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 Abstract: Epilepsy is commonly recognized as a disease driven by generalized hyperexcited and 

hypersynchronous neural activity. Sodium-activated potassium channels (KNa channels), which are 

encoded by the Slo 2.2 and Slo 2.1 genes, are widely expressed in the central nervous system and 

considered as “brakes” to adjust neuronal adaptation through regulating action potential threshold or 

after-hyperpolarization under physiological condition. However, the variants in KNa channels, espe-

cially gain-of-function variants, have been found in several childhood epileptic conditions. Most 

previous studies focused on mapping the epileptic network on the macroscopic scale while ignoring 

the value of microscopic changes. Notably, paradoxical role of KNa channels working on individual 

neuron/microcircuit and the macroscopic epileptic expression highlights the importance of under-

standing epileptogenic network through combining microscopic and macroscopic methods. Here, 

we first illustrated the molecular and physiological function of KNa channels on preclinical seizure 

models and patients with epilepsy.  Next, we summarized current hypothesis on the potential role of 

KNa channels during seizures to provide essential insight into what emerged as a micro-macro dis-

connection at different levels. Additionally, we highlighted the potential utility of KNa channels as 

therapeutic targets for developing innovative anti-seizure medications. 
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1. INTRODUCTION 

Characterized by repeated and unprovoked epileptic sei-
zures, epilepsy is one of the most prevalent neurological dis-
orders affecting 70 million people globally [1, 2]. It is estimat-
ed that more than 80 persons per 100,000 are diagnosed with 
epilepsy each year and anti-seizure medications (ASMs) are 
the first-line treatment for patients with epilepsy [3, 4]. How-
ever, up to one third of patients with epilepsy will eventually 
develop into intractable epilepsy due to lack of response to a 
range of ASMs and will revert to surgical intervention for the 
remission [4, 5]. The development of advanced ASMs and 
favorable surgical outcomes both depend on deeper insight 
into the underlying mechanism of epilepsy. Although the de-
tailed mechanism is still largely unknown, it is commonly 
recognized that epilepsy is driven by generalized hyperexcita-
bility and hypersynchronous neuronal activity [6].  

How does the brain temporally and spatially keep the 
right synaptic rhythm across different brain regions and even 
among individual neurons to prevent hyperexcitability? It is  
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established that epilepsy is caused by an imbalance be-
tween excitatory and inhibitory neurotransmission in the 
brain. However, recent studies with more advanced tech-
nologies tended to regard epilepsy as a sort of network dis-
ease not only at the macroscopic level but also at the mi-
croscopic level. A range from microscale (cellular signal-
ing and communication) to macroscale (clinical symptoms, 
electroencephalography patterns, neuroimaging findings) 
associated with epilepsy has been reported in detail. These 
studies show that uncovering the exact epileptogenic mech-
anism at the microscale helps us explain macroscopic epi-
lepsy expression [7]. However, the micro-macro disconnec-
tion develops when we focus on recognizing epilepsy at the 
macroscale and neglect its microscopic changes. As basic 
units of brain function, numerous neurons interact together 
to keep the normal rhythm via generating action potential 
(AP) and transferring electrical signals into chemical in-
formation [8]. Among the types of potassium channels ex-
pressed in the plasma membrane to regulate neurotransmit-
ter release or control neuronal excitability, variants in sodi-
um-activated potassium channels (KNa channels) have been 
reported on neurological disorders. In particular, the gain-
of-function (GOF) variants in the Slack channel, which is a 
subtype of KNa channels, have been reported to be associat-
ed with several early onset epileptic encephalopathies: epi-
lepsy of infancy with migrating focal seizures, EIMFS; 
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autosomal dominant nocturnal frontal lobe epilepsy, 
ADNFLE; Ohtahara syndrome, OS; West syndrome; other 
early infantile epileptic encephalopathies, EOEE [9-15]. 
Paradoxically, it has been reported that KNa channels adjust 
neuronal adaptation as ‘brakes’ at the single cell level in 
response to repeated APs and regulate repolarization or 
afterhyperpolarization [16, 17]. Notably, this discrepancy 
of KNa channels timing the rhythm between individual neu-
ron and neuronal populations may reflect the micro-macro 
disconnection in evaluating the epileptogenic network. Fur-
thermore, microcircuits composed of neuronal clusters have 
different motifs which interact tightly and balance the dy-
namics of larger networks [18]. Do the distribution differ-
ence or other changes in KNa channels in types of neurons 
dispute the fine balance between these motifs and induce 
epileptic seizures from dysregulated microcircuits? Could 
seizures be terminated by normalizing the increased KNa 
currents (IKNa) pharmaceutically in Slack-associated epilep-
sy?   

In this review, we aim to summarize studies with respect 
to the physiological role of KNa channels and their underly-
ing pathophysiological effect in epileptogenic mechanisms at 
the macroscopic and microscopic levels to find the micro-
macro disconnection. Particularly, we discussed evidence of 
functional and phenotypic alterations of KNa channels among 
different cell types within microcircuits at the microscopic 
level and deduced that dysfunction on the microscopic scale 
might be a critical source of differences in macroscopic epi-
lepsy manifestation. Moreover, we reviewed current animal 
and human studies associated with variants in KNa channels 
and discussed the potential value of utilizing KNa channels as 
therapeutic targets for the discovery and development of 
novel ASMs. 

2. PROPERTIES AND LOCALIZATIONS OF KNa 
CHANNELS 

IKNa was first discovered in mammalian cardiac cells in 

1984 [19] and then described to function in neurons in avian 

trigeminal ganglion in 1985 [20]. When the intracellular 
concentration of sodium ions ([Na

+
]i) increases as a result of 

repeated APs, potassium ions inflow via KNa channels to 

generate IKNa. Currently, KNa channels are known to be en-
coded by two genes belonging to the Slo family-Slo 2.2 and 

Slo 2.1, which are also termed as Slack (KCNT1) and Slick 

(KCNT2) channels, respectively [21-23]. With sequences 
like the other types of potassium channels, KNa channels are 

the fourfold symmetric tetramers composed of co-assembly 

of subunits with an S1-S4 domain and pore domain (S5-S6) 
within the membrane and two ‘regulator of K

+
 conductance’ 

(RCK) domains outside the membrane in the cytoplasmic 

side [23]. Both Slack and Slick channels contain a highly 
conserved PDZ-binding domain that grapples channels to 

specific locations. Although there is extensive homology in 

the transmembrane domains and the RCK domains of Slack 
and Slick channels, these two channels appear to have dis-

tinctly different molecular and electrical properties [22]. 

Here, we made a list to summarize those similarities and 
differences Table 1, [21-26]. 

Additionally, KNa channels were expressed in a vast array 
of neuronal cell types and in different locations, indicating a 

reasonably conservative evolutionary history across species 
[20, 24, 27-31]. The channels are highly expressed in neu-
rons rather than glia cells [32]. Slick channels may act as an 
autonomous entity because of their heterogeneity of expres-
sion in several brain areas, including hippocampal CA1, 
CA2, and CA3 regions, the dentate gyrus, and cortical layer 
II, III, and V [27, 28]. It is known that pyramidal neurons are 
more or less homogeneous, and interneurons are diverse in 
molecular expression playing distinct roles in coordinating 
neuronal networks [33]. Recently, Shore et al. observed re-
duced excitability and AP firing rate only in inhibitory inter-
neurons versus excitatory pyramidal neurons, especially in 
non-fast-spiking γ-aminobutyric acidergic (GABAergic) 
neurons, on an established GOF variant of Slack channels 
(Y796H) mouse model with strikingly similar epileptic man-
ifestation to those patients with ADNFLE [17]. 

As for subcellular localization, Slick channels were most-
ly seen in processes, varicosities, and neuronal cell bodies, 
while Slack channels exhibited a diffuse immunostaining 
pattern with some labeling of cell stomata and processes 
[24]. Wu et al. assumed that Slack channels accounted for 
most of the IKNa in dorsal root ganglion (DRG) neurons, 
while some residual IKNa might be derived from Slick chan-
nels, which were located on more peripheral locations on the 
DRG neurons [16]. However, there is a dearth of research 
emphasizing the subcellular differences of Slack and Slick 
channels across different types of neurons? Given that the 
very high homology, the similar expression pattern between 
these two channels, and heteromultimeric channels, which 
consist of Slick channels and splicing of Slack channels, the 
function of KNa channels depends on their composition, dis-
tribution, cellular and subcellular localizations [34]. To de-
termine the more specific antibodies targeting at different 
structural sites are needed. For example, to recognize differ-
ent isoforms of Slack channels, a polyclonal antibody against 
the amino-terminus of Slack-B was applied to identify the 
Slack-B isoform, while polyclonal antibody against the car-
boxyl-terminus region of Slack channels was used to identify 
all Slack amino isoforms [26]. Moreover, more precise func-
tional measurements are required to uncover the differences 
between KNa channels among multiple regions and even sub-
cellular localizations. Performing patch clamp recordings on 
different subcellular sites such as the soma and the distal 
apical dendrites, Hu et al. determined that M-channel, which 
is another kind of K

+
 channel in the soma of CA1 pyramidal 

neurons, is mainly responsible for somatic excitability, 
whereas this channel seems to have little or no impact in the 
distal apical dendrites [35]. Nevertheless, whether or not 
these distribution changes caused functional differences be-
tween Slack and Slick channels in generating AP still re-
mains a hot issue.  

3. PHYSIOLOGICAL ROLE OF KNa CHANNELS IN 

NEURONS 

KNa channels have been reported to play a “conducting” 
role in three main phases during AP generation at the single 
cell level. Firstly, IKNa, which is blocked by extracellular Li

+, 

produces an approximately 30% increase in burst length and 
amplitude of after-hyperpolarization (AHP), especially in 
slow AHP (sAHP), following a single action potential [36, 
37]; Secondly, KNa channels modify intrinsic neuronal 
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Table 1.  Comparison of properties between Slack and Slick channels. 

Properties Slack (KCNT1) Slick (KCNT2) 

Molecular weight 138 kDa, with a larger distal C-terminal region. 130 kDa, with a relatively smaller distal C-terminal region. 

Unity conductance ~180 pS ~140 pS 

Sub-conductance states Multiple Multiple 

Voltage sensitivity 
Activated slowly in depolarization without 

charged S4 membrane domain. 

Activated rapidly in depolarization with charged S4 mem-

brane domain. 

EC50 values for [Na+]i ~40 mM ~89 mM 

Na+ dependence Highly dependent 
Less dependent, Slick channels had a basal activity with no 

Na+. 

[Cl-]i sensitivity Less More 

Cytoplasmic ATP sensitivity No ATP binding site. ATP binding site in the second RCK region. 

Isoforms 5 - 

Abbreviation: [Na+]i, intracellular concentration of sodium ions; [Cl-]i, intracellular concentration of chloride ions; RCK, regulator of conductance of K+. 

 
excitability during and following depolarization and produce 
an adaptation of firing rate following repetitive firing [30, 
38-41]; additionally, activation of KNa channels at subthresh-
old voltages can shape intrinsic bursting [16, 17, 42, 43]. 
Early single-channel investigations demonstrated that activa-
tion of the KNa channels required a higher [Na

+
]i considera-

bly beyond physiological value. Budelli et al. showed that 
IKNa was strongly activated by persistent Na

+
 currents (INaP), 

which played a key role in epileptic seizures during long-
lasting depolarizations and repetitive AP firing. This effect 
persisted even when neurons had been already loaded with 
high [Na

+
]i [44, 45]. Based on the physiological properties of 

KNa channels concluded above, preferential activation of IKNa 
by persistent INaP during seizures

 
may be an eradicator in 

seizure termination [46]. However, the proposition of wheth-
er ‘activity-dependent’ or ‘pathology-dependent’ KNa chan-
nels participate in epileptogenesis is worth exploring and 
provides possible directions for the development of novel 
ASMs.  

KNa channels have large cytoplasmic C-terminal domains 
containing 913 amino acids as well as the largest known po-
tassium channel subunits. The transmembrane spanning do-
mains of the Slack channels comprise only 18% of the entire 
protein [22]. This structural feature raises the possibility that 
KNa channels with the extended cytoplasmic domains have 
“non-conducting” function by interacting with cytoplasmic 
signaling pathways. Thus, its opening can influence cellular 
signaling beyond controlling channel gating alone [47]. 
Fragile X mental retardation protein (FMRP) which is delet-
ed in patients with Fragile X syndrome (FXS), is mainly 
used to regulate the translation of many other neuronal 
mRNAs via interacting directly with its distal cytoplasmic C-
terminal domain. It has been found that the activity of Slack 
channels is reduced due to the absence of FMRP in patients 
with FXS [48]. This is also confirmed by increased IKNa cur-
rents and hyperpolarized resting membrane potential as a 
result of introducing the N-terminal 1-298 fragment of 
FMRP into bag cell neurons of Aplysia [49].  

4. CELLULAR BINDING PARTNERS OF KNa CHAN-

NELS  

As mentioned earlier, KNa channels could alter other bio-
chemical interactions of the channel with its cytoplasmic 
partners to contribute to neuronal dysfunction [48, 50]. Nu-
merous proteins have been discovered as Slack-interacting 
binding partners, including phosphatase and actin regulator 1 
(Phactr1), postsynaptic density-95 protein (PSD-95), FMRP, 
cytoplasmic FMRP interacting protein (CYFIP1), and trans-
membrane protein 16C (TMEM16C) [48, 50-52]. Phactr1, an 
ancillary protein belonging to a phosphatase and actin regu-
lator family, is highly expressed in neurons of the cerebral 
cortex, where it plays a role in controlling the synaptic ac-
tivity and the synapse morphology through regulating protein 
phosphatase 1 (PP1) and actin-binding [53]. Phactr1 has 
been identified as a binding partner of the Slack channels by 
yeast two-hybrid assay [51]. Ali et al. provided direct evi-
dence that Phactr1 reduced the maximal current amplitude of 
Slack channels by linking PP1 to the channel instead of ac-
tin-binding. However, Phactr1 suppressed Slack channels 
with a variant phosphorylation site (S407) of conserved pro-
tein kinase C (PKC), which could mimic GOF variants of 
Slack channels and rapidly increase IKNa [9, 54]. Loss of 
function (LOF) variant of phactr1, which is considered to be 
connected to the pathophysiology of West Syndrome, may 
induce morphological and functional deficiency of cortical 
neurons during development [55] and other neurodevelop-
mental disorders [56]. Recently, it has been reported that the 
expression of Phactr1 mRNA is absent after traumatic brain 
injury (TBI) [57]. Whether or not Slack channels are altered 
in patients with TBI remains unknown. PSD-95 is a crucial 
postsynaptic scaffolding protein in excitatory neurons which 
regulates the trafficking and localization of glutamate recep-
tors in synaptic development and plasticity [58, 59]. It clear-
ly showed KNa channels could directly interact with PSD-95 
and co-localize with PSD-95 in cultured neocortical neurons 
[52]. TMEM16C, which is a member of the TMEM16 fami-
ly and abundantly expressed in the central and peripheral 
nervous systems, regulates the processing of pain messages 
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by altering Slack channels' single-channel activity and en-
hances sodium sensitivity in DRG neurons [50]. Future stud-
ies are inspired to take further steps in detecting more sites 
associated with KNa channels. 

5. PATHOLOGICAL ROLE OF KNa CHANNELS IN 
EPILEPSY NETWORK 

Generally, it is considered that variants of K
+
 channels 

resulting in reduced K
+
 currents and rapid repolarization are 

associated with abnormally increased neuronal excitability 
[60]. It is reasonable to speculate that dysregulated firing 
rates contribute to epileptogenesis in patients with LOF vari-
ants of KNa channels [61]. However, a major and well-
recognized clinical problem is that most epilepsy patients 
with Slack or Slick variants are reported to carry GOF vari-
ants [9, 10, 12, 14, 62]. Although the precise mechanism 
underlying the GOF variants increasing IKNa remains ob-
scure, Kim et al. suggested that the GOF variants of Slack 
channels increased gate opening and mediating current by 
interacting with nearby channels even in a variant with a 
decreased channel conductance [31]. In another study, re-
searchers found that over-activity of the GOF variants of the 
Slack channels was caused by two diverse mechanisms: am-
plified sodium sensitivity and increased maximum probabil-
ity of opening [63].  

How do GOF variants of KNa channels lead to epileptic 
seizures? Below we discuss some hypotheses which have 
been proposed previously: first, accelerating AP repolariza-
tion due to increased K

+
 current and increased fast AHP, as 

well as attenuating Na
+
 channel inactivation in excitatory 

neurons contribute to a higher AP firing frequency [40, 64]. 
A large delayed AHP produced by IKNa after a series of APs 
can also synchronize excitatory networks [30, 65]. Second, 
reduced membrane excitability and induced AP firing adap-
tation selectively in inhibitory interneurons result in disinhi-
bition and overall network excitability [66, 67]. Those two 
hypotheses can be summarized as the imbalance of excita-
tion and inhibition (E/I). Some studies have found differ-
ences in types of neurons with increased IKNa using Slack 
GOF variant mouse models. For instance, Quraishi et al. 
illustrated the peak of AP firing rate increased following a 
decrease in AP width and AHP with increased IKNa, in what 
were presumably immature glutamatergic neurons only at 
voltages above +40 mV on a P942L variant mouse model 
[68]. In another study, reduced excitability and increased 
subthreshold IKNa was selectively found in inhibitory inter-
neurons, especially non-fast-spiking GABAergic neuron on a 
Y777H variant mouse model [17]. Consistent with previous 
studies, GOF variants of Slack channels had a stronger inhib-
itory effect on GABAergic interneurons than glutamatergic 
pyramidal neurons using biomathematical models. Increased 
E/I ratio in a cortical micro-network triggered a seizure and 
depolarizing GABA was required to migrate seizures on the 
macroscopic scale [69]. Thirdly, given that KNa channels are 
abundantly expressed in embryonic hippocampal and cortical 
neurons, changes in AP firing during neuronal development 
can produce alterations in synaptic connectivity, thus leading 
to the local epileptic foci and hyperexcitable network [9, 70]. 
Y777H variant mice have increased homotypic synaptic 
connectivity and hyperexcited network [17]. Finally, given 
that “non-conducting” function of KNa channels, variants in 

KNa channels could alter other biochemical interactions of 
the channel with its cytoplasmic partners. For instance, in 
addition to directly altering the excitability of neurons, vari-
ants in KNa channels could disrupt intracellular signals relat-
ed to FMRP and activity-dependent protein translation [48, 
50]. 

6. POSSIBLE SOURCES OF DYSREGULATION 
WITHIN MICROCIRCUITS RELATED TO CHANG-

ES IN KNa CHANNELS 

Recently, the time-honored opinion no longer sufficiently 
holds up that epilepsy simply results from an E/I imbalance, 
given that epilepsy might be a network disease that can result 
from imbalances among different microcircuit motifs com-
posed of different types of neurons that are embedded in the 
larger network [18]. It is well-known that there are promi-
nent differences between interneurons and pyramidal neu-
rons. With local morphological features, interneurons coor-
dinate local circuits within functionally and anatomically 
confined subregions. By contrast, pyramidal neurons are 
responsible for transferring signals on greater spatial scales 
[33]. According to the different arrangements of these neu-
rons, there are four microcircuit motifs: 1) Feed-forward 
inhibition which is composed of excitatory inputs, recruits 
local inhibitory networks and tunes the efferent signal; 2) 
Locally stimulated inhibitory neurons to influence recurrent 
excitatory activity via feed-back inhibition; 3) Counter-
inhibition is shown as local connections between inhibitory 
neurons; 4) Local recurrent excitatory circuits are a prevalent 
pattern in cortical networks, where around 80% of neurons 
and synapses are excitatory [18]. Spike frequency adaptation 
with a slow time course could be induced within fast-spiking 
(FS) neurons following approximately 20s current injection, 
which is coincided with the formation of the sAHP following 
prolonged stimulation and hypothesized to be caused by KNa 
channel activation [67]. Consistent with FS neurons, an 
sAHP of 12-75s following long (20-60s) discharges in non-
fast-spiking GABAergic neurons also induces a long-lasting 
decrease of excitability, which is mainly due to the activation 
of KNa channels [71]. To conclude, the sustained activation 
of KNa channels depresses interneuron activity, leading to 
disinhibition and reduced feed-forward inhibition of cortical 
pyramidal neurons. The physiologic role of KNa channels 
suggests that the involvement of those channels in distinct 
disorders may cause a spectrum of focal epilepsies through 
triggering critical circuit junctures or choke points and con-
tributing to development of epilepsy [61, 72]. As mentioned 
above, increased homotypic synaptic connectivity in patients 
with Slack-associated epilepsy, subsequently participate in 
enhanced counter-inhibition inducing disinhibition or alter-
ing oscillatory coupling, or intensive connections of local 
recurrent excitatory circuits. It not only causes hyperexcita-
tion in local microcircuits, but also activates neuronal activi-
ty in the distal regions [17].The hypothesis that epileptic 
seizures begin with the malfunction of certain microcircuits 
and develop to the activation of the whole seizure network 
may help explain why those patients with Slack-associated 
epilepsy frequently have focal or multifocal macroscopic 
epileptiform origins. However, the discrepancies between 
excitatory and inhibitory neurons in the KNa channels should 
be noted. 
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Fig. (1). Human variants in KNa channels subunits topography. (A) Schematic diagram of Slack channels subunits topography. (B) Schematic 

diagram of Slick channels subunits topography. Red sites represent variants which are found in patients with EIMFS. Black sites represent 

variants which are found in patients with ANDFLE or NFLE. Green sites represent mutation sites that are found in patients with other severe 

epilepsy, such as OS, EOEE, West syndrome, leuko-encephalopathy et al. Orange sites represent mutation sites that are found in three pheno-

types. *sites represent mutation are showed in EIMFS and other severe epilepsy patients. # sites represent variants are showed in EIMFS and 

ADNFLE patients. ♦represent variants are showed in ADNFLE and other severe epilepsy patients. ☆ sites represent variants with loss of func-

tion. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
 

Selective expression might not be the major cause of the 
differential effects on neuronal populations due to the wide-
spread expression of KNa channels in the central nervous 
system (CNS) [24, 28]. Previous studies have underlined the 
diversity in the properties of neuronal KNa channels. Based 
on observing at least five different alternative splicing of 
Slack channels [26], Chen et al. found that Slick and Slack-B 
subunits could assemble to form heteromeric channels that 
differed in biophysical properties of the homomers on many 
central neurons [34]. Therefore, candidate mechanisms in-
volving glutamatergic and GABAergic neurons specifically 
express unique splice forms of Slack channels that interact 
with channels/proteins, which attributes to the differences of 
KNa channels in neurons. 

7. ESTABLISHING MODELS TO BRIDGE THE CLIN-
ICAL PHENOTYPES WITH BASIC RESEARCHES 

Genetic models, including cellular and animal models, 
permit researchers to span the gap between micro- and mac-
ro- networks, although they lack cell-type-targeted control. 
Twelve studies have identified 22 Slack pathogenic variants, 
and 2 studies have identified 3 Slick pathogenic variants in 
patients with EIMFS, ADNFLE, OS, leukoencephalopathy, 

and other severe epilepsy (see in Fig. 1 and Table 2) [9-11, 
14, 31, 61-63, 68, 73-77].  

Among those variants, several sites have been transferred 
on cellular or animal models to explore their role in regulat-
ing IKNa, including the details regarding how the variants 
cause epilepsy at the molecular, (sub)cellular, and network 
scales. Those variant sites are mainly located on the pore 
region between S5 and S6, and the C-terminus contains two 
RCK domains or binding sites of the nicotinamide adenine 
(NAD+). It is obvious that Slack and Slick channels associ-
ated variants were highly pleiotropic among multiple epilep-
tic diseases. Interestingly, genotype-phenotype relationships 
of Slack variants are not represented as one-to-one corre-
spondence. For example, although ADNFLE and EIMFS are 
strikingly different epilepsy syndromes, it has been reported 
that p.Arg398Gln and p.Gly288Ser are associated with these 
two distinct phenotypes, even within the same family [31, 
72, 77]. Furthermore, whether or not there are some relations 
between variants and clinical characters of patients with dif-
ferent epileptic phenotypes are unknown. On the one hand, 
facing EIMFS beginning in earlier infancy is more detri-
mental when compared with ADNFLE beginning in mid-
childhood. Milligan et al. deduced that this difference might 
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Table 2.  Variants in KNa channels associated with human epileptic phenotypes. 

Epileptic       

phenotypes 
Homo       Variants 

Rat      

Variants 
Models Results 

Slack/GOF 

EIMFS [9] 

p.Arg428Gln 

p.Arg474His 

p.Ile760Me 

p.Ala934Thr 

p.Arg409Gln 

p.Ala913Thr 

 

Transfected Xenopus oo-

cytes  

They produced two to threefold greater than 

IKNa in wild-type, similar with phosphory-

lated at Ser407. 

EIMFS [11] 
p.Gly288Ser 

p.Met516Val
 Transfected    CHO cells 

Variants carried larger currents and showed 

higher sensitivity to blockade compared to 

wild-type. 

EIMFS [31] 

p.Gly288Ser

p.Arg398Gln 

p.Arg428Gln 

p.Arg474His

p.Ala934Thr 

p.Gly269Ser

p.Arg379Gln 

p.Arg409Gln          

p.Arg455His  

p. Ala913Thr 

Transfected    Xenopus oo-

cytes 

All produced increases in current amplitude 

between 3-22 folds relative to the wild-type 

channel. 

EIMFS [62] 

p.Arg428Gln 

p.Ala934Thr 

p.Pro924Leu 

 
Transfected Xenopus oo-

cytes 

All Slack variants caused a marked increase 

in function. 

EIMFS [63] 

p.Val271Phe

p.Gly288Ser 

p.Arg428Gln 

p.Arg474His 

p.Ile760Met 

p.Ala934Thr 

p.Val252Phe

p.Gly269Ser 

p.Arg409Gln 

p.Arg455His 

Ile739Met 

p.Ala913Thr 

Transfected Xenopus oo-

cytes 

All variants caused increases in function due 

to enhanced sodium sensitivity. 

EIMFS [68] p.Pro924Leu  iPSC-derived       neurons 

The variant caused an increased KNa current 

by shortening the duration of AP and in-

creasing the amplitude of AHP. 

EIMFS [73] 

p.Tyr796His 

p.Arg428Gln 

p.Lys629Asn 

 
Transfected Xenopus oo-

cytes 

The variants caused the increased KNa cur-

rent, which could be reduced by quinidine. 

EIMFS [75] 
�

p.Arg474His p.Arg455His 
Transgeneic KCNT1+/R455H, 

KCNT1R455H/R455H   mice 

KCNT1+/R455H mice showed persistent IEDs, 

spontaneous seizures, and a substantially 

decreased threshold for PTZ-induced sei-

zures. 

EIMFS [76] 

p.Leu274Ile 

p.Val271Phe 

p.Phe346Leu   

p.Phe502Val  

p.Met896Lys 

p.Ala934Thr  

 

Transfected Xenopus oo-

cytes;  

Homology model 

( p.Phe346Leu;  

p.Phe502Val) 

All variants resulted in significantly in-

creased channel amplitude and variable 

blockade by quinidine. 

EIMFS [77] p.Gly288Ser  - 

Computational analysis suggested possible 

changes in the molecular structure and ion 

channel property due to trapping potassium 

ions. 

ADNFLE 

[10] 

p.Arg398Gln 

p.Tyr796His 

p.Met896Ile 

p.Arg928Cys

- - 
Whole-exome sequencing firstly identified 

four variants of Slack channels in ADNFLE. 

(Table 2) contd…. 
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Epileptic       

phenotypes 
Homo       Variants 

Rat      

Variants 
Models Results 

ADNFLE [31] 

 

 

p.Gly288Ser

p.Arg398Gln 

p.Tyr796His 

p.Met896Ile 

p.Arg928Cys 

�
p.Gly269Ser 

�
p.Arg379Gln 
�

p.Tyr775His 

p.Met875Ile 

p.Arg907Cys 

Transfected Xenopus oo-
cytes 

All produced ranged from 1.5-11 folds 
increases in current amplitude compared to 

the wild-type channel. 

ADNFLE [62] 

�
p.Arg398Gln 
�

p.Tyr796His 
�

p.Met896Ile 
�

p.Arg928Cys 

 

 

 

Transfected Xenopus oo-
cytes 

All variants caused increases in function, 
which are much smaller compared with that 

in EIMFS. 

ADNFLE [63] 

p.Arg398Gln 

p.Tyr796His 

p.Met896Ile 

p.Arg928Cys 

�
p.Arg379Gln 
�

p.Tyr775His 

p.Met875Ile 

p.Arg907Cys 
Transfected Xenopus oo-

cytes 

All variants caused an increase in function 
due to enhanced sodium sensitivity or in-

creased Maximal Po. 
Childhood idio-
pathic epilepsy 

[63] 

p.Ala945Thr 

 

p.Ala924Thr 

 

Leukoencephalo-
pathy [63] 

p.Phe932Ile 

 

�
p.Phe911Ile 

 

ADNFLE [17] p.Tyr796His
�

p.Tyr777His Transgeneic 
KCNT1Y777H/Y777H   mice 

KCNT1Y777H/Y777H   mice caused epileptic 
and behavioral phenotypes similar to those 

of patients.  

West syndrome 
[15] 

p.Gly652Val 
  

Quinidine decreased epileptic spasms and 
decreased epileptiform paroxysmal activity 

in patients. 

OS [31] 
p.Ala966Thr 

 

p.Ala945Thr 

 

Transfected Xenopus oo-
cytes 

It produced 13 folds increase in current 
amplitude. 

Slack/LOF 

EOEE [74] p.Phe932Ile p.Phe911Ile Transfected      CHO cells 
The variants produced a LOF phenotype 

that was insensitive to the established open-
er. 

Slick/GOF 

EOEE [14]  pPhe240Leu - 
Transfected CHO cells, 

oocytes, and rat DRG neu-
rons 

Reversed [Cl-]i sensitivity and loss of exclu-
sive selectivity to K+ and a larger inward 
conductance caused increased ISlick at rest 

state. 

Slick/LOF 

EIMFS [61] pLys564Ter  - 
Transfected  

CHO cells 

It decreased the global current density of 
heteromeric channels by �25%.  

EOEE [61] p.Leu48Qfs43  
Transfected  

CHO cells 

It decreased the global current density of 
heteromeric channels by �55%. 

Abbreviation: ADNFLE: Autosomal dominant nocturnal frontal lobe epilepsy; AHP: afterhyperpolarization; AP: action potential; EIMFS: Epilepsy of infancy with migrating focal 
seizures; EOEE: early onset epileptic encephalopathy; GOF: gain of function; IED: interictal discharge; LOF: loss of function; OS: Ohtahara syndrome; Po: open probability; PTZ: 

pilocarpine.  indicated mutant sites which have done functional tests; indicated corresponding heterologous homo mutant sites but without functional tests. 

 
be caused by a 5-fold increase in IKNa produced by EIMFS 
variants, whereas a 3-fold change was observed with 
ADNFLE variants. The larger increase in EIMFS might en-
hance network excitability in the immature infant brain, thus 
resulting in ongoing multifocal seizures. In contrast, the 
smaller increase in ADNFLE may not be adequate to induce 
seizures until a later stage of development, even potentially 
limiting pathology of the frontal lobe [62]. However, this 
viewpoint was challenged by Kim et al. in their study, con-
trary to the clinical severity, there was a 3-fold increase in 
Slack channels’ activity produced by p. Arg409Gln in 

EIMFS while an 11-fold increase produced by p.Tyr775His 
in ADNFLE. It showed that the magnitude of the increase in 
Slack variants in an expression system could not easily be 
associated with the clinical manifestations [31].  

On the other hand, it is possible to connect the location of 
the variant sites with clinical symptoms. ADNFLE is charac-
terized by clusters of focal motor seizures arising from sleep 
without intellectual disability frequently [78]. However, it 
has been reported that ADNFLE associated with GOF vari-
ants of Slack channels often display a severe delay in cogni-
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tive development [10]. There are some interesting connec-
tions between clinical features and basic research. Firstly, 
consistent with recurrent frontal lobe seizures, higher expres-
sion of Slack channels is located in the frontal cortex [27]. 
Meanwhile, it has been reported that NAD

+
 and nicotinamide 

adenine dinucleotide phosphate (NADP) can activate Slack 
channels expressed in HEK293 cells [79]. The level of 
NAD

+
 regulated by the core clock machinery becoming 

higher in darkness most likely accounts for ADNFLE pa-
tients with GOF variants of Slack channels, including 
M896I, Y796H, and R928C, which are adjacent to or within 
a putative NAD

+
-binding site, ongoing nocturnal seizures 

[62, 80]. Secondly, FXS is an inherited neurological disease 
featuring salient intellectual disability and autism spectrum 
disorder (ASD) due to the absence of  FMRP, which is 
known to interact with target mRNAs and other binding 
partners in nuclear and cytosolic processing [81]. Brown et 
al. found that FMRP activated the Slack channels by binding 
to and interacting with its C-terminal domain [48]. In subse-
quent studies, Slack channels might serve as a developmental 
modulator of cell plasticity underlying normal cognitive de-
velopment without affecting the autistic phenotype [82, 83]. 
Considering that the co-diagnosis rate between FXS and epi-
lepsy patients is up to 18%-25%, it is worth exploring 
whether mutated Slack channels still interact with FMRP to 
contribute to normal cognitive development [84, 85]. Fur-
thermore, it is reasonable to deduce that multiple epileptic 
phenotypes with variant sites located on the C-terminal do-
main of Slack channels tend to present with intellectual disa-
bility. This may inform clinicians to make notes of Slack-
associated variants, especially those sites within the C-
terminal domain of Slack channels when treating patients 
with epilepsy associated with intellectual disability.  

8. NOVEL APPROACHES FOR DISRUPTING EPI-
LEPTOGENIC NETWORK 

Although existing genetic models provide more details 
about changes at the single cell level to explain macroscop-
ic epileptic expressions, they are limited by the lack of cell-
type-targeted control, synchronized observation on several 
scales with varying spatio-temporal resolution, and optimal 
models simulating human disease to evaluate how Slack 
and Slick channels associated changes cause subsequent 
seizures. 

Optogenetics may help utilize cell-type-targeted control 
by using light to mediate the genetically defined cell popula-
tions with spatio-temporal precision [86-88] and become a 
prospective tool to control seizures [89, 90]. Additionally, 
with more or less differences from human patients, estab-
lished genetic animal models within Slack- associated vari-
ants suggest analogous underlying processes [17, 75]. Using 
a multiplatform approach, it is possible to bridge phenotyp-
ing of the Slack-associated variant mouse model and deeper 
cellular mechanism on a discrete time and place. As men-
tioned above, one of the hypotheses regarding how increas-
ing IKNa causes the excitability of neuronal networks is fo-
cused on the imbalanced expression of KNa channels between 
excitatory and inhibitory neurons. In the future, combining 
optogenetics and genetic animal models could determine 
which type of neurons fails in tuning the regular rhythm on 
Slack-associated variant mouse model.  

In addition, it can also help to detect the specific cell type 
by identifying the cellular sources of neuroimaging signals, 
which requires high-density microelectrode arrays that offer 
a way to track the activity of neuron populations and identify 
individual neurons according to their unique character of 
discharge [17, 91]. Unfortunately, it is difficult to separate 
overlapping spike waveforms during seizures for microelec-
trode recordings [92]. Combining genetic tools with optical 
methods make it more feasible to observe specific neuron 
population activity at larger scales with varying spatio-
temporal resolution than separate applications [93]. Howev-
er, the technologies mentioned above are still limited in 
transferring microscopic observation to corresponding mac-
roscopic EEG patterns. New techniques and a more compre-
hensive understanding of seizure dynamics are in demand for 
basic epilepsy research. In silico computational model ena-
bles researchers to simulate the immature brain, reproduce 
the interictal EEG pattern of patients, and connect the micro-
scopic scale with macroscopic scale to observe how changes 
at the microcircuit level influence and contribute to macro-
scopic seizure properties [94]. According to frequency-
intensity curves in each neuronal type, Kuchenbuch et al. 
constructed a computational model by modifying the wave-
to-pulse functions of the various sub-populations in patients 
using GOF variants of Slack channels [69]. To establish a 
more precise computational model, more electrophysiologi-
cal properties of KNa channels based on various neuron types 
are in urgent need to simulate the complexities of the human 
brain.  

9. IMPLYING VALUE OF KNa CHANNELS FOR 
ASMS DISCOVERY  

Slack and Slick-associated epilepsies often manifest as 
multidrug-resistant genetic neurological diseases with psy-
chiatric, behavioral, and cognitive disabilities, such as 
EIMFS [95, 96]. Recent studies found that there were more 
patients with GOF variants of Slack channels in clinical 
practice, especially in patients with EIMFS, suggesting that 
Slack channels might be promising drug targets for Slack-
positive patients [9, 10]. Quinidine, a known antiarrhythmic 
drug, has been reported to be able to normalize the increased 
KNa currents by nonspecifically inhibiting K

+
 current on the 

rodent or human Slack variant heterologous systems in pre-
vious studies [62, 97]. Below are several clinical studies that 
investigated the efficacy of quinidine on Slack-associated 
epilepsies (see in [98]). Based on the published inconsistent 
results, the causes of differences in the efficacy of quinidine 
among Slack-associated epilepsies remain unknown. Ac-
cording to the review by Wang et al., compared to patients 
with ADNFLE and other epileptic syndromes, quinidine 
therapy tended to be more effective in patients with EIMFS 
and West syndrome carrying the variants of Slack channels. 
It may suggest that the efficacy of quinidine was dependent 
on the epilepsy phenotype [98]. In addition, based on the 
patients recruited in their center, Mikati et al. observed that 
4/4 patients <4 years of age showed quinidine responsive-
ness, while 0/4 patients >4 years showed no response to 
quinidine. This suggested that age may be a factor since 
quinidine may have a greater permeability across the blood 
brain barrier (BBB) in younger patients. This potentially 
affected the response to quinidine therapy [73, 99]. Other 
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considerations including cerebral drug levels, dose-
dependent prolonged QT interval (QTc), injury age of onset, 
and past neuronal injury may affect the response to quini-
dine. The efficacy of quinidine might also be caused by the 
frequency of seizures from the early neonatal phase, which 
may have already resulted in persistent brain injury prior to 
the administration of quinidine [100]. A recent study showed 
that GOF variants of Slack channels in animal models might 
cause changes in neuron-subtype-specific membrane currents 
and synaptic connections [17]. Early therapy with quinidine 
will be recommended in order to facilitate the repairment of 
ion channel currents since these deficits are more difficult to 
reverse later [101]. Due to limited cases performed previous-
ly, randomized controlled trials (RCT) are needed to identify 
the relationship between the multi-factors and the efficacy of 
quinidine therapy. 

However, quinidine is limited by its poor specificity, poor 
BBB penetration, and interaction with other ASMs.  Other 
antiarrhythmic drugs such as bepridil work as a more potent 
blocker of Slack channels with an IC50 of 1.0 μM, whereas 
quinidine inhibits currents with an IC50 of 89.6 μM in HEK 
cells [97]. Clofilium, which is also an antiarrhythmic drug, 
crosses the BBB with its large hydrophobic alkyl side chains, 
as well as inhibits KNa channels expressed in Xenopus oocytes 
[102]. Nevertheless, these three drugs mentioned above are 
presented with low-specific selectivity in KNa channels inhibi-
tion. Cole et al. summarized new inhibitors of Slack channels 
according to high-resolution cryogenic electron microscopy 
(cryo-EM) structure-based virtual screening [103]. Two out of 
100 000 compounds-BC13 and BC14, were identified to show 
limited cytotoxicity and specificity in preliminary toxicity 
screens [104]. In a recent study, using a high-throughput thal-
lium flux assay, Spitznagel et al. found low micromolar 
VU0606170 reduced excitability and spontaneously firing rate 
of cortical neurons by raising inhibitory tone in the brain 
[105]. Similarly, Griffin et al. found that Compound 31 re-
duced both seizure frequency and interictal spikes in a P924L 
variant mouse model [106]. However, it requires future clini-
cal studies to explore the effects of these drugs. 

CONCLUSION 

In this paper, we reviewed the molecular and cellular 
properties of two KNa channels, Slack and Slick, which are 
widely expressed in CNS and uniquely expressed in neurons. 
At the single cell level, they modulate neuronal firing rates 
and tune neuronal rhythm under physiological state. Howev-
er, more studies reported that patients with ADNFLE and 
EIMFS tend to carry GOF variants of Slack channels needed. 
This emphasized its double-edged role and inconsistency in 
tuning the individual neuron and populations at microscopic 
and macroscopic scales. Furthermore, it suggested that vari-
ants in Slack channels may produce profound effects on neu-
ronal function through cytoplasmic biochemical pathways, 
circuits, synaptic connections, and development patterns 
instead of simply setting the level of neuronal excitability. 
Here we summarized the proposed hypotheses regarding 
how GOF variants of KNa channels lead to epileptic seizures 
from varying scales, including a single cell as well as a mi-
crocircuit level, even a larger macroscopic scale. To resolve 
this micro-macro disconnection, advanced techniques, such 
as combining genetics and other neuroimaging tools for 

basic epilepsy research, are in need. Finally, due to the sever-
ity of Slack and Slick-associated epilepsies, we also explored 
whether quinidine could be a promising drug for Slack-
positive epilepsies. Future studies should take greater in-
sights into the underlying mechanisms of these variants and 
provide us with validated targets for developing novel 
ASMs.  
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