant effect within the first few seconds of seizure onset, 

supporting the hypothesis that failed GABAergic inhibition promotes or sustains 

epileptogenesis. Hypothesizing that seizure-induced Cl− accumulation in neurons begets the 

paradoxical proconvulsant property of PV+ interneurons, Magloire et al. overexpressed 

KCC2 in cortical pyramidal neurons and found that increasing Cl− extrusion capacity 

prevented the paradoxical proconvulsant effects of PV+ interneuron activation. Altogether, 

these studies provide the proof-of-principle that enhancing KCC2 function is a potentially 

powerful therapeutic strategy to maintain low intraneuronal levels of Cl− and maintain the 

efficacy of GABAergic inhibition for the treatment of epilepsy and conditions of neuronal 

hyperexcitation.

5. Strategies to modulate KCC2 dysfunction for therapeutic benefit

The exciting possibility of leveraging KCC2 for therapeutic benefit in hyperexcitable 

settings has provided the impetus for the quest to screen for chemical compounds capable of 

modulating KCC2 activity. The first large screening of molecules to identify KCC2 

activators was first performed by Gagnon et al. in 2013 [85], leading to the identification of 

CLP257 and its prodrug, CLP290, as putative KCC2 agonists that are capable of increasing 

Cl− extrusion in neurons. CLP290 did not appear to induce obvious drug-related side effects, 

as demonstrated by toxicology studies in rats. A follow up study showed that administration 

of CLP290 promoted functional recovery following spinal cord injury in a mouse model 
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with negligible side effects even at high doses [86]. However, it is important to note that 

although CLP257/CLP290 was originally identified as a KCC2 activator, others have 

disagreed and suggested that CLP257 may exert physiological and behavioral effects via 

mechanisms independent of KCC2 function [87], suggesting that there may be unknown 

side effects due to unidentified off-target effects. Thus, more studies are still needed to better 

define the pharmacodynamic (including the therapeutic index) and pharmacokinetic profiles 

of CLP257/CLP290 before clinical translation.

Additional screening studies have been carried out to detect other small molecules capable 

of increasing KCC2 activity [88] or expression [89], including several FDA-approved drugs 

such as prochlorperazine, an antipsychotic [88]. Administration of these recently identified 

compounds alleviated spasticity in a rat model of spinal cord injury [88] and ameliorated 

behavioral impairments in the Mecp2 mutant mouse model of Rett syndrome [89], providing 

proof-of-principle that screening strategies are able to identify putative KCC2 agonists that 

exert therapeutic benefits in neurological diseases associated with neuronal hyperexcitability. 

In addition, viral vector-assisted gene therapy represents another possible avenue to increase 

KCC2 function. Recently it has been shown that AAV-mediated KCC2 over-expression is 

able to mimic the effects of CLP290 in promoting the function recovery in a spinal cord 

injury model [86]. Interestingly, mice with broad expression of KCC2 in CNS neurons did 

not exhibit obvious abnormality [86].

An alternative strategy to modulate KCC2 function may be to manipulate upstream signaling 

pathways that exert phosphorylation-dependent regulation of KCC2 activity (Figure 2). The 

with no lysine kinase (WNK) and Ste20-related proline-alanine kinase (SPAK) cascade is 

one such pathway that is amenable to pharmacologic manipulation. Broadly speaking, 

WNKs couple sensation of intracellular Cl− concentration, extracellular osmolarity, and cell 

volume to cation-chloride cotransport to regulate cellular physiology in a wide variety of cell 

types (see [90] for detailed review). Under physiological settings, the WNK-SPAK pathway 

suppresses KCC2 activity via phosphorylation at the T906 and T1007 sites, and thus 

inhibition of the WNK-SPAK pathway is a feasible strategy to increase KCC2 function [18, 

31, 80, 82, 91, 92]. Three general strategies for WNK-SPAK inhibition have been proposed 

[90]: inhibition of WNKs [93, 94], inhibition of SPAK [95, 96], and inhibition of the 

interaction between WNKs and SPAK [97]. It should be noted that a caveat of modulating 

WNK-SPAK pathway may be the potential for unwanted systemic effects given that WNKs 

and SPAK are also expressed in the kidney, where they are thought to participate in blood 

pressure regulation [98]. Thus, at least for the treatment of neurological diseases such as 

epilepsy, approaches that directly target KCC2 (a neuron-specific transporter) may be 

preferable to avoid systemic side effects.

Other neurotransmitters acting on G protein-coupled receptors (GPCRs) may also enhance 

KCC2 function. A series of two studies demonstrated that administration of TCB-2, an 

activator of the 5-hydroxytryptamine (5-HT, serotonin) type 2A receptor, increases cell 

membrane expression of KCC2, restores GABAergic inhibition, and improves functional 

outcomes in a rat spinal cord injury model [99, 100]. Another recent study showed that 

TCB-2 augments KCC2 activity by promoting phosphorylation of KCC2 at the S940 site 

and rescues GABAergic disinhibition in the ventral tegmental area following exposure to 
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acute stress [101]. These studies provide proof-of-principle for yet another strategy to 

modulate KCC2 function for therapeutic benefit in hyperexcitable states by targeting the 

brain’s serotonergic system.

6. Conclusion

Epilepsy is a disorder of neuronal hyperexcitability for which there remains an urgent 

clinical need for better pharmacotherapy that provides better seizure relief with minimal side 

effects. GABAergic disinhibition secondary to raised intraneuronal Cl− levels is thought to 

be a major pathophysiological event that catalyzes neuronal hyperexcitability and 

epileptogenesis. To that end, enhancing function of the electroneutral K+/Cl− cotransporter 

KCC2 to promote Cl− extrusion capacity and restore synaptic inhibition has been proposed 

to be a potentially powerful therapeutic strategy for the treatment of epilepsy. KCC2 

dysfunction is associated with epileptogenesis in preclinical models and human patients, and 

conversely, increasing KCC2 activity is protective against epileptic seizures. Drug screening 

studies have identified several pharmacologic agents capable of increasing KCC2 function 

and rescuing GABAergic inhibition in settings of pathologic neuronal hyperexcitability. 

Continued investigations into KCC2 will help to move promising preclinical proof-of-

principle findings toward clinical translation as a novel therapeutic strategy to restore 

synaptic inhibition for the treatment of epilepsy and pathologies of neuronal hyperexcitation.

7. Expert opinion

KCC2 is an intensely investigated molecule, given its fundamental roles in neurophysiology 

and potential to be leveraged as a therapeutic target in epilepsy. However, important 

questions and considerations remain before clinical translation. First, a truly satisfactory 

treatment for epilepsy requires not only effective seizure relief, but also doing so with 

minimal or no side effects given that the vast majority (88%) of patients on AEDs reports 

experiencing at least one drug-related adverse effect [15, 102]. In fact, given that multiple 

seizure types may respond similarly to the same drug, the choice of pharmacotherapy is 

often determined by the desire to minimize adverse effects as reported by patients. Most 

studies thus far have not identified any obvious consequence to overall health and 

physiology associated with increased KCC2 function have been reported in animal studies 

thus far [24, 85, 86]. Potentiating KCC2 activity also appears to have no major effect on 

overall brain morphology and basal neuronal excitability [24]. However, it remains unclear 

whether increased KCC2 function affects cognitive and affective functions, which are known 

to be significantly impaired by current AEDs [15, 102, 103]. Intriguingly, behavioral studies 

show that the KCC2-T906A/T1007A mice (which are resistant to seizures due to 

constitutively increased KCC2 activity as previously discussed) [24] actually exhibit better 

spatial memory and enhanced social interaction compared to WT controls [104]. Similarly, 

overexpression of KCC2 increases dendritic spine density and improves motor learning 

[105]. Despite the ostensibly favorable effects of KCC2 hyperfunction on learning and social 

behavior in rodent models, these studies demonstrate that genetic manipulation of KCC2 

activity starting from early life can in principle result in long-term neuropsychiatric 

consequences. Thus, caution is warranted when KCC2 function is manipulated to treat early 

life epilepsies in young children, given the importance of depolarizing GABA in shaping the 
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development of immature cortical networks. Whether increasing KCC2 function in an 

already mature brain alters neuropsychiatric functions is not known. A better knowledge of 

the spatiotemporal evolution of the role of KCC2 in early life will be the key to 

understanding whether modulation may impair cognition, and if so to what extent.

Second, although epilepsy describes the clinical phenomenon of recurrent and provoked 

seizures, it is not a homogenous disorder. There exist multiple seizure types and epilepsy 

syndromes that differ in clinical manifestations, underlying etiologies, and responses to 

different classes of AEDs [106, 107]. Broadly speaking, seizure can be categorized as focal 

onset (seizure activity is localized to one region of the brain in one hemisphere) or 

generalized onset (seizure activity involves both cerebral hemispheres). Focal onset seizures 

can also spread to become generalized seizures (secondary generalized seizures). The most 

common epilepsy syndrome is temporal lobe epilepsy, which is characterized by epileptic 

seizures that arise from the temporal lobe. GABAergic disinhibition (due to altered signaling 

at the single cell level and loss of GABAergic interneurons at the network level) is thought 

to be a major pathophysiological mechanism that results in neuronal hyperexcitability in 

temporal lobe epilepsy [72, 108, 109]. Consistent with this hypothesis, KCC2 function is 

decreased in human temporal lobe epilepsy [57]. Thus, restoring GABAergic inhibition by 

potentiating KCC2 activity is a viable therapeutic approach for temporal lobe epilepsy and 

other epilepsy syndromes in which GABAergic disinhibition is a feature. On the contrary, 

enhanced GABAergic inhibition has also been reported to paradoxically promote seizures, 

and AEDs that augment GABAergic neurotransmission can sometimes exacerbate seizures 

[71, 110, 111]. Certain primary generalized onset seizures, such as those seen in absence 

epilepsy, are actually caused by excessive GABAergic inhibition [68] (see [107] for detailed 

discussion), and thus increasing KCC2 function in these settings would not be beneficial. 

Because epilepsy is a heterogeneous condition, there is no one size fits all approaches, and 

the ideal therapy will be personalized to target the underlying causes in the individual 

patient. Greater preclinical understanding of both KCC2 and the causes of different epilepsy 

syndromes will reveal the pathological conditions in which KCC2 agonists are indicated for 

treatment.

Third, it is important to note that epileptogenesis is a pathological concept that is separate 

from seizure activity. Epileptogenesis refers to the collection of cellular and molecular 

derangements that beget seizure activity (primary) or exacerbate pre-existing epilepsy 

(secondary), whereas a seizure is a clinical symptom that can have other causes separate 

from epileptogenesis such as metabolic disturbances, electrolyte imbalances, and infections 

[112, 113]. Current AEDs are designed to treat the symptoms (seizure activity) but not 

necessarily the underlying biological causes (epileptogenesis) that give rise to epilepsy 

syndromes. The failure to directly target epileptogenesis may account for the high 

prevalence of epilepsy patients in whom AEDs fail to provide adequate seizure relief. Proof-

of-principle in preclinical models thus far suggest that KCC2 activation provides an 

anticonvulsant effect [24, 73], but is this strategy sufficient to reverse epileptogenesis? 

Indeed, no study has yet to investigate whether increasing KCC2 function can reverse the 

histopathological alterations associated with certain epilepsy syndromes, including gliosis, 

inflammation, dysregulation of hippocampal neurogenesis, and aberrant sprouting of neural 

processes in the hippocampal dentate gyrus [114–118]. It is not clear whether the 
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anticonvulsant effect seen with KCC2 activation reflects merely inhibition of seizure activity 

or reversal of the underlying epileptogenic process. However, KCC2 dysfunction is 

associated with various forms of epilepsy syndromes [64], including adult idiopathic 

epilepsy and pediatric epilepsy, and experimental reduction of KCC2 in the hippocampus is 

sufficient to recapitulate temporal lobe epilepsy with the attendant seizure activity and 

histopathological alterations in the mouse [55]. A recent modeling study suggests even mild 

KCC2 hypofunction is sufficient to impair neuronal Cl+ extrusion capacity, with more 

widespread consequences than previously believed [74]. These findings suggest that reduced 

KCC2 activity is a molecular derangement that precipitates GABAergic disinhibition in 

various epilepsy syndromes, and thus, rescuing KCC2 loss-of-function by pharmacological 

activation of KCC2 is a promising approach that directly targets a specific epileptogenic 

event. Future investigations should continue to explore the extent by which KCC2 activation 

reverses epileptogenesis beyond mere reduction of seizure activity, enabling advancements 

toward a bona fide cure for epilepsies and disorders of neuronal hyperexcitation.
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Article Highlights:

• Deranged neuronal excitability underlies epilepsy, a difficult-to-treat 

neurological disorder with profound need for better pharmacotherapy

• The electroneutral K+/Cl− cotransporter KCC2 regulates neuronal excitability 

by regulation of chloride homeostasis and gamma-aminobutyric acid-ergic 

(GABAergic) inhibition

• KCC2 dysfunction and attendant impairments in Cl− extrusion from neurons 

is linked to epileptogenesis in humans, while augmenting KCC2 function 

confers an anticonvulsant effect in preclinical models

• Pharmacological strategies to increase KCC2 function include KCC2 agonism 

and targeting of the upstream with-no-lysine kinase (WNK)/ Ste20-related 

proline-alanine kinase (SPAK)

• KCC2 is a promising drug target for the treatment of epilepsy and other 

disorders of neuronal hyperexcitability
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Figure 1: KCC2 function in chloride homeostasis and GABA polarity in neural development and 
hyperexcitable states.
Intracellular chloride concentrations are determined by NKCC1 (a chloride importer) and 

KCC2 (a chloride exporter). During early neural development, high NKCC1 activity and low 

KCC2 activity results in higher intracellular concentrations. Thus, GABA induces a 

depolarizing response. In mature neurons, increased chloride extrusion due to higher KCC2 

activity lowers intracellular chloride concentrations, leading to hyperpolarization in response 

to GABA. Abnormally low KCC2 activity beyond early neural developmental settings alters 

GABA signaling of mature neurons, leading to depolarizing GABAergic responses that 

precipitate neuronal hyperexcitability in epilepsy. Increasing KCC2 function (via a novel 

AED that targets KCC2) can correct chloride homeostasis and restore GABAergic 

inhibition.
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Figure 2: Membrane topology diagram of KCC2, potential therapeutic phosphorylation 
residues, regulatory pathways, and loss of function mutations associated with epilepsy.
The KCC2 co-transporter is a ~140 kDa protein with 12 transmembrane domains, a 

cytoplasmic N-terminal, a large extracellular loop, and a large cytoplasmic C-terminal. 

Phosphorylation residues regulated by WNK-SPAK pathway, which suppresses KCC2 

activity, are indicated in red. Phosphorylation site regulated by neurotransmitters-GPCRs-

PLC-PKC pathway, which increases KCC2 activity, is indicated in green. Missense variants 

of SLC12A5 that impair KCC2 function in patients with idiopathic generalized epilepsy are 

indicated in yellow.
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