
Channelopathies

•Long QT syndrome
•Skeletal muscle channelopathies
•ALS associated channelopathies
• Epileptic channelopathies



>340 human genes code for Ionic Channels:

muscular and nervous excitation
hormonal secretion

cell proliferation

signal transduction

learning and memory

Blood pressure
hydro-salt balance

cell death

Mutations in> 60 human genes that code for Ionic Channels have been associated 
with diseases

CHANNELOPATHIES = diseases resulting from the failure 
of ion channels (mutations in genes coding for ion 
channels or accessory regulatory subunits)
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Mutations alter the structure and function of ion channels

Loss of function mutations: 

lack of protein synthesis

failed or incorrect insertion in the membrane

destruction of ligand binding sites 

or proteins / accessory subunits 
("modulation")

Gain of function mutations



Long QT syndrome
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Pathologies of ion channels





Properties of Ionic Channels. 

• Selectivity = ability to discriminate between one 
ionic species and another

dimension
charge 

• Gating = transition process between an "open" 
and "closed" state

Ligand-gated channel
Voltage-gated channel
Temperature 
Mechanical Stress

• Modulation (phosphorylation)



Ligand-gated channel Voltage-gated channel

Gating = transition process between an 
"open" and "closed" state
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Mutations alter the structure and function of ion channels

Loss of function mutations: 

lack of protein synthesis

failed or incorrect insertion in the membrane

destruction of ligand binding sites 

or proteins / accessory subunits 
("modulation")

Gain of function mutations





CARDIAC ACTION POTENTIAL

Different types of cells are distinguished: 
nodal (sinus-atrial node and atrioventricular 
node); conduction (His bundle and Purkinije 

fibers, common or working) The electrical and 
membrane mechanisms are similar to those 

already seen: we will focus mainly on the 
differences.



Heart cardiomyocytes: potential in 5 phases

0 - rapid depolarization for opening of 
voltage-gated sodium channels

1 - partial short repolarization due to 
transient increase in chloride and potassium 
conductance



3 - repolarization due to progressive increase 
in potassium conductance and closure of slow 
channels;repolarization due to progressive 
increase in potassium conductance and closure 
of slow channels;
4 - resting potential, stable at -90 mV.

2 - plateau: stable potential on slightly positive 
values for about 0.2 s; due to the increase in 
calcium conductance (opening of "slow 
channels") and reduction of K conductance





During the plateau a calcium current 
occurs, very important for the 

electromechanical coupling and for the 
regulation of contractility



Changes in excitability during action potential: 
refractory periods. The mechanical response 

appears during the potential and has 
approximately the same duration: the heart 

can not be tetanized



contraction
Relative refractory 

period

Absolute refractory 
period

Normal 
excitability



ELECTROCARDIOGRAM:

physiological bases; arrangementof the 
electrodes in the derivationsstandard; 

ECG waves. 

What he says ewhat the ECG does not say





The congenital (idiopathic) 
form of long QT (LQTS) is 
mostly caused by gene 
mutationswhich encode 
proteins for cardiac ionic 
channel subunits

Long QT syndrome (LQTS)

Among the various genotypes responsible 
for LQTS, the most common characteristic 
predisposing to arrhythmias is the 
lengthening of the ventricular action 
potential during cardiac repolarization, 
measured as the QT interval in the ECG.





• La morte improvvisa e senza causa apparente nei 
neonati è stata a lungo spiegata come squilibrio 
funzionale del sistema nervoso autonomo.

• In realtà si tratta di canalopatie, disturbi della funzionalità 
dei canali ionici voltaggio dipendenti, che sottendono 
l’attività elettrica del cuore. 

• Si ha un rallentamento della ripolarizzazione delle cellule 
cardiache dovuto a modificazioni geniche di alcuni canali 
ionici , quindi un prolungamento della durata del 
potenziale d’azione cardiaco (prolungamento 
dell’intervallo QT long-QT syndrome, LQTS) 
nell’elettrocardiogramma

LQT e morte improvvisa



può essere ereditaria o acquisita
i pazienti affetti sono predisposti 
ad improvvisa insorgenza di 
aritmie ventricolari pericolose 
(tipica è la torsione di punta) che 
si possono manifestare come 
episodi sincopali o, nei casi più 
gravi possono causare morte 
improvvisa da arresto cardiaco 

La LQTS è una malattia genetica trasmessa come carattere 
autosomico dominante, dovuta a mutazioni su almeno sei geni, tutti 
codificanti per canali ionici responsabili del controllo dell’attività 
elettrica delle cellule cardiache.

La sindrome del QT lungo (LQTS)



Mutations





Genetics





Ventricular action potential

Na+ Ca2+ e K+ K+



ECG



Fase 0: rapido influsso di Sodio (INa). 
Fase 1 (picco): ripolarizzazione rapida transiente outward di potassio (Ito). 
Fase 2 (plateau) : bilancio tra influsso di  Na e Ca (L-type) (ICa,L),  ed efflusso di 
K (IKs, IKr) e Cl. 
Fase 3: ripolarizzazione ottenuta mediante l’aumento dela conduttanza rapida 
del K (IKr) con il contributo delle conduttanze lente del K (IKs) e delle rettificanti 
(IK1). 
Fase 4: La cellula torna al suo potenziale di riposo

Ventricular action potentials, genes responsible for LONG-
QT and ionic currents



From a functional point of view, the prolongation of the QT interval 
corresponds,at the cellular level, a prolongation of the duration of the cardiac 
action potential.
The defects in the potassium channels are associated with a loss of function, 
which is followed by a "slowing down" of the repolarization phase of the cardiac 
myocytes and therefore a prolongation of the duration of the action potential.



ECG



ECG - LQT



Electrical consequences

Slowing of repolarization (phase 3)

The onset of an early action potential is possible (activation of L channels for Ca2 +) 
during the period of relative refractivness.

The longer the phase 3 is extended, the higher the risk of "Early post-
depolarization”

It can start in a series of electrical complexes of variable conformation (torsades de 
pointes, TdP), which can spontaneously stop or turn into ventricular fibrillation.

In the first case there will be a syncope, in the second the risk of sudden death is 
very high.

Not all gene modifications that can cause sudden death induce TDP.

This form of tachyarrhythmia is frequent when gene modification involves a current 
at K + in phase 3 (LQT1, LQT2, LQT5, LQT6).LQT3, related to modifications of the 
gene that codes for the voltage-dependent Na + channel (SCN5A), manifests itself 
mainly as ventricular fibrillation



The site of the mutation determines the severity 
of the LQTS phenotype.

Patients with LQT2 mutation at the pore level 
appear to be at greater risk of cardiac events 
than mutations at sites outside the pore.

Are mutations all equivalent?



LQT1 and LQT2 have a higher frequency of cardiac events, but LQT3 has 
the highest incidence of lethal cardiac episodes.

SINDROME CROMOSOMA NOME PROTEINA CORRENTE

LQT1 11 KCNQ1 o 
KVTLQT1

subunità- α 
canale al K+

corrente IKs.

LQT2 7 HERG (human 
ether-a-go-go 
related gene)

subunità-α del 
canale al K+

corrente IKr

LQT3 3 SCN5A subunità- α del 
canale al Na+

corrente INa.

LQT4 4 ANK2 proteina 
citoscheletrica 
ankirina B

LQT5 21 KCNE1 o MinK subunità-β del 
canale al K+

corrente IKs

LQT6 21 KCNE2 o MiRP1 subunità-β del 
canale al K+

IKr

LQT7 17 KCNJ2 subunità-β del 
canale al K+

subunità-β del 
canale al K+



Potassium channel mutations are not just 
responsible for LQTS



LQT 3Mutation in SCN5A (Na + Channel, 
INa)



LQT III

• Sodium channel mutated

• Incomplete inactivation of the channel



Symptoms
• Syncope

• Seizures

• Cardiac arrest

• Unexpected death



Diagnosis
• Analysis of the T 

wave of the ECG. 

• Genetic analysis on 
the SCN5A gene

Normal ECG

Long QT syndrome



Statistics

• 8% of patients with LQT are affected by the 
SCN5A mutation 

• LQT-3 is one of the most deadly mutations 
• Onset: 50% before 12 years; 90% before 

the age of 40 

• Fatal arrhythmias - 39% at rest, 32% during 
physical exertion or emotional stress



Protein



Mutation SCN5A



Function

• Selective channels to 
Na + voltage 
dependent

• Voltage sensors

• Responsible for the 
rapid ascent of the 
action potential



Introduction to LQT

• Disorder caused by 
mutations in cardiac 
ion channels

• Most associated with 
K+ channels



Characteristics of the disease:

myasthenic symptoms: 

hyposthenia and muscular exhaustion of the skeletal and bulbous 
innervation muscles, 
without involvement of the immune system (absence of autoantibodies)

prevalence less than 1: 500 000

early onset, usually immediately after birth. 

Post-synaptic myasthenia syndromes



slow-channel syndrome

fast-channel syndrome

Acetylcholine receptor deficiency (AChR). 

There are several forms whose clinic depends on which molecule of the 
neuromuscular junction (GNM) is genetically altered: they can be pre-
synaptic, synaptic or post-synaptic. 

May arise during childhood (severe form) or later, up to the 7th 
decade (lighter form)

The extensor muscles of the forearm, the musculature of the neck 
and that of the scapula are selectively affected.



Skeletal Muscle 
Channelopaties



Ionic Channels



Neuromuscular junction and the propagation of 
excitation in skeletal muscle



Common features:

• Symptoms often manifest as transient 
attacks separated by long periods of normal 
function

• Mostly autosomal dominant mutations

• Clinical phenotype generally limited to the 
involvement of a single organ



Skeletal Muscle Channelopaties

1) Defects in neuromuscular transmission
2) Defects in the Sarcolemma excitability



Defects in neuromuscular transmission

Congenital Myasthenic Syndromes (CMS):

•hereditary diseases in which neuromuscular transmission is 
damaged by one or more specific mechanisms: the Plaque 
Potential is insufficient to activate the NaV channels 
responsible for the propagation of the action potential.

•They occur at birth or early adolescence

•They involve the muscles of the eyes, the skull and the limbs



Neuromuscolar Junction



Mutations in different 
domains

of the different subunits:

Reduced receptor 
expression

Altered kinetic properties

("Slow & Fast Channel 
CMS")

CMS caused by defects in the Acetylcholine Receptor 
(AChR):



nAChR is a ligand-activated post-
synaptic membrane 
receptorheteropentamer: 2 sub α, β, 
δ, ε (γ)

The part that protrudes in the 
junction has 2 binding domains for 
the Ach at the interface between the 
subunits
The transmembrane part forms the 
channel
The cytoplasmic extension contains 
structures that modulate the 
opening of the canal and anchor the 
cytoplasmic protein receptor
Mutations affect the maturation and 
expression in the receptor 
membrane



Rapsin, together with other 
proteins such as Agrin and 
MUSK, regulates the 
membrane expression of 
AChR

It associates with itself and 
binds the cytoplasmic 
domains of AChR subunits

By binding to β-dystroglycan, it 
binds the receptor to the 
post-synapse cytoskeleton

CMS caused by defects in the Rapsin protein:



Mutations in Rapsin protein domains

MUSK P-AChR

Mutations compromise co-carriage of the AChR receptor with 
Rapsin

Post-synaptic regions are poorly developed



It manifests at birth or during 
childhood or early 
adolescence

Respiratory problems and / 
or episodic apnea attacks

The concentration of AChR 
and the structure of the post-
synapse is normal, but the 
synaptic vesicles are smaller 
than normal both in the 
resting muscle and after 
stimulation

CMS caused by defects in Choline-acetyltransferase 
(CHAT):



The synaptic response to the Ach, 
measured as the amplitude of the End 
Plate Potential is normal in the muscle at 
rest but decreases following a 
stimulation of 10 Hz for 5 min and 
recovers slowly

Defects in the synthesis of the Ach

Genetic analysis of patients 10 mutations in the CHAT gene



It manifests itself during 
early adolescence

ACHE is absent or non-
functional in neuromuscular 
plaque

The presynaptic terminals 
are smaller than normal, the 
release of Ach is low and the 
synaptic response is 
prolonged beyond the 
refractory period.

CMS caused by defects in Acetylcholinesterase (ACHE):



Mutations in the ACHE protein domains



Defects in the excitability of Sarcolemma

Myotonia and Periodic Paralysis



Malfunction of the Cl- Channel

Congenital myotonia: Hyperexcitability of the plasma membrane of 
skeletal muscle, due to mutations in the CLCN1 gene that encodes the 
CLC-1 Chlorine channel, which reduce the conductance

Dystrophic myotonia: expansion of repeated nucleotides in a UTR of 
the CLCN1 gene which causes the transcript not to be matured



Mutations that increase 
NaV1.4 channel activation 
or destroy inactivation:

Myotonia aggravated by K 

Paratyotonia 

Mutations that increase 
channel inactivation:

Periodic paralysis

Dysfunction of the Na + Channel



Ca2+ Channel dysfunction
Mutations in the α1 subunit of the Ca2 + channel in the sensitive 
region

reduced ion current density and slowed activation kinetics:

Periodic paralysis

K+ Channel dysfunction

Mutations in the gene coding for the Kir2.1 subunit of the K + channel, 
expressed in skeletal muscle, in the heart and in the brain, for which 
the homotetrameric channel is not formed

Andersen-Tawil syndrome: periodic paralysis, ventricular 
arrhythmias, skeletal abnormalities





ALS and nicotinic receptor



Lou Gehrig

“Lou Gehrig’s Disease” 
named for famous 
baseball player

Amyotrophic Lateral Sclerosis (ALS) or Motor 
Neuron Disease

• Progressive neuronal loss
• Upper and lower motoneuron
• Familiar (5%) or sporadic (95%)
• Different phenotypes



Death of motor neurons causes paralysis of 
muscles in ALS

Dying nerves
ALS spinal cord



Rowland and Schneider, 
NEJM 322:1688 (2001)

Loss of brain motor neurons (UMN) à spasticity

Loss of spinal motor 
neurons (LMN) à
skeletal muscle 

denervation

sALS phenothypes and loss of motoneurons



Causes of ALS 

• In fALS mutation in the gene coding the cytosolic copper-zinc 
binding enzyme (SOD1 enzyme)- 1% of ALS cases

•Excitotoxicity:

excitatory neurotransmitters may participate to 
motoneurons death

•Neuroinflammation

•Viruses, toxins, oxidative stress…



Why nAChRs? 

Ambigous role of smoke on 
neurodegenerative disease

nAChR controls Glu release



Neuronal nicotinic receptors 

• Ligand gated ion channels
• Prototypes of pentameric ionotropic receptors
• Role in synaptic transmission
• First discovered structure



Mutation in nAChRs and diseases

•Slow channel syndrome (muscle AChRs)
•Epilepsy (ADNFLE) neuronal nAChRs

susceptibilty factors in non familiar polygenic diseases

monogenic familiar diseases

Mutations in the intracellular loop of nAChRs subunits 
have been found in patients affected by sALS



nAChRs distribution on spinal cord 
and upper motoneurons

Brainstem motoneuron

Renshaw cells and spinal motoneuron



Pre and post synaptic role of nAchR



Mutations on nAchRs found in sALS 
patients

Clinically:  
– six patients had the 

predominant Upper Motor 
Neuron form

4.4% of sALS patients
Not found in 450 controls 

12 heterozygous different missense mutations

250  sALS patients analyzed 

1 (A.C.) a3 R385H

2 (S.L.) a3 S388F

3 (M.F.) a4 R345C

4 (P.P.) a4 R495Q

5 (P.A.L.) a4 Q572R

6 (M.L.) a4 P451L

7 (TC.) a4
b4

R487Q 
R349C

8 (P.G.) a4 G454S

9 (S.A.) a4 R336C

10 (R.M.) b4 M456V

11 (I.M.) b4 R349C

12 (Sb.A.) b4 R349C

13(Se. A.) b4 R349C

14 (C.M.) b4 R349C

15 (M.A.)
(trasmissione 
AD)

b2 Q397N



nAChRs subunit assemby

a3b4

a4b4

a4b2



Mutations on nAchRs found in sALS 
patients

Clinically:  
– six patients had the 

predominant Upper Motor 
Neuron form

4.4% of sALS patients
Not found in 450 controls 

250  sALS patients analyzed 

1 (A.C.) a3 R385H

2 (S.L.) a3 S388F

3 (M.F.) a4 R345C

4 (P.P.) a4 R495Q

5 (P.A.L.) a4 Q572R

6 (M.L.) a4 P451L

7 (TC.) a4
b4

R487Q R349C

8 (P.G.) a4 G454S

9 (S.A.) a4 R336C

10 (R.M.) b4 M456V

11 (I.M.) b4 R349C

12 (Sb.A.) b4 R349C

13(Se. A.) b4 R349C

14 (C.M.) b4 R349C

15 (M.A.)
(trasmissione AD)

b2 Q397N



12 mutations in the M3-M4 cytosolic loop of a3 a4 b2 and 
b4 subunits

definite gain-of function of single mutant containing 
receptor

consistent with enhanced Ca2+ entry

the enhancement of Ca2+ entry may occur at pre- or 
postsynaptic sites

Reduced desensitization of presynaptic nAChRs at 
glutamatergic terminals might result in excessive excitatory 
glutamate release

potentiated activity of postsynaptic nAChRs might bring 
Ca2+
entry into neurons to neurotoxic levels. 



Pasinelli and Brown Nature Reviews Neuroscience 7, 710–723 (September 2006)

nAChR



Idiopathic epilepsies: genetic

alterations of ion channels



Paroxysmal Depolarizing Shift
Idiopathic epilepsiesI. Reactive syndromes

A. Neonatal seizures due to reversible causes
B. Benign febrile convulsions
C. “Low threshold” reactive seizures

II. Idiopathic syndromes
A. Benign Neonatal convulsions

I. Familial
2. Non familial

B. Partial syndromes
1. Benign childhood epilepsy with centrotemporal spikes
2. Childhood epilepsy with occipital paroxysms

C. Generalized syndromes
1. Childhood absence epilepsy (CAE)
2. Juvenile absence epilepsy (JAE)
3. Epilepsy with generalized tonic-clonic seizures on awakening
4. Juvenile absence epilepsy (JME)

III. Symptomatic syndromes
A. Neonatal seizures due to irreversible causes
B. Partial syndromes

1. Epilepsia partialis continua (Kojewnikow’s syndrome)
a. Encephalopathic form (Rasmussen’s syndrome)
b. Focal form

2. Temporal lobe epilepsy
C. Generalized syndromes

1. Early myoclonic encephalopathy
2. Infantile spasms
3. Lennaux-Gastaut syndrome

IV. Less well defined syndromes
A. Severe myoclonic epilepsy of infancy
B. Benign myoclonic epilepsy of infancy
C. Epilepsy with myoclonic astatic seizures
D. Epilepsy with myoclonic absences
E. Acquired epileptic aphasia (Landau-Kleffner syndrome)
F. Epilepsy with continuous spikes and waves during sleep (ESES)
G. Reflex epilepsies



Na+ / K+ 
pumps

Ligand-gated
channels

voltage-gated
channels

Candidate genes
Epileptic Chanelopathies



- Rare

- Generalized and focal epilepsies
- Moderate phenotypic variability 

- Autosomal Dominant mode of inheritance
- Incomplete penetrance ( ~ 80%)

Clinical & Genetic Features
Epileptic Chanelopathies



Voltage-Gated Potassium Channels



Mendelian idiopathic epilepsies

• Age of onset between 2 to  4 days of age 

• Partial seizures 
tonic posture progressing to clonic movements
ocular symptoms 
apneic spells

• Normal interictal  EEG 

• Ictal EEG showing a sequence of 
generalized attenuation followed by slow 
waves, spikes and burst-suppression

• No psychomotor delay or brain lesions

• 10 % risk of febrile convulsions or epilepsy

Benign familial neonatal seizures



Distribution of KCNQ2 and KCNQ3 in the CNS



Distribution of KCNQ2 and KCNQ3 in the PNS



Functional analysis of voltage-gated K+ channels



Variable age of onset (4-40 years, average ~20)

Simple Partial Seizures 

Auditory aurea  (Visual symptoms, aphasia) 

Secondarily Generalized Tonic-Clonic 
Seizures

Seizures sometimes pharmacoresistant 

Normal interictal  EEG or mild temporal 
abnormalities

Absence of psychomotor delay or 
brain lesions

Mendelian idiopathic epilepsies
Autosomal Dominant Partial Epilepsy with Auditory Features





Voltage-Gated Sodium Channels



Generalized Epilepsy and Febrile Seizures plus

Clinical features 
- Clinical Variability 

- Febrile Seizures (< 6 y)

- Febrile Seizures “plus” (> 6y)

- Afebrile seizures, usually generalized 
(tonic-clonic, absence, myoclonic, 
atonic)

- Benign outcome

- No brain lesions or metabolic disorders



Functional analysis of voltage-gated Na+ a1 subunit



Phenotype: GEFS+ cDNA: rat SCN2A
Mutation: D188V Expression System: Human HEK

Resistance to cumulative inactivation during high frequency activation,



Phenotype: GEFS+ cDNA: human SCN1A
Mutation: D1866Y Expression System: Oocyte 

Hyperpolarized shift in 
the voltage dependence 

of inactivation

Disruption of 
interaction 

between the Nav1.1 
C terminus and 1b

Increased persistent
sodium current







nn1754-S7.mov





• Age of onset between 2 days and 6months of age
• Partial seizures, usually in cluster

psychomotor arrest
slow deviation of the head and eyes to one side 
asynchromous limb jerks

• Normal interictal EEG 

• Ictal EEG showing a recruiting rhythm with 
central-occipital region outset and secondary
generalization

• Absence of pshycomotor delay or brain lesions

Mendelian idiopathic epilepsies
Benign familial neonatal-infantile seizures

SCN2A
Voltage-gated sodium 
channel a2 subunit



L1330F L1563V

R223Q
R1319Q







a + b subunit



Voltage-Gated Chloride Channels



I. Reactive syndromes
A. Neonatal seizures due to reversible causes
B. Benign febrile convulsions
C. “Low threshold” reactive seizures

II. Idiopathic syndromes
A. Benign Neonatal convulsions

I. Familial
2. Non familial

B. Partial syndromes
1. Benign childhood epilepsy with centrotemporal spikes
2. Childhood epilepsy with occipital paroxysms

C. Generalized syndromes
1. Childhood absence epilepsy (CAE)
2. Juvenile absence epilepsy (JAE)
3. Epilepsy with generalized tonic-clonic seizures on awakening (EGMA)
4. Juvenile absence epilepsy (JME)

III. Symptomatic syndromes
A. Neonatal seizures due to irreversible causes
B. Partial syndromes

1. Epilepsia partialis continua (Kojewnikow’s syndrome)
a. Encephalopathic form (Rasmussen’s syndrome)
b. Focal form

2. Temporal lobe epilepsy
C. Generalized syndromes

1. Early myoclonic encephalopathy
2. Infantile spasms
3. Lennaux-Gastaut syndrome

IV. Less well defined syndromes
A. Severe myoclonic epilepsy of infancy
B. Benign myoclonic epilepsy of infancy
C. Epilepsy with myoclonic astatic seizures
D. Epilepsy with myoclonic absences
E. Acquired epileptic aphasia (Landau-Kleffner syndrome)
F. Epilepsy with continuous spikes and waves during sleep (ESES)
G. Reflex epilepsies

G715E

Voltage-gated chloride channel type 2
(CLCN2)



Functional analysis of CLCN2 



Voltage-Gated Calcium Channels







Absence epilepsy and voltage-gated calcium
channels

Absences
GSW EEG
Mild ataxia

Tottering
Lethargic
Stargazer

Voltage-gated Ca+ a1 subunit (Cacna1a)
Voltage-gated Ca+ a1 subunit (Cacnb4)
Voltage-gated Ca+ a1 subunit (Cacng2)

Animal models

Functional studies



Acetylcholine Receptors



• Age of onset: 6 months - 55 years 

• Partial seizures 

Nocturnal motor seizures in clusters
Aura (daytime)

• Normal interictal  EEG 

• Ictal EEG showing generalized 
high-voltage slow and sharp activity 
followed by a fast bi-frontal rhythm. 

• Absence of pshycomotor delay or brain 
lesions

Mendelian idiopathic epilepsies
Autosomal dominant nocturnal frontal lobe epilepsy



Functional analysis of Neuronal AChRs



GABAA Receptors





GABRG2
GABAA receptor

g2 subunit

Generalized epilepsy with febrile convulsions plus 



KCNQ2 - KCNQ3 BNFS 
SCN1B - SCN1A GEFS+

SCN2A BFNIS
CLCN2 IGE 
CACNA1A - CACNB4 IGE + Ataxia
GABRG2 GEFS+

GABRA1 JME
CHRNA4 - CHRNB2 ADNFLE

LGI1 ADPEAF

EFHC1 JME

Genes involved in human idiopathic epilepsy

Voltage-gated
ion channels

Ligand-gated
ion channels

Potassium channel

Apoptosis ?



Pathogenesis
Epileptic Chanelopathies




