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ABSTRACT 

Epilepsy is characterised by spontaneous recurrent seizures that are caused by an imbalance between 

neuronal excitability and inhibition. Since ion channels play fundamental roles in the generation and 

propagation of action potentials as well as neurotransmitter release at a subset of excitatory and 

inhibitory synapses, their dysfunction has been linked to a wide variety of epilepsies. Indeed, these 

unique proteins are the major biological targets for antiepileptic drugs. Selective targeting of a specific 

ion channel subtype remains challenging for small molecules, due to the high level of homology among 

members of the same channel family. As a consequence, there is a growing trend to target ion channels 

with biologics. Venoms are the best known natural source of ion channel modulators, and venom 

peptides are increasingly recognised as potential therapeutics due to their high selectivity and potency 

gained through millions of years of evolutionary selection pressure. Here we describe the major ion 

channel families involved in the pathogenesis of various types of epilepsy, including voltage-gated Na+, 

K+, Ca2+ channels, Cys-loop receptors, ionototropic glutamate receptors and P2X receptors, and 

currently available venom-derived peptides that target these channel proteins. Although only a small 

number of venom peptides have successfully progressed to the clinic, there is reason to be optimistic 

about their development as anti-epileptic drugs, notwithstanding the challenges associated with 

development of any class of peptide drug. 
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1. Introduction 

Epilepsy, which is characterised by recurrent seizures due to uncontrolled electrical discharge of 

cerebral neurons, is one of the most prevalent neurological disorders [1]. Some epilepsies are triggered 

by congenital malformations or physical traumas such as brain injury, stroke, infections, or brain 

tumour, and 30–40% have a genetic origin; however, in ~50% of cases the underlying cause of the 

epilepsy is unknown [1]. The impact of a seizure differs significantly from person to person, as do the 

clinical manifestations which can include prolonged loss of consciousness, and motor, sensory, 

autonomic or psychic symptoms [2]. More than 65 million people worldwide have epilepsy [3], of 

which about one-third suffer from ongoing, refractory epilepsy that cannot be controlled with 

currently available antiepileptic drugs (AEDs) [4]. Even those patients whose seizures can be controlled 

with AEDs often suffer from side-effects such as sedation, dizziness, somnolence, and ataxia. Moreover, 

sudden unexpected death in epilepsy (SUDEP) is seen not only in patients with uncontrolled chronic 

epilepsy, but also in seemingly well-controlled patients during a seizure [5]. Therefore, there is a critical 

unmet need for more effective and safer therapies for epilepsy patients, particularly those with 

comorbidities such as depression, anxiety, migraine, and cognitive impairment [4]. 

The pathogenesis of epilepsy is highly complex, as it can result from primary genetic abnormalities or 

secondary to other structural or metabolic disorders. A recent study summarised 977 epilepsy 

associated genes, among which ion channel-encoding genes predominate [6]. Ion channels are 

fundamental not only for generating and modulating neuronal excitability, but also for maintaining 

cellular ion homoeostasis and membrane potential, and consequently they are critical for many cellular 

activities, such as neurotransmitter release, muscle contraction, signal transduction, hormone 

secretion, volume regulation, growth, and motility [7]. More than 300 ion channels have been 

identified in humans. Gain-of-function (GOF) or loss-of-function (LOF) mutations in ion channel genes 

have been reported to cause diverse epilepsy phenotypes with distinct mechanisms [8]. Ion channel 

modifiers are therefore highly desirable drug candidates for treating different types of epilepsies. 
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Animal venoms, in particular those produced by venomous invertebrates, are a rich resource of highly 

potent and specific ion channel modifiers, because targeting ion channels is the most efficient way for 

venomous animals to rapidly immobilise prey or deter predators [9]. Invertebrate venoms are complex 

chemical cocktails that are rich in disulfide-rich peptides. These peptides typically have high thermal 

and chemical stability as well as resistance to proteases [10], and therefore they have become valuable 

as pharmacological tools [11], bioinsecticides [12, 13], and therapeutics [9, 14, 15]. For example, the 

FDA-approved analgesic drug ziconotide (trade name Prialt®), is a disulfide-rich peptide from venom 

of the marine cone snail Conus magus that inhibits a specific subtype of voltage-gated calcium (CaV) 

channel. It has been successfully used to treat severe chronic pain in patients that are intolerant or 

refractory to systemic analgesics or intrathecal morphine [16]. Venom peptides from various species 

are currently under investigation for the treatment of an extremely diverse range of pathologies (e.g. 

[17-20]), including epilepsy [21-23]. This review will focus on the pathogenic roles of epilepsy-

associated ion channels and progress in using venom peptides to develop both tools and precision 

therapeutics for epilepsy. 

2. Epilepsy as a channelopathy 

According to the World Health Organisation, epilepsy accounts for 1% of the global disease burden 

with an estimated prevalence of 4–10 per 1,000 population [24]. The life expectancy of patients with 

epilepsy is 2–3 times lower than that of the general population, and increased mortality is an issue for 

all epilepsy patients [5, 25]. Causes of death can be broadly divided into three groups: unrelated to 

epilepsy (e.g. respiratory infections and cardiovascular disease outside the nervous system) [26]; the 

underlying neurological disorders related to pathology in symptomatic epilepsy (e.g., stroke and brain 

tumour) [27, 28]; and direct epilepsy-related causes such as suicide, seizure-related accidents, status 

epilepticus (SE), and SUDEP [29-31]. In children and adolescents, epilepsy is often attributed to birth 

trauma, congenital abnormalities or genetic disorders. In middle-aged adults and the elderly, the onset 

is predominantly due to strokes, tumours and cerebrovascular diseases. The detailed underlying 
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mechanism of epilepsy development is unknown in more than half of all epilepsy cases, but the current 

available knowledge of the central nervous system (CNS) sets a solid foundation for our exploration of 

the pathophysiology of epilepsy. 

2.1 Pathophysiology of epilepsy 

The cerebral cortex comprises two broad classes of neurons: principal neurons and interneurons. 

Principal neurons such as pyramidal neurons are mainly excitatory neurons that transmit information 

to distant neurons, whereas interneurons (e.g., basket cells) are integral for local inhibition via 

formation of inhibitory feedback circuits. Neurons communicate via a combination of electrical and 

chemical processes through action potentials and neurotransmitters respectively [32]. Action 

potentials arise from membrane depolarisation and encode information in their frequencies and 

patterns in neuronal cell bodies. They then rapidly propagate down the axon to induce 

neurotransmitter release at the axon terminal. These processes are mediated by a diverse range of ion 

channels [7]. Voltage-gated ion channels are responsible for axonal conduction within a neuron, 

whereas ligand-gated ion channels are involved in synaptic transmission between neighbouring cells. 

In the mammalian cortex, glutamate and γ-aminobutyric acid (GABA) are the most abundant excitatory 

and inhibitory neurotransmitters, respectively. Due to their ability to exert either excitatory or 

inhibitory effects on postsynaptic neurons, these neurotransmitters play a major modulatory role in 

brain excitability and, consequently, in epilepsy [33].  

The normal neuronal activity in the brain relies on a finely tuned balance between ongoing excitatory 

and inhibitory inputs regulated by ion channels. Seizures can be conceptualised as occurring when 

there is over-excitation or reduced inhibition, leading to uncontrolled hyperexcitability of individual 

neurons and hypersynchronous firing of neuronal networks; however, this is an oversimplification. 

There are numerous seizure types and epilepsy syndromes associated with an abnormal increase in 

inhibition [34, 35]. In addition, inhibitory synaptic function occurs later in development, as at an early 

developmental stage GABA causes excitation of neurons [36], and during the second postnatal week, 
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the balance between excitation and inhibition is established [37]. This may explain why the developing 

cerebral cortex is highly susceptible to  s. The imbalance between excitation and inhibition can result 

from an alternation at many levels of brain function, from genes and subcellular signalling cascades to 

the whole neuronal network [38]. For focal onset seizures, epileptogenic networks are distributed in 

only one half of the cerebrum and were thought to arise by an acquired or congenital structural lesion 

including stroke, trauma, tumour and brain infection [39]. By contrast, generalised onset seizures 

originate within bilaterally distributed networks, and are thought to be driven by genetic abnormalities 

[40]. These networks can include cortical and subcortical structures and do not necessarily involve the 

whole cortex [41]. 

2.2 Ion channels involved in epilepsy 

A genetic basis has long been recognised as a major underlying cause of epilepsy. In 1995, CHRNA4, 

which encodes the α4 subunit of the nicotinic acetylcholine receptor (nAChR), was the first gene 

identified as an underlying cause of epilepsy in a family with autosomal dominant nocturnal frontal-

lobe epilepsy (ADNFLE) [42]. Since then, many studies have begun to unravel the genetic contribution 

to epilepsy. Many early pathogenic gene discoveries were made in families with Mendelian inheritance; 

however, in some cases, epilepsy occurs sporadically without any family history due to de novo somatic 

mutations [43, 44]. Somatic mutations, which arise in somatic cells and are not inherited, can occur at 

any time after fertilisation to cause epilepsy or other neurological diseases [45]. With the advent of 

molecular genetics and bioinformatic tools, the detection of causative mutations or genes in epilepsy 

patients has led to early and accurate diagnosis as well as etiology-specific treatment of various 

epilepsies. Genes encoding ion channel subunits predominate in the pathogenic genes detected [6]. 

Many of the ion channels implicated in genetic epilepsies are localised to different neuronal subtypes 

and intracellular compartments (Figure 1). Table 1 summarises the ion channel genes linked to various 

epilepsy syndromes along with the proposed molecular and cellular deficits. However, it is important 

to note that a genetic defect does not solely define the cause of epilepsy, as the environmental 

influences cannot be excluded.  
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The involvement of ion channels in genetic epilepsy has been extensively studied in vitro and in vivo. 

Heterologous expression in non-neuronal models (e.g., Xenopus oocytes or mammalian cell lines) 

combined with electrophysiological recordings is commonly used to examine the biophysical and 

molecular properties of mutated ion channels associated with epilepsy [46]. This approach can reveal 

why the genetic variant causes seizures compared to the wild-type channel. However, a disadvantage 

of this approach is that mutant channels may behave differently when expressed in non-native cellular 

environments, and no information is obtained at the level of neuronal networks. In order to 

understand the effects of mutations on intrinsic neuronal properties, they can be expressed in rodent 

primary cultures [47] or neuronal cultures derived from induced pluripotent stem cells (iPSCs) obtained 

from patients [48]. In addition, more sophisticated animal models (e.g., Drosophila, zebrafish, and 

rodents) not only provide an experimental platform for understanding epileptogenic mechanisms that 

are more predictive of human brain processes, but allow testing of new therapeutic approaches [49, 

50]. If a single causative gene defect gives rise to a common functional change, this might help devise 

suitable gene-specific therapeutics; however, this is not always the case. There is considerable genetic 

heterogeneity for some inherited epilepsies, in which mutations of multiple genes within either 

individuals or between different individuals lead to the same syndrome [46, 51]. For example, familial 

syndrome generalised epilepsy with febrile seizures plus (GEFS+) is usually inherited in an autosomal 

dominant manner with incomplete penetrance, and is associated with mutations in various genes 

including SCN1A (α subunit of the voltage-gated sodium channel NaV1.1), SCN1B (NaV channel β1 

subunit), and GABRG2 (γ2 subunit of GABAA receptor) [52-54]. This genetic variation in patients poses 

a major challenge for understanding the precise mechanisms that underlie epileptogenesis. 

Adding to this complexity, the correlation between the genotype and phenotype of inherited epilepsies 

is often opaque, with mutations that have opposing effects on ion channels sometimes leading to 

disorders with similar or overlapping clinical features. For example, both GOF and LOF mutations in 

SCN2A, the gene encodes the pore-forming α-subunit of NaV1.2, have been identified in patients with 

self-limited familial neonatal-infantile epilepsy (formerly called benign familial neonatal-infantile 
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epilepsy) [55, 56]. Similarly, both GOF and LOF mutations in KCNQ2, the gene encoding the voltage-

gated potassium (Kv) channel Kv7.2, can lead to KCNQ2 epilepsy [57]. 

2.3 Current pharmaceutical treatment of epilepsy 

AEDs are the first line of treatment for epilepsy. They are often effective in decreasing the frequency 

of seizures, but side effects are common [58, 59]. Mechanisms of AED action are beyond the scope of 

this review and have been covered extensively elsewhere [60]. However, most AEDs reduce the 

excitability of individual neurons by enhancing GABA-mediated inhibitory neurotransmission, 

inhibiting glutamate-mediated excitatory neurotransmission, or modulating NaV channels or CaV 

channels (Table 2).  The type of AED prescribed depends on the patient’s age, type of epilepsy, cost, 

medical history, comorbidities and overall health [61]. In particular, elderly patients are vulnerable to 

adverse drug reactions due to age-related changes in pharmacodynamics and pharmacokinetics, frailty, 

and increased risk of comorbidity [62].  

Despite the availability of AEDs, about one-third of patients suffer from intractable, drug-resistant 

seizures [63, 64]. For example, Dravet syndrome (DS) is an epileptic encephalopathy characterised by 

childhood-onset polymorphic seizures, multiple neuropsychiatric comorbidities, and a high mortality 

rate [65, 66]. More than 30 years after its discovery, there is still no standard treatment DS. The only 

two FDA-approved drugs for DS, cannabidiol (CBD) and stiripentol (STP), both cause dose-limiting side 

effects. More than 90% of patients treated with CBD experience side effects such as fatigue, diarrhea 

and upper respiratory tract infection, while STP is associated with anorexia and weight loss [67]. Thus, 

these drugs are limited to symptomatic management of epileptic seizures, and there is an urgent need 

to develop disease-specific therapies with minimal side effects.  

3. Venom peptides as therapeutics 

Throughout history, humanity has turned to natural products as a source of medicinal treatments. 

Poisonous and venomous animals are no exception, and they have been used for millennia for treating 

various ailments. For example, toad secretions have been used in traditional Chinese medicine 
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for > 1,000 years, while tarantulas have been used in the traditional medicine of indigenous 

populations in Central and South America to treat conditions ranging from cancer to asthma [9]. 

However, it was not the last half of the 20th century that scientists began to isolate individual 

components from animal venoms and examine their potential as therapeutics.  

The most studied animal venoms to date are those from snakes, marine cone snails, scorpions, and 

spiders. Snake and lizard venoms have only moderate biochemical complexity, and, although there are 

exceptions, they tend to target the neuromuscular and cardiovascular systems of their prey [68]. 

Moreover, the primary components of reptile venoms are large peptides and proteins, and thus these 

venoms are not an ideal source of ion channel modulators with therapeutic potential. In contrast, the 

venoms of invertebrate predators such as ants, assassin bugs, centipedes, cone snails, scorpions and 

spiders target the nervous system of their prey and they are replete with disulfide-rich peptides that 

have evolved to target neuronal ion channels and receptors with exceptional potency and  selectivity 

[69-74]. Hence these venoms have proven to be a rich source of ion channel modulators with potential 

for development as pharmacological tools and as therapeutics for treating a wide range of neurological 

disorders, including epilepsy [75-79].   

3.1 Why venom peptides? 

Peptides are the dominant components of most invertebrate venoms. This is because venomous 

animals have evolved utilising a genetic strategy that enables massive duplication and diversification 

of a small number of ancestral toxin genes in order to produce a combinatorial library of bioactive 

peptides [80-82]. Although the vast majority of venom components remain pharmacologically 

uncharacterized, the increasing availability of proteomic and transcriptomic analyses, high-throughput 

screening platforms, efficient methods for chemical and recombinant production of venom peptides, 

and advanced nuclear magnetic resonance (NMR) spectroscopy techniques, has facilitated the 

discovery of venom peptides with novel pharmacology and therapeutic potential [83]. 

The use of peptides as drugs presents major challenges such as poor membrane permeability and oral 
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bioavailability. However, they have numerous advantages over small molecules, including high 

specificity and potency for their targets, lack of tissue accumulation, minimal drug-drug interactions, 

and efficient metabolism [84, 85]. Also, challenges in peptide manufacture are being overcome by 

progress in chemical synthesis and recombinant production methods [86-90]. This may explain in part 

why biologics have a higher success rate than small molecules for progression from Phase I clinical 

trials to FDA approval [91]. Six venom-derived peptides and proteins have been approved by the FDA 

as therapeutics, while many more biologics from animal venoms are currently in clinical trials or in 

preclinical development [9, 15]. 

3.2 Spider venom: a remarkable example illustrating a rich source of ion channel modulators 

Spiders, which evolved in the late Ordovician ~450 million years ago [92], are the most successful 

venomous animal with more than 48,400 extant species [93]. Spider venom is a highly complex cocktail 

comprising a heterogeneous mixture of peptides, proteins, small organic molecules, and inorganic salts 

[12, 70, 94, 95]. Peptides are the dominant components of most spider venoms, and many of these 

peptides target ion channels [12]. Spider-venom peptides are largely disulfide-rich molecules of 3.0–

4.5 kDa in mass. The most common structural motif present in spider toxins is the inhibitor cystine 

knot (ICK), in which one of the disulfide bridges pierces a loop formed by the other two disulfide bonds 

and the intervening sections of the peptide backbone (i.e., Cys1–Cys4, Cys2–Cys5 and Cys3–Cys6; 

Figure 2A) [96-98]. One of the defining structural features of the ICK motif is a β-hairpin loop located 

in the C-terminal region. There are many variants of the ICK fold [82] including ββ (e.g., huwentoxin-IV 

and J-ACTX-Hv1c), βββ (e.g., ACTX-Hi:OB4219), 310ββ (e.g., hanatoxin 1), and βββ310 (e.g., δ-

atracotoxin-Hv1) folds (Figure 2B). In the examples shown, an additional fourth disulfide bridge is 

located either in one of the loops or between a loop and the C-terminal region (highlighted in red; 

Figure 2B). The ICK motif provides these venom peptides with extraordinary stability by enhancing 

their resistance to chemical, thermal and proteolytic degradation [10, 99].  

4. Venom-derived modulators of epilepsy-related Nav channels 
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4.1 Nav channel family and their biophysical properties 

NaV channels play a fundamental role in normal neurological function, especially in the initiation and 

propagation of action potentials (APs). They are composed of a large central pore-forming α subunit 

in complex with one or two auxiliary β subunits [100]. In 1980, the first NaV channel α subunit was 

identified using scorpion toxins by photoaffinity labelling [101]. To date, nine pore-forming NaV 

channel α-subunits, denoted NaV1.1–1.9, have been cloned from mammals with >50% identity in their 

transmembrane (TM) and extracellular domains [102]. They are all organised into four homologous 

but non-identical domains (DI–DIV), each containing six TM segments (S1–S6) joined by intracellular 

and extracellular linkers (Figure 3A). The S1–S4 segments constitute a voltage-sensing domain (VSD), 

while the S5–S6 segments from each domain come together to form the pore domain (Figure 3B).  

Most venom peptides that modulate the activity of NaV channels are so-called “gating modifiers” that 

bind to one or more of the VSDs and alter the kinetics and/or voltage-dependence of channel 

activation and/or inactivation [103], although some are simple pore blockers that bind to the pore 

domain and sterically obstruct entry of Na+ ions [104]. Recent advances in cryo-electron microscopy 

(cyro-EM) along with the ability of toxins to stabilise NaV channels in particular gating states has 

enabled 3D structures to be obtained for several eukaryotic NaV channels [e.g. [104-107]]. These 

structures have provided critical information about the binding sites for venom peptides that modulate 

NaV channel activity (Figure 3C).    

Gating modifier toxins usually bind preferentially to one of the three basic gating states of the channel 

(i.e., open, closed and inactivated; Figure 3D). At the resting membrane potential (–65 to –75 mV for 

most neurons), NaV channels remain in a closed conformation, where the activation gate is in a closed 

position and the inactivation gate is in an open position. Upon membrane depolarisation above 

threshold levels, the channels shift into an open conformation within milliseconds (a process called 

activation), resulting in the influx of sodium ions down their electrochemical gradient from the 

extracellular space to the cell interior. Within milliseconds after opening, the inactivation gate closes 

and NaV channels rapidly enter a non-conducting state via a process termed fast inactivation. Transient 
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sodium ion influx through open NaV channels rapidly produces macroscopic current traces seen in 

whole-cell patch-clamp experiments (Figure 3E). This transient current is responsible for the rising 

phase of the AP in most excitable cells. 

4.2 NaV1.1-activating venom peptides for treatment of DS epilepsy 

Three Nav channel α subunits, namely NaV1.1, NaV1.2 and NaV1.6, have been reported to play 

pathogenetic roles in epilepsy (Table 1). Heterozygous LOF mutations in the NaV1.1 gene (SCN1A) are 

the main cause of DS [108]. In the brain, NaV1.1 is primarily found in the axon initial segments of fast-

spiking GABAergic inhibitory interneurons [109]. Thus, LOF mutations in SCN1A cause diminished 

Nav1.1 currents and reduce the electrical excitability of GABAergic inhibitory interneurons. This 

perturbs the balance between excitation and inhibition in neural circuits throughout the brain and 

leads to hyperexcitability (Figure 4A,B) [110]. Therefore, frontline AEDs that inhibit NaV channels, such 

as carbamazepine, lamotrigine and phenytoin, are contraindicated in DS as they would lead to 

enhanced disinhibition and greater hyperexcitability of postsynaptic excitatory neurons (Figure 4A). 

Instead, a drug that activated the reduced population of functional NaV1.1 channels in DS interneurons 

might be a useful AED for this epilepsy as it would target the underlying molecular deficit.  

To date, there are no small molecules that selectively activate NaV1.1. However, two paralogous 

peptides (Hm1a and Hm1b) that selectively potentiate NaV1.1 were recently isolated from venom of 

the Togo starburst tarantula Heteroscodra maculata [111]. Hm1a/1b contain three disulfide bonds 

(Figure 4C) that form an ICK motif (Figure 4D). These peptides are gating modifiers that bind to the DIV 

VSD to inhibit fast inactivation of NaV1.1, which enhances the activity of the channel and leads to 

sustained currents (Figure 4E). Hm1a was able to restore the function of inhibitory interneurons from 

DS mice (i.e., transgenic mice with a human DS mutation), without affecting the firing of excitatory 

neurons, and intracerebroventricular infusion of Hm1a into DS mice abolished seizures within 4 days 

and dramatically increased overall survival [21].  

It remains to be seen whether stimulation of NaV1.1 activity by inhibition of fast inactivation is the best 
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approach for enhancing interneuron function in DS. For example, an alternative approach might be to 

stimulate channel activation. Scorpion-venom peptides were recently isolated that both inhibit 

channel inactivation and enhance channel activation [23]. While these venom peptides are not 

sufficiently selective for NaV1.1 to be useful as therapeutic leads, they nevertheless raise the possibility 

that venom peptides could be isolated with dual potentiating activity on NaV1.1 that might be useful 

for treatment of DS.  

4.3 Venom-peptide modulators of other NaV channels involved in epilepsy  

A plethora of both LOF and GOF mutations in SCN2A (encoding the α subunit of the NaV1.2) and SCN8A 

(encoding the α subunit of the NaV1.6) are associated with familial epilepsies (Table 1). As mentioned 

previously, mutations of SCN2A have been identified in pedigrees with BFNIE, which is inherited in an 

autosomal dominant manner. BFNIE is characterised by early onset of multiple seizure types (i.e., focal 

and generalised onset seizures) and spontaneous remission in the first year of life [112, 113]. A number 

of de novo SCN2A mutations have also been reported in patients with epileptic encephalopathy, 

including West syndrome, Otahara syndrome, Lennox-Gastaut syndrome, and autism spectrum 

disorder [114, 115]. In addition, SCN8A mutations have been identified in patients with self-limited 

familial infantile epilepsy (formerly called benign familial infantile epilepsy, BFIE) and early-infantile 

epileptic encephalopathy type 13 (EIEE13) [56, 116, 117]. Unlike NaV1.1, which is found on 

interneurons, NaV1.2 and NaV1.6 are primarily localised to the axon initial segments of excitatory 

neurons in the cerebral cortex [118, 119]. The relationship between functional alterations in these two 

channel subtypes and neuronal hyperexcitability remains to be determined. Given the primary 

expression patterns of NaV1.2 and NaV1.6, selective pharmacological inhibition could, in principle, 

counteract the imbalance between excitation and inhibition in the brain, and it explains why most 

frontline AEDs are NaV channel blockers.  

There are numerous venom peptides that modulate the activity of NaV1.2 and NaV1.6, but none that 

are selective for these channels over other NaV channel subtypes. Examples include the spider-venom 
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peptides β/ω-theraphotoxin-Tp2a (ProTx-II) from Thrixopelma pruriens and β-theraphotoxin-Ps1a 

(PaurTx-III) from Paraphysa scrofa, which inhibit activation of NaV1.2 and NaV1.6 (and other NaV 

channels) at low nanomolar concentrations [120-122]. While the lack of subtype selectivity precludes 

the use of these venom peptides as therapeutic leads, they have nevertheless proved useful as 

pharmacological tools. For example, PaurTx-III was recently used to delineate the role of NaV1.2 in 

brain excitability and febrile seizure generation [123]. Similarly, while venom peptides that activated 

NaV1.2 or NaV1.6 would be contraindicated in most epilepsies, they might be useful pharmacological 

tools. An interesting example of such a peptide is β-hexatoxin-Mg1a from the hexathelid spider 

Macrothele gigas which facilitates NaV1.2 channel opening by inducing a hyperpolarising shifting in the 

voltage dependence of activation [124].  

5. Venom-derived modulators of epilepsy-related voltage-gated potassium channels  

The voltage-gated potassium (KV) channel family comprises a functionally diverse group of K+-selective 

channels that are involved in a variety of physiological processes including maintenance and regulation 

of resting membrane potentials, repolarisation of neuronal and cardiac action potentials, regulation of 

Ca2+ signaling and cell volume, and promotion of cellular proliferation and migration [7]. Humans 

contain 40 genes encoding KV channels, which are divided into 12 subfamilies (KV1.x–KV12.x) on the 

basis of amino acid sequence [7]. The prototypical KV channel has a tetrameric structure in which each 

subunit is composed of six TM segments denoted S1 to S6, reminiscent of one domain of Nav channels. 

Similar to  Nav channels, the S5 and S6 segments from each monomer of a KV channel cluster together 

in a circular formation to form the ion-permeation pathway across the cell membrane [125], while the 

remaining S1–S4 segments form four VSDs that surround the central pore [126].  

Our current understanding of the ion selectivity and gating of KV channels has been significantly 

impacted by venom peptides. For example, a variety of pore-binding scorpion toxins were utilised to 

identify and characterise the pore-forming region of a KV channel protein [127-129]. This led to the use 

of venom peptides to measure the outer pore of KV channels as well as determine the subunit and 
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functional stoichiometry of inactivation gates in a Shaker K+ channel [130-133]. Venom peptides have 

also been used to examine the localisation and physiological roles of individual channel subtypes [134].  

Many forms of epilepsy are associated with mutations in genes that encode KV channels (Table 1). One 

of the first KV-related epilepsies discovered was episodic ataxia, which is caused by point mutations in 

the gene KCNA1 that encodes KV1.1 [135].  Episodic ataxia is an autosomal dominant human disorder 

that produces persistent myokymia and attacks of generalized ataxia [135]. The generalised or focal 

onset seizures experienced by these patients are associated with a number of heterozygous LOF point 

mutations that alter channel function, most frequently by reducing current amplitude [135]. This 

discovery led to the identification of other KV channel mutations that cause epilepsy through a variety 

of different epileptogenic mechanisms. For example, mutations in the gene KCNC1 that encodes KV3.1 

lead to development of progressive myoclonus epilepsy due to the decreased excitability of fast-

spiking GABAergic interneurons [136], while mutations within KCNQ2, which encodes KV7.2, lead to 

various forms of epilepsy including self-limited familial neonatal epilepsy and vitamin B6-responsive 

epilepsy through reduction of the so-called M current [137, 138].  

Whilst KV-related epilepsies are predominantly caused by reduced channel function, hyperactivity of 

KV channels can also cause epilepsy, such as in Temple-Baraitser Syndrome (TBS) and Zimmerman-

Laband Syndrome 1 (ZLS). TBS and ZLS are both multisystem developmental disorders characterised 

by refractory epilepsy, intellectual disability, facial dysmorphism and hypoplasia or aplasia of the nails 

of the thumb and great toe [43, 139, 140]. Due to the presence of early onset, intractable, generalised 

stiffening seizures, individuals affected by TBS and ZLS often have a short life expectancy and suffer 

from various other developmental disorders and comorbidities [43, 139]. In TBS and ZLS patients, GOF 

mutations within the KCNH1 gene that encodes Kv10.1 lead to a reduced threshold for channel 

activation [43, 139]. This is proposed to cause faster neuronal firing and seizures [139].  

There are currently no effective treatments for managing seizures in TBS/ZLS patients, and no targeted 

therapeutics in development. Known inhibitors of KV10.1 have either moderate selectivity but low 
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potency (e.g., imipramine) or are moderately potent inhibitors of KV10.1 but even better inhibitors of 

the closely related KV11.1 (hERG) channel (e.g., astemizole) [22]. Whilst KV10.1 is predominantly found 

in the brain, KV11.1 is primarily expressed in cardiac tissue where it plays a key role in determining the 

duration of the plateau phase of the cardiac action potential [141]. Inhibition of hERG can lead to long 

QT syndrome and enhanced risk of sudden death [141] and therefore the FDA mandates that all drug 

candidates be screened to ensure they do not inhibit this channel. Thus, development of AEDs that 

selectively inhibit KV10.1 is likely to be extremely challenging because of its close homology with hERG.  

Venom peptides are more likely to provide selective inhibition of Kv10.1 than small molecules and, 

moreover, they are more likely to be able to correct the hyperactive channel phenotype caused by 

TBS/ZLS mutations. These mutations cause a hyperpolarising shift in the voltage-dependence of 

channel activation [43, 139], so restoration of wild-type activity might be best achieved with a gating 

modifier peptide that has the opposite effect, rather than a pore blocker that simply inhibits the 

channel. With this in mind, Ma and colleagues performed an electrophysiological screen of arachnid 

venoms against KV10.1 and identified two spider-venom peptides (Aa1a and Ap1a) that shift the 

voltage-dependence of KV10.1 activation to more depolarised potentials, thereby counteracting the 

mutant phenotype [22]. Ap1a has good potency for KV10.1 (IC50 236 nM), 35-fold selectivity for KV10.1 

over Kv11.1, and it is exceptionally stable in human serum and cerebrospinal fluid due to its ICK 

architecture [22]. This combination of high potency and selectivity for KV10.1 and excellent stability in 

biological fluids makes Ap1a a useful lead for the development of KV10.1-targeted AEDs.  

6. Venom-derived modulators of epilepsy-related voltage-gated calcium channels 

Humans contain ten voltage-gated calcium (CaV) channels organised into three subfamilies (CaV1, CaV2 

and CaV3). These channels have similar Ca2+ selectivity but different physiological functions [142]. The 

four subtypes of CaV1 channels (CaV1.1–CaV1.4) perform roles ranging from initiation of contraction 

and secretion in skeletal muscle to the regulation of gene expression, integration of synaptic input in 

neurons, and synaptic transmission at ribbon synapses in specialised sensory cells [143-145]. CaV2 
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channels (CaV2.1–CaV2.3) initiate synaptic transmission at fast synapses, and they are involved in 

nociceptive signalling within the spinal cord [146], while members of the Cav3 subfamily (CaV3.1–3.3) 

are involved in repetitive initiation of action potentials in rhythmically firing cells [147, 148]. In general, 

functional CaV channels are a complex of several subunits: a transmembrane pore-forming α1 subunit, 

a membrane-attached α2δ subunit, an intracellular β subunit and, in some cases, a transmembrane γ 

subunit [149]. The α1 subunit, which has similar architecture to Nav channels, forms the ion conducting 

pore. The associated subunits have  variety of functions including modulation of the expression, 

trafficking, and electrophysiological and pharmacological properties of the channel [150, 151]. The 

diversity in CaV channel structure ultimately leads to various voltage-gated Ca2+ currents with different 

physiological, pharmacological and regulatory properties.  

Venom peptides have contributed significantly to the characterisation of Cav channels, and they are 

the defining pharmacology for some subtypes. For example, Cav2.2 currents are characterised by their 

insensitivity to small-molecule CaV1 blockers and sensitivity to the cone snail venom-peptide ω-

conotoxin-GVIA [152]. P-type Cav2.1 currents are characterised by their sensitivity to the spider-venom 

peptide ω-agatoxin-IVA [152]. Q-type currents mediated by a splice variant of Cav2.1 can distinguished 

from P-type currents by their low affinity for ω-agatoxin-IVA. Finally, Cav2.3 currents were identified 

by their resistance to most organic and peptidic Ca2+ channel inhibitors but high sensitivity to the 

spider-venom peptide SNX-482 [153]. Venom peptides have also contributed to the understanding of 

CaV channel structure and physiology. For instance, when ω-conotoxin-GVIA was determined to 

selectively bind to CaV2.2 channels, it facilitated their purification and studies of their cellular 

localisation and roles in calcium entry, neurotransmitter release, and neuronal migration [154]. 

Due to their essential physiological role in signal transduction, various forms of epilepsy have been 

associated with mutations in CaV channels (Table 1). For example, the development of epileptic 

encephalopathy has been linked to LOF mutations in the CACNA1A gene that encodes the α1 subunit 

of Cav2.1 [155]. As noted above, Cav2.1 channels are important mediators of synaptic transmission. 
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Reduced P/Q-type channel function could therefore lead to altered neurotransmitter release in cortical 

neurons, and reduce evoked excitatory synaptic potentials in thalamic neurons [156, 157]. 

Ancillary subunits regulate CaV channel function and membrane localisation of the pore-forming α1 

subunit, so it is not surprising that mutations in the β4 subunit of CaV2.1 are also associated with 

various forms of epilepsy, including juvenile myoclonic epilepsy [158]. GOF mutations within the 

CACNA1H gene that encodes the α1 subunit of Cav3.2 have been linked to the development of both 

temporal lobe epilepsy and juvenile myoclonic epilepsy [159]. T-type channels are expressed in 

thalamic neurons with high densities, where they depolarise the membrane potential to generate low-

threshold spikes that trigger bursts of action potentials [160]. It remains to be determined how GOF 

Cav3.2 channels cause epilepsy in humans, but animal models suggested that elevated T-type currents 

might boost the excitatory postsynaptic potential, leading to an increase in intrinsic burst firing [161]. 

The venoms of most invertebrate predators are rich in CaV channel modulators [69]. Many cone-snail 

venom peptides have been isolated that target CaV channels [162], and one that selectively targets 

CaV2.2 has been developed as an intrathecal analgesic for management of intractable chronic pain [16]. 

CaV channel modulation is also the dominant pharmacology in spider venoms; about 45% of all 

described ion channel modulators from spider venom target these channels [163]. Some of these 

spider-venom peptides have exceptional subtype selectivity, such as ω-agatoxin-IVA described above, 

while others have broader activity. For example, peptide PnTx3-6 (also known as Phα1β, PhTx3-6) from 

venom of the lethal Brazilian armed spider Phoneutria nigriventer targets all Cav2 subtypes (N, P/Q, 

and R) [164] and it is in preclinical studies for treatment of numerous disorders including pain [165], 

multiple sclerosis [166], pruritus [167], and glioma [168]. We are unaware of any venom peptides that 

target CaV channels being studied in the context of epilepsy, but the diversity of CaV channel 

modulators in animal venoms suggests they may be a valuable source of pharmacological tools and 

therapeutic leads for CaV channel-related epilepsies. 

7. Epilepsy related ligand-gated ion channels and their toxin modulators 
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7.1 Ligand-gated ion channels – the largest epilepsy related channel group 

Rapid electrical signalling initiated by ligand binding is an essential component of neural activation. 

This process is mediated by families of ligand-gated ion channels (LGICs) that convert the chemical 

stimulus of ligand binding to an electrical current across a cell through an intrinsic ion channel. LGICs 

perform both excitatory and inhibitory functions in the CNS, depending on the electrochemical 

gradient of the neuron and the selectivity of the channel. They are grouped into families based on 

structural similarities, and include trimeric, tetrameric and pentameric receptors (Figure 5). 

7.1.1 Cys-Loop Receptors 

Cys-loop receptors mediate both excitatory and inhibitory synaptic transmission, converting 

presynaptic chemical neurotransmitter release into postsynaptic electrical signals. They are defined by 

a common quaternary structure of five subunits symmetrically or pseudosymmetrically arranged 

around a central ion-conducting pore. Many, but not all, Cys-loop receptors contain a signature Cys-

loop in the extracellular domain, which gives the superfamily its name [169]. Mammalian members of 

this superfamily include the nicotinic acetylcholine receptor (nAChR), γ-aminobutyric acid type A 

(GABAA) receptor, glycine (Gly) receptor, and 5-HT3 (serotonin) receptor [169]. Related glutamate-

gated chloride channels (GluCl) are found in invertebrates [170]. Each subunit has a prototypical 

tertiary structure consisting of a large N-terminal extracellular domain, four TM -helices (M1–M4) 

connected by a short intracellular M1-M2 and extracellular M2-M3 loops and a larger intracellular M3-

M4 loop, and a short extracellular C-terminal  domain (Figure 5A, 5D) [169]. The pore of the channel is 

surrounded by amino acids of the M2 domain, and it conducts Na+/Ca+ ions in the case of nAChR and 

5-HT3A receptors, and chloride ions in the case of GABAA, Gly and GluCl receptors [171]. 

The neuronal nAChR and GABAA receptors are known for their rich pharmacology that is determined 

both by the large subunit heterogeneity, and the presence of orthosteric and allosteric binding sites 

that make them suitable drug targets [172]. Human genome sequencing has identified at least 19 
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GABAA receptor subunit genes (α1-6, β1-3, γ1-3, δ, ε, θ, π and ρ1-3), while the neuronal nAChRs can 

be formed from combination of α2–α7, α9–α10, and β2–β4 subunits [173] . 

All mammalian pLGICS have a native ligand-binding site in the extracellular domain at the interface 

between two subunits [174]. In addition, there are multiple allosteric binding sites in the extracellular 

domain and within the TM regions where positive allosteric modulators such as barbiturates, 

neurosteroids and general anesthetics can bind. Antagonists also bind at a variety of sites within the 

extracellular domain, the channel pore, and other sites within the TM regions [175].  

7.1.2 Ionotropic glutamate receptors 

The ionotropic glutamate receptors (iGluRs) mediate the majority of excitatory neurotransmission in 

the CNS. Members of this family of receptors include the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA), and kainaite receptors [176]. These 

receptors have a distinct modular structure that differs from that of the Cys-loop receptors. iGluRs are 

tetrameric with four domains arranged in distinct domain layers including the extracellular N-terminal 

domain (NTD), a ligand-binding domain (LBD), a TM region, and a cytosolic C-terminal domain [177]. 

The extracellular domains of the iGluR form a dimer of intertwined dimers, while the channel pore is 

a symmetrical or pseudosymmetrical arrangement of subunits around the central cation-conducting 

pore [178]. In contrast to the Cys-loop receptors, the ligand-binding domains are located within single 

subunits rather than the subunit interface (Figure 5B,E). Glutamate binds between two domains, D1 

and D2, within the ligand-binding domain. NMDA receptors also require glycine as a co-agonist for 

channel gating [177, 179]. The pharmacology of NMDA and AMPA receptors encapsulates positive 

allosteric modulators and antagonists that bind at sites distinct from the glutamate, or glycine, binding 

site to alter the opening of the channel [177].  

7.1.3 P2X receptors 

The P2X receptors are a family of ATP-gated ion channels involved in purinergic signalling. There are 

seven mammalian subunits, P2X1–7 that can assemble into homo- or heterotrimers that play a role in 
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physiological processes as diverse as smooth muscle contraction, synaptic transmission, inflammation, 

hearing, and taste [180]. Structurally, there are several distinct domains: an extracellular domain that 

contains the ligand binding site; two TM helices that form a non-selective cation-conducting pore; and 

N- and C-terminal intracellular domains (Figure 5C,F). The pharmacology of P2X receptors includes 

different sensitivities of the receptors to ATP and ATP analogs, and a variety of selective small molecule 

antagonists [180]. P2X receptors have not been asscociated with genetic epilepsies, so we focus here 

on the tetramic and pentameric LGICs. 

7.2 LGICs and genetic epilepsies 

Next-generation sequencing has enabled identification of a host of genes previously not known to be 

associated with epilepsy, including many encoding for diverse LGICs subunits, in addition to those 

discovered through familial studies and rational gene discovery approaches. Variants in genes 

encoding GABAA, nAChR, AMPA and NMDA subunits have all been associated with various epilepsies. 

7.2.1 Genetic epilepsies of GABAA Receptors 

GABAA receptors form chloride channels, most often mediating chloride influx into neuronal cells to 

inhibit neuronal activity when activated. The classical view of GABAA receptors is the role they perform 

in synaptic inhibition. For instance, in inhibitory GABAergic interneurons an action potential 

propagated by Nav1.1 channels initiates the release of high concentrations of GABA across the synaptic 

cleft. GABA then binds to GABAA receptors on postsynaptic neurons to initiate a conformational change 

that is propagated through to the TM region to open an intrinsic chloride channel. The influx of chloride 

then hyperpolarises the cell membrane, inhibiting the neuron and reducing neuronal activity.  

After NaV channels, genes encoding GABAA receptors are some of the most frequently identified 

variants that cause childhood epilepsies. Like most genetic epilepsies, there is a considerable range of 

severity for patients with variants in the same gene, from mild absence seizures to the severe epileptic 

encephalopathies and DS [181] (Table I). Initially, variants were discovered in γ2 and α1 subunits that 

impaired receptor activation [182, 183]. Later, studies of de novo patients from the EpiK consortium 
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discovered variants in the β3 subunit associated with epileptic encephalopathies, developmental delay 

and movement disorders [184]. Today, genetic variants in the α1, α2, α3, α5, α6, β1, β2, β3 and γ2 

subunits have been associated with de novo epileptic encephalopathies, with the likelihood of more 

subunits to follow. 

The general consensus is that a reduction in GABAergic inhibitory transmission is the underlying cause 

of seizures in GABAA genetic epilepsies. Importantly, patients with these variants are often refractory 

to therapeutic intervention; although GABAergic drugs are available for therapeutic use, including 

several indicated for epilepsy, there is an unmet clinical need for better therapies for these patients. 

7.2.2 Genetic epilepsies of nAChRs 

The first example of a genetically transmissible form of epilepsy through a variant in a gene encoding 

an LGIC was CHRNA4, the gene that encodes the α4 subunit that is incorporated into the major 

neuronal nAChR subtype, α4β2 [42]. Subsequently, variants were identified in the α2, α4 and β2 

subunits that cause autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE), a disorder 

characterised by seizures that are usually nocturnal, lasting for a few seconds to a several minutes 

[185]. 

ADNFLE-associated variants are GOF mutations, with increased currents elicited by acetylcholine [186]. 

The α4β2 nAChR exists in two stoichiometries: 2α4:3β2 that contains two high-affinity sites for ACh, 

and 3α4:2β2 that contains an additional low-affinity site for ACh [187]. Generally, epilepsy-associated 

variants cause increased receptor activation when either two or three ACh molecules are bound, 

regardless of stoichiometry [188].  

7.2.3 Genetic epilepsies of iGluRs 

The extremely rapid, sub-millisecond gating kinetics of AMPA receptors allows fast propagation of 

signals between nerve cells. Recent genetic evidence strongly implicates LOF and/or altered Ca2+-

permeability of GluA2 variants with seizures, epileptic encephalopathies, intellectual disability and 
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neurodevelopmental disorders such as autism spectrum disorder, but it is not yet clear how these 

variants lead to the development of seizures [189].  

NMDA receptors mediate a slow component of synaptic excitatory neurotransmission in the brain and 

CNS, predominantly through Ca2+ flux. There is clear genetic evidence that associates NMDA receptors 

with epileptic encephalopathies, with de novo variants identified in the GRIN1, GRIN2A, GRIN2B and 

GRIN2D genes that encode the GluN1, GluN2A, GluN2B and GluN2D subunits, respectively [190]. In 

vitro electrophysiological studies of these variants have revealed that some enhance agonist potency, 

decrease sensitivity to negative modulators including magnesium, protons and zinc, prolong the 

synaptic response time course, and increase single-channel open probability, suggesting increased 

NMDA receptor activation and neuronal hyperexcitability [191]. However, other variants, including 

truncation mutants, appear to cause LOF, indicating that the subunit composition of NMDA receptors 

is critical for normal neurodevelopment [192]. Interestingly, a patient with the GluN2D p.Val667Ile 

variant that increases glutamate and glycine potency by 2-fold and increases channel open probability 

by 6-fold, responded well to adjunct therapy with memantine, a voltage-dependent, low-affinity 

uncompetitive blocker of NMDA receptors [193]. This demonstrates the potential for NMDA receptor 

antagonists to be used as precision AEDs for specific variants. 

7.3 Therapeutic potential of venom peptides that target LGICs 

7.3.1 GABAA receptors 

GABAA receptors are attractive drug target for several reasons, including their role in neuronal 

inhibition, their remarkable subunit heterogeneity, and the presence of multiple allosteric drug binding 

sites located at the interface between different subunits [194]. As such, GABAA receptors have long 

been known as effective AED targets for the treatment of seizures. Positive allosteric modulators of 

GABAA receptors are still routinely used in the treatment of life-threatening status epilepticus, 

including the benzodiazepines diazepam, lorazepam and midazolam, the barbiturates phenobarbital 

and pentobarbital, and the general anaesthetic propofol [194]. Additionally, the GABAergic system is 
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a target of adjunct therapies. As previously described, in DS, two important recent drug additions to 

the clinic, stiripentol and cannabidiol, are modulators not just of GABAA receptors per se, but also the 

activity of benzodiazepines [195, 196]. In both cases, the drugs inhibit the enzymatic breakdown of the 

anticonvulsant as well as being positive allosteric modulators of GABAA receptors. When searching for 

venom peptides that target GABAA receptors, the usefulness of a peptide that enhances the activity or 

increases the concentrations of known AEDs should not be overlooked. 

Although many venom peptides have been  isolated that target LGICs, relatively few have been shown 

to target GABAA receptors. However, two disulfide-rich venom peptides (MmTX1 and MmTX2) from 

venom of the Costa Rican coral snake Micrurus mipartitus [197] are selective ligands at GABAA 

receptors. MmTx1 paralysed wild-type Caenorhabditis elegans, but not a C. elegans variant with a 

disruption of the gene encoding for the GABAA receptor. Competition-binding experiments in rat 

synaptosomes demonstrated that MmTx1 is selective for GABAA receptors and competes with 

muscimol, a potent agonist of GABAA [197]. MmTx1 is a positive allosteric modulator of GABAA 

receptors recombinantly expressed in HEK293 cells, and it also prolongs the deactivated state of the 

receptor. When injected into mouse brain, the consequences of this pharmacological mechanism is 

clear, with initial periods of reduced basal activity, followed by bursts of intense seizures, 

demonstrating the potent proconvulsant effect of increased GABAA receptor desensitisation [197],; 

this phenomenon also occurs in patients with epilepsy-causing variants in GABAA receptors that 

increase desensitisation [198]. For venom peptides that target GABAA receptors to be effective AEDS, 

they need to have the correct pharmacodynamic (PD) profile, with the desired receptor selectivity and 

be true positive allosteric modulators, even before the complex requirements of pharmacokinetics (PK) 

and brain penetration are even considered. Nevertheless, the rich diversity of LGIC modulators found 

in animal venoms makes them a promising source to find a lead compound with the right 

pharmacological and PK/PD profile. 

7.3.2 nAChRs 
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Genetic and pharmacological evidence for the role of nACh receptors in the pathophysiology of 

epilepsy has largely been restricted to mild ADNFLE. In this disorder, it is thought that increased ACh 

sensitivity causes an unbalance in fine-tuning of the cortico-reticular thalamic and thalamocortical 

loops, leading to abnormal synchronisation of neuronal networks initiating seizures [199]. No 

modulators of nACh receptors are in clinical use, however lamotrigine, an AED that primarily works as 

a NaV channel blocker, has also been reported to block α4β2 nACh receptors [200]. Notably, the 

smoking-cessation drug varenicline, a partial agonist of α4β2 nACh receptors, contains a black box 

warning for seizure induction as an adverse effect [201].  

An inherent problem in developing therapeutically useful nAChR modulators is that subtype selectivity 

is essential for a drug to be clinically useful [202]. Compounds that inhibit muscle-type nACh receptors 

at the neuromuscular junction, such as the potent snake toxin α-bungarotoxin, would be dangerous as 

they could cause paralysis and respiratory failure [203]. While toxins that inhibit these receptors are 

ideal for prey capture, ligands that are selective for the structurally similar nAChR subtypes expressed 

in the brain are required for therapeutic use [204]. Fortunately, animal venoms are an abundant source 

nAChR modulators, including the most subtype-selective nAChR ligands discovered to date [205, 206].  

The largest group of venom peptides that target nAChRs are the α-conotoxins derived from venomous 

marine cone snails (genus Conus). These two-disulfide peptides that have a characteristic C-C-Xm-C-Xn 

framework. Some α-conotoxins have exceptional subtype selectivity and are used as the defining 

pharmacology for some nAChR subtypes [205, 206]. While other venomous animals such as scorpions 

[207], snakes [204, 208], and spiders [209] also contain peptides that modulate nAChRs, they mostly 

lack the subtype selectivity of the α-conotoxins. 

Although venom peptides that target specific nAChR subtypes are promising therapeutic leads, they 

are more likely to be developed for indications other than epilepsy [210]. nAChRs appear to play a less 

important role in the pathogenesis of seizures than other ion channels, as shown by the less severe 

phenotypes of patients with variants in nAChR subunits. 
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7.3.3 AMPA receptors 

Glutamate is the major excitatory neurotransmitter in the brain, and iGluRs, including AMPA receptors 

(AMPARs), mediate the majority of glutamatergic neurotransmission. In the 1990s, there was great 

interest in the iGluRs as a target for AEDs, with NMDA receptors thought to play a pivotal role in the 

initiation of seizures [211]. It was demonstrated that seizure activity in some in vivo and in vitro 

epilepsy models was suppressed by NMDA receptor antagonists, however in most slice models, both 

NMDA and non-NMDA receptors had to be blocked to fully suppress epileptiform discharges. Indeed, 

in certain models, simply blocking non-NMDA receptors was sufficient [212-214]. NMDA receptor 

activity was found to be critical in synaptic plasticity with a key role in long-term potentiation, altering 

the expression and type of AMPA receptors expressed at the cell surface.  Therefore, the selectivity of 

antagonists for AMPA over NMDA receptors is extremely important in the development of 

therapeutics, and this culminated in the approval of perampanel, a non-competitive antagonist of 

AMPARs, as an AED [215]. 

Venoms may be a useful source of selective AMPAR antagonists with anti-epileptic effects. Several 

classes of venom toxins target AMPARs, including polyamine toxins from spiders and wasps that are 

use-dependent blockers of AMPARs; these toxins are widely employed as potent antagonists of 

receptor subtypes lacking GluA2 subunits [216]. For instance, the polyamine toxins JSTX‐3, NPTX‐1 and 

NPTX‐8 from venom of the orb‐weaving spider Trichonephila clavata are potent but non-selective 

blockers of iGluRs. JSTX-3 blocks induced epileptiform activity in rat hippocampal neurons, but its 

action appears to be mediated, at least in part, via NMDA receptors [217].  

 To be therapeutically useful AEDS, venom compounds that target iGluRs would need display high 

selectivity for specific subtypes, and there is some evidence that such compounds might be found in 

animal venoms. For example, peptide PnTx4-5-5 isolated from the venom of the spider P. nigriventer 

selectively inhibits NMDA receptors with little to no activity on other iGluRs [218]. High-throughput 

screening of venoms against specific iGLuR subtypes might uncover more peptides with potential as 

pharmacological tools or therapeutic leads for iGluR-related epilepsies. 



27 
 

8. Conclusions and future perspectives 

Precision epilepsy therapy relies on therapeutics that target the underlying pathological defect, which 

is often an ion channel. Even though ion channels have become the third most common human drug 

target after kinases and G-protein-coupled receptors [219], development of ion channel drugs is often 

extremely challenging. A major challenge in AED development is avoidance of side-effects caused by 

both on-target and off-target mechanisms. For example, deleterious side-effects could be caused by 

activity on target ion channels outside of the pathological neuron types or brain areas, or by excessive 

activity on the targeted channel in the brain. For example, one might predict that pharmacological 

over-stimulation of NaV1.1 channels in the context of DS might lead to excessive inhibition of excitatory 

neurons, leading to sedation or more serious side-effects. Another major difficulty is achieving subtype 

selectivity when there are several homologous members within an ion channel family. Again in the 

context of DS, an agonist that stimulated NaV1.2 in excitatory neurons in addition to NaV1.1 in 

inhibitory neurons might worsen the epileptic phenotype by leading to even higher level of excitability 

[21]. Achieving subtype selectivity is particularly difficult for small-molecule drugs, because they 

provide only a small interaction surface with the target channel. Biologics, represented by antibodies 

and peptides, enable more extensive interactions with the target channel because of their much larger 

size and consequently they often provide better potency and subtype selectivity. Biologics have 

therefore become a growing trend in ion channel drug discovery [220].  

Animal venoms are rich in disulfide-stabilised peptides that have been evolutionarily tuned over tens 

to hundreds of millions of years to target ion channels with exceptional potency and selectivity. 

Modern proteomic and transcriptomic technologies enable venom peptidomes to be elucidated 

rapidly using minute amounts of venom [221-223], and high-throughput screening techniques allow 

rapid identification of venom peptides with activity against ion channel targets [83, 224, 225]. Crucially, 

automated electrophysiology platforms now enable identification of state-dependent modifiers of the 

target channel, which is not achievable with imaging-based assays. For example, it may be preferable 

to target the open or inactivated state of NaV channels to achieve use-dependent modulation, whereas 
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it might be better to identify activators that target the closed state of KV channels in which LOF 

mutations are implicated in epilepsy. Thus, although the application of venom peptides to the study 

and treatment of epilepsy is in its infancy, there is huge potential for the discovery of venom peptides 

that selectively modulate the activity of epilepsy-related ion channels. Regardless of their therapeutic 

potential, many of these peptides are likely to be useful pharmacological tools for dissecting the 

physiological role of these ion channels and their contribution to seizure development in epilepsy. 
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Figure legends 

Figure 1. Localisation of voltage-gated and ligand-gated ion channel subunits implicated in genetic 

epilepsies. 

Figure 2. Overview of structural diversity in spider-venom peptides. (A) Schematic representation of 

the ICK motif, with β-strands shown as cyan arrows. The circled numbers indicate cysteine residues 

that are connected by disulfide bonds (shown as yellow lines). Note that the N-terminal β-strand is 

sometimes absent. Right panel shows the NMR solution structure of ω-hexatoxin-Hv1a (PDB 1AXH; 

[226]) with an expansion showing the ICK motif in this toxin. The N- and C-termini are labelled. (B) 

Structural variants of the ICK motif. Ribbon representations of peptide toxins are shown: huwentoxin-

IV (PDB 1MB6; [227]), J-ACTX-Hv1c (PDB 1DL0; [228]), ACTX-Hi:OB4219 (PDB 1KQH; [229]), hanatoxin 

1 (PDB 1D1H; [230]), and δ-atracotoxin-Hv1a (PDB 1VTX; [231]). The 310 helices are shown in orange. 

Core disulfide bonds that form the ICK motif are shown in yellow, whereas additional non-core 

disulfides are shown in red.  

Figure 3. Schematic illustration of vertebrate NaV channel α-subunit structure and gating 

mechanism. (A) Eukaryotic NaV channels comprise four non-identical domains (DI–DIV) joined by 

cytoplasmic loops. Each domain consists of six TM segments denoted S1–S6. Within each domain, 

there are two functionally distinct modules. The S1–S4 segments constitute a voltage-sensing domain 

(VSD, depicted in blue), while the intervening P loop between S5 and S6 segments (depicted in orange) 

of each domain is embedded into the extracellular end of the pore to form the selectivity filter. The 

grey circles represent the outer (EEDD) and inner (DEKA) rings of amino acid residues of the selectivity 

filter. The intracellular loop between DIII and DIV forms the inactivation gate constituted by an IIe-Phe-

Met motif. Adapted from [103]. (B) Top view of the structure of NaVAb from Arcobacter butzleri 

obtained in a closed-pore and activated voltage-sensing domain conformation, at a resolution of 2.7 Å 

(PDB 3RVY). The central pore is shown in orange and the voltage-sensing domain is shown in blue. 

Adapted from [232]. (C) Side views of the structure of NaVPaS from the American cockroach Periplaneta 
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americana, at a resolution of 3.8 Å (PDB 5X0M). The structure was captured in a closed conformation 

with the four VSDs adopting a range of semi-activated states. Each domain is coloured with green for 

the N-terminal domain, orange for the DIII–IV linker, and purple for the C-terminal domain. Adapted 

from [233]. (D) NaV channels exist in at least three functional states (open, closed and inactivated) 

depending on the membrane potential during AP evolution. (E) Classic NaV channel current profile 

recorded from human embryonic kidney (HEK)293 cells using the whole-cell patch-clamp 

electrophysiology technique. Depolarisation of the membrane potential from –80 mV to 0 mV leads to 

opening of the channel and rapid influx of sodium ions through channel pore. Within a few 

milliseconds, the inactivation gate occludes the pore, the channel inactivates, and no current flows. 

Upon membrane repolarisation back to –80 mV, the channel recovers from inactivation and can be 

activated again. 

Figure 4. The role of NaV1.1 in the pathogenesis of Dravet syndrome. (A) NaV1.1 channels are pivotal 

for AP generation in GABAergic inhibitory interneurons (blue). AP generation by NaV1.1 channels at 

the axon initial segment causes membrane depolarisation that activates CaV channels, resulting in 

influx of Ca2+ ions. This triggers exocytotic release of GABA into the synaptic cleft. When GABA binds 

to GABAA receptors on the postsynaptic membrane of excitatory neurons (purple), it causes rapid influx 

of Cl− ions leading to a hyperpolarised membrane potential. This makes it more difficult to initiate an 

AP in the postsynaptic cells. Non-selective NaV channel blockers such as carbamazepine, lamotrigine 

and phenytoin, are contraindicated in DS as they would be expected to decrease depolarisation-

induced Ca2+ ion influx and vesicular release of GABA, leading to enhanced hyperexcitability of the 

postsynaptic excitatory neurons. In contrast, compounds that enhance GABAergic neurotransmission, 

such as stiripentol, clobazam and valproate, are therapeutically beneficial in DS. (B) The neuronal 

networks (depicted as orange/red circuits) located within different brain regions are comprised of 

distinct cell types. Under normal conditions, the activity of excitatory neurons is regulated by inhibitory 

neurons (top row). In DS, LOF mutations in NaV1.1 lead to reduced excitability of inhibitory neurons 

and decreased GABA release. The excitatory neurons thus become disinhibited, resulting in seizures 
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due to uncontrolled hyperexcitability (bottom row). (C) Alignment of Hm1a and Hm1b peptides [111]. 

Cysteine residues characteristic of ICK peptides are shown in bold. Disulfide-bond connectivities are 

illustrated above the sequences. Asterisks denote C-terminal amidation. (D) NMR solution structures 

of Hm1a (PDB 2N6O; [21]) and Hm1b (PDB 6V6T). The N- and C-termini are labelled. The antiparallel β 

strands are coloured blue, whereas the α-helix is coloured red. The three disulfide bonds are shown in 

yellow. (E) Representative currents of human NaV1.1 activated by depolarisation at 0 mV in the 

presence of vehicle (black) or 300 nM Hm1a (red, left) or 300 nM Hm1b (red, right). In the presence of 

Hm1a and Hm1b, there are sustained NaV1.1 currents at the end of a depolarising pulse. 

Figure 5. Schematic illustration of ligand-gated ion channel superfamilies. (A-C) Cartoon depiction 

showing the quaternary and tertiary structures of LGIC superfamilies. (A) The Cys-loop receptors are 

pentameric LGICs with five subunits arranged around a central pore. Each subunit contains a large 

extracellular domain, four TM domains, two short M1-M2 and M2-M3 loops, a large intracellular M3-

M4 loop and a short C-terminal region. The native ligand binds at the interface between two subunits 

in the extracellular domain. (B) The ionotropic glutamate receptors are tetrameric ligand-gated ion 

channels with a dimer of dimers that form four subunits surrounding the ion channel. Each subunit 

contains an extracellular domain, a ligand-binding domain, three TM domains (M1, M3 and M4), and 

an M2 re-entrant loop. The agonist binding site is within a subunit in the extracellular domain. (C) P2X 

receptors are trimeric ligand-gated ion channels with three subunits arranged around a central ion 

channel pore. Each subunit contains two intracellular termini, two TM domains and a large 

extracellular region connecting the M1 and M2 that contains the ATP-binding site between adjacent 

subunits. (D-F) High resolution structures of the (D) 132 GABAA receptor (PDB 6I53; [234]), (E) 

AMPA receptor (PDB 5WEM; [235]), and (F) P2X7 receptor (PDB 6U9V; [236]). 
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Table 1: Overview of epilepsy-related ion channels. 

Channel Gene Subtype Epilepsy 
syndrome 

Molecular 
Phenotype 

Epileptogenic mechanism  Reference 

NaV  SCN1A NaV1.1 
α-subunit 

DS; GEFS+; IS LOF variants  Decreased excitability of fast-spiking 
GABAergic inhibitory interneurons 

 [237-239] 

SCN1B NaV 
β1-subunit 

DS; GEFS+; TLE LOF variants Increased excitability of glutamatergic 
pyramidal neurons 

 [240-242] 

SCN2A NaV1.2 
α-subunit 

BFNIE; DS; EE LOF or GOF variants Increased excitability of glutamatergic 
pyramidal neurons 

 [71, 112, 
243] 

SCN8A NaV1.6 
α-subunit 

BFIE GOF variants Increased excitability of glutamatergic 
pyramidal neurons; reduced 
inhibitory neuron function 

 [117] 

KV  KCNA1 KV1.1 
α-subunit 

EA1 LOF variants  Changes in neurotransmitter release?  [135, 244] 

KCNA2 KV1.2 
α-subunit 

EE, EA LOF or GOF variants Changes in neurotransmitter release?  [245-247] 

KCNB1 KV2.1 
α-subunit 

EE, IE Missense variants Increased neuronal excitability?  [248, 249] 

KCNC1 KV3.1 
α-subunit 

PME LOF variants Decreased excitability of fast-spiking 
GABAergic interneurons 

 [136] 

KCND2 KV4.2 
α-subunit 

TLE Partial LOF 
truncated variants 

Partial loss-of-function truncation 
mutation leads to aberrant neuronal 
excitability 

 [250] 

KCNQ2 KV7.2 
α-subunit 

BFNE, VRE, 
NOEE, DRPE 

LOF variants Reduction in the M-current  [137, 138, 
251-255] 

KCNQ3 KV7.3 
α-subunit 

BFNE LOF variants Reduction in the M-current  [253, 256, 
257] 

KCNH1 KV10.1 
α-subunit 

TBS; ZLS GOF variants Increased neuronal excitability  [43, 139] 

CaV  CACNA1A CaV2.1 
α1-subunit 

EE; IGE LOF variants Changes in neurotransmitter release  [155, 258, 
259] 

CACNA1H CaV3.2 
α1-subunit 

JME; TLE; IGE GOF variants Increased neuronal excitability 
promoting EPSPs? 

 [159, 161, 
260] 

CACNB4 CaV2.1 
β4-subunit 

JME Unknown Unknown  [158] 

GABAA  GABRA1 GABAA 
α1-subunit 

CAE; EE; GEFS+; 
JME 

Impaired GABAergic 
inhibition function 
or expression 

Expected reduction in GABAergic 
inhibition 

 [183, 261, 
262] 

GABRA2 GABAA 
α2-subunit 

EE Impaired GABAergic 
function 

Expected reduction in GABAergic 
inhibition 

 [198] 

GABRA3 GABAA 
α3-subunit 

CAE; EE; IS Impaired GABAergic 
function 

Expected reduction in GABAergic 
inhibition 

 [263] 

 GABRA5 GABAA 
α5-subunit 

EE Increased GABAAR 
desensitisation 

Expected reduction in GABAergic 
inhibition 

 [198] 

 GABRA6 GABAA 
α6-subunit 

CAE Impaired GABAergic 
function 

Expected reduction in GABAergic 
inhibition 

 [264] 

 GABRB1 GABAA 
β1-subunit 

LGS Impaired GABAergic 
function 

Expected reduction in GABAergic 
inhibition 

 [265, 266] 

 GABRB2 GABAA 
β2-subunit 

GEFS+ Missense variant Expected reduction in GABAergic 
inhibition 

 [267] 

 GABRB3 GABAA 
β3-subunit 

CAE; EE; IS; LGS Impaired GABAergic 
inhibition function 

Expected reduction in GABAergic 
inhibition 

 [184, 265, 
268, 269] 

 GABRG2 GABAA 
γ2-subunit 

DS; EE; GEFS+ Impaired GABAergic 
inhibition function 
or expression 
 

Expected reduction in GABAergic 
inhibition 

 [54, 270] 

nAChR CHRNA2 nAChR 
α2-subunit 

ADNFLE; BFIE GOF variants Decreased excitability of fast-spiking 
GABAergic interneurons 

 [271, 272] 

CHRNA4 nAChR ADNFLE GOF variants Changes in neurotransmitter release?  [42] 
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α4-subunit 

CHRNB2 nAChR 
β2-subunit 

ADNFLE GOF variants Changes in neurotransmitter release?  [273] 

NMDA  GRIN1 GluN1 subunit EE Unknown Unknown  [273, 274] 

GRIN2A GluN2A 
subunit 

EE LOF or GOF variant Unknown  [191, 192] 

GRIN2B GluN2B 
subunit 

EE; TLE LOF or GOF variant Possible increased excitability of 
glutamatergic pyramidal neurons 

 [192] 

GRIN2D GluN2D 
subunit 

EE LOF or GOF variant Possible increased excitability of 
glutamatergic pyramidal neurons 

 [193] 

AMPA  GLR1A2 GluA2 subunit EE Decreased current 
amplitudes and 
altered voltage 
rectification 

Decreased current amplitudes and 
altered voltage rectification 

 [189] 

GLR1A3 GluA3 subunit Sz Prolonged 
desensitization or 
reduced current 
amplitudes 

Prolonged desensitization or reduced 
current amplitudes 

 [275] 

GLR1A4 GluA4 subunit FS Missense variants Missense variants  [276] 
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Table 2: Commonly used drugs for the treatment of epilepsy. Approval year is the year in which the 

drug was first approved or marketed in the USA or Europe. Abbreviation: AMPA, α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid subtype of glutamate receptor. 

Drug Approval 

year 

Presumed mechanism(s) of action 

First generation   

Potassium bromide 1857 Thought to hyperpolarize cells by traversing GABAA receptors 

Phenobarbital 1912 Potentiation of GABAA receptors 

Primidone 1952 Potentiation of GABAA receptors; metabolised to Phenobarbital 

in vivo 

Phenytoin 1953 NaV channel inactivation 

Ethosuximide 1960 T-type CaV channel blockade 

Diazepam 1963 Potentiation of GABAA receptors 

Carbamazepine 1964 T-type CaV channel blockade; NaV channel inactivation 

Valproate 1967 Increased GABA concentrations; Potentiation of GABAA 

receptors; NaV channel blockade 

Clonazepam 1968 Potentiation of GABAA receptors 

Second generation   

Lamotrigine 1990 Glutamate receptor (AMPA) antagonist; NaV channel blockade 

Oxcarbazepine 1990 NaV channel inactivation 

Gabapentin 1993 CaV channel (α2δ subunit) blockade 

Topiramate 1995 Potentiation of GABAA receptors; glutamate receptor (kainate) 

antagonist; NaV channel blockade 

Tiagabine 1997 Inhibits GABA-transporter 1 

Levetiracetam 1999 Binds to synaptic vesicle glycoprotein 2A; inhibits presynaptic CaV 

channels 

Zonisamide 2000 NaV channel blockade; T-type CaV channel blockade 

Pregabalin 2004 CaV channel (α2δ subunit) blockade 

Rufinamide 2004 NaV channel inactivation 

Third generation   

Lacosamide 2008 Enhance NaV channel slow inactivation 

Vigabatrin 2009 Increases GABA concentration by inhibiting the mitochondrial 

enzyme GABA transaminase 

Clobazam 2011 Potentiation of GABAA receptors 

Ezogabine 2011 Enhances activation of KV7 channels 

Perampanel 2012 Glutamate receptor (AMPA) antagonist 

Eslicarbazepine acetate 2013 NaV channel blockade 

Cannabidiol 2018 Potentiation of GABAA receptors; Reduce metabolism of 

clobazam; GPR55 antagonist 

Stiripentol 2018 Potentiation of GABAA receptors; Reduce metabolism of 

clobazam 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


