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• Scope
○ Why ion channels exist ?

○ What is an ion channel ?
○ How does it function

• Approaches
○ How do we study ion channels

○ How do we model and simulate ion channel

• Applications
○ Areas of research in ion channels

○ Channelopathies

○ Automated ion channel characterization

○ Web resources



Why ion channels ?
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The function of the brain depends on the 
ability of neurons to transmit electrochemical 
signals to other cells, and their ability to 
respond appropriately to electrochemical 
signals received from other cells.



What is an ion channel ?
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• Membrane proteins

• Water-filled pore

• Permeable to ions

• Specificity

• The pore can be opened or closed 
by electrical, mechanical, or 

chemical signals

https://en.wikipedia.org/wiki/Ion_channel

Schematic diagram of an ion channel. 1 -
channel domains (typically four per channel), 
2 - outer vestibule, 3 - selectivity filter, 4 -
diameter of selectivity filter, 5 -
phosphorylation site, 6 - cell membrane.



Classification
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• Classification by gating

– Voltage-gated, ligand-gated, …

• Classification by the main ion

– K+, Na+, Ca2+, Cl-, …

• IUPHAR

• Around 350 ion channel types known in 
mammals (most of them expressed in the 
brain)

• ~150 voltage gated

• ~90 ligand gated

• >100 others

Source: IUPHAR/BPS Guide to Pharmacology http://www.guidetopharmacology.org

International Union of Basic and Clinical Pharmacology



Classification

8

Drosophila naming (old)

● Shaker (Kv1) 

● Shab (Kv2)

● Shaw (Kv3)

● Shal (Kv4)

● Erg (Kv10)

● Elk (Kv12)

● Eag (Kv11)

Leg-shaking behavior when flies were anesthetized. Ref 
- PMID :20636, Proc R Soc Lond B Biol Sci, 1977 

Ref - PMID :2493160, Science, 1989 

Ref - PMID :2493160, Science, 1989 

Ref - PMID :2493160, Science, 1989 

Ether-a-go-go-like

Ether-a-go-go related genes. Leg shaking behavior when 
flies were anesthetized with ether.  Ref - PMID :5807804, 
Genetics, 1969 

Ether-a-go-go

Current naming



Membrane permeability
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Alberts B, Johnson A, Lewis J, et al. Molecular Biology of the Cell. 6th edition. 

External membrane 
Surface

Lipid bilayer

Protein-free lipid bilayers are impermeable to ions



How does it function ?
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● Voltage-gated ion channels
● Ligand-gated
● Mechanically gated



How does ion channel function ?
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Ion channel structure
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https://www.alomone.com/article/venom-toxins-ion-channel-research-tools



Role of ion channels in single cell
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http://www.vce.bioninja.com.au/aos-2-detecting-and-respond/coordination--regulation/nervous-system.html

http://www.vce.bioninja.com.au/aos-2-detecting-and-respond/coordination--regulation/nervous-system.html


Role of ion channels
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No cell could exist without ion channels
(Differentiation, proliferation, secretion, apoptosis, migration, adhesion, invasion, excitability etc.)

Ion channels and transporters save our cells from osmotic death

Ion channels make cells electrically 
active

Heartbeat is controlled by specific 
electrical impulses – Cardiac action 
potential, the direct result of cardiac 
ion channel function.

Muscle movements are controlled by electrical impulses, dependent on ion channel function

Ion channels/receptors transduce light 
into electrical signals. (TRP, CNG)

Auditory system has to convert sound 
waves into electrical signals. MET,TMC 
channels

Odor perception is a result of electrical 
signals generated by olfactory neurons. 
(CNG channels, Nav1.7)

Food and taste – Otopetrin (sour taste), 
TRP (cold, hot, bitter, sweet), ENaC 
(salty taste)

Touch – Mechanosensitive ion 
channels, Piezo channels

Pain sensation – Nav, Kir, ASIC, TRP, 
P2X channels

Mechanoelectrical transduction, 
Transmembrane channel like



Toxins

Fugu/puffer fish

TTX

Blue-ringed octopus
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Toxins

Cone snail

𝜔-conotoxin

Fugu/puffer fish

TTX

Blue-ringed 
octopus

CTX

Kurtoxin

AaHII Ts3

CssII

Hanatoxin

Dendrotoxin

Slotoxin

ShK
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Summary
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• Ion channels are protein molecules that allow ions to pass through the membrane
• Ion channels can be specific to cation or anion (Na+, K+, Ca2+, Cl-)
• Two main groups of ion channels are voltage-gated and ligand-gated ion chanenls

• Voltage-gated ion channels have fundamental interactive role in cell signalling

• Most common K+ channels are tetramers
• Na/Ca channel alpha subunit is a single peptitde of four homologous domains 



Lecture Overview
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• Scope

• Approaches
○ How do we study ion channels ?

○ How do we model/simulate ion channels ?

• Applications



Approach
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In-situ hybridization

Shcherbatyy V, et.al.; A digital atlas of ion 
channel expression patterns in the two-
week-old rat brain. Neuroinformatics. 2015

Gene expression

Protein expression Protein structure Protein Kinetics
Immunohistochemistry

Speca D. et.al.; Deletion of the Kv2.1 delayed 
rectifier potassium channel leads to neuronal and 
behavioral hyperexcitability. Genes Brain Behav. 
2014

Doyle DA, MacKinnon R. et.al.; The 
structure of the potassium channel: 
molecular basis of K+ conduction and 
selectivity. Science. 1998 

X-ray crystallography

Salkoff, L., Wyman, R. Genetic 
modification of potassium channels in 
Drosophila Shaker mutants. Nature 
293, 228–230 (1981)

Electrophysiology

Jensen CS, et.al.; Neuronal trafficking of voltage-
gated potassium channels. Mol Cell Neurosci. 2011 

Protein modelling

Khalili-Araghi F, et.al.; Dynamics of K+ ion 
conduction through Kv1.2. Biophys J. 2006 

Conductance modelling

HODGKIN AL, HUXLEY AF. A quantitative
description of membrane current and its
application to conduction and excitation in
nerve. J Physiol. 1952
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Awards, Discoveries,  Nobel Prize

David discovered TRPV1 receptor that detects pain and heat
Ardem discovered Piezo1 and Piezo2, essential for sensing mechanical stimuli 
such as pressure and touch



Approach
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To study ion channels Patch clamp

Current clamp

Voltage clamp

https://www.youtube.com/watch?v=mVbkSD5FHOw

Erwin Neher and Bert Sakmann were awarded Nobel Prize in 1991



Experiments
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Whole cell Vs Single channel recording



Ion channel experiments
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Neurons
Cell lines Lipid bilayers

Zakharian E. Recording of ion channel 
activity in planar lipid bilayer experiments. 
Methods Mol Biol. 2013;998:109–118. Ranjan R, Logette E, Marani M, et al. A Kinetic Map of the 

Homomeric Voltage-Gated Potassium Channel (Kv) Family. 
Front Cell Neurosci. 2019;13:358. 

• Toledo-Rodriguez and Markram, Single-Cell RT-PCR, a 
Technique to Decipher the Electrical, Anatomical, and Genetic 
Determinants of Neuronal Diversity. Methods in molecular 
biology. 2014;1183:143-158

• Korngreen A, Sakmann B. Voltage-gated K+ channels in layer 5 
neocortical pyramidal neurones from young rats: subtypes and 
gradients. J Physiol. 2000;525 Pt 3(Pt 3):621–639. 



Biophysical model of ionic currents
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HODGKIN, A., HUXLEY, A. Action Potentials Recorded from Inside 
a Nerve Fibre. Nature 144, (1939)

Hodgkin AL & Huxley AF (1952) A Quantitative Description of 
Membrane Current and its Application to Conduction and 
Excitation in Nerve. J Physiol 117: 500–544.



Biophysical model of ionic currents
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Hodgkin AL & Huxley AF (1952) A Quantitative Description of Membrane Current and its Application to Conduction and Excitation in Nerve. J Physiol 117: 500–544.



Ion channel conductance
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Ohm’s law

E = I * R

E = I * 
1 
g 

I = g * E I = g * (E-E1)
INa = gNa(E) * (E-ENa)

Ik = gk(E) * (E-Ek)

E potential difference (volts, V)
I current (amperes, A)
R resistance (ohms, 𝛺)
g conductance (siemens, S)



Nernst potential
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Na+ (145 mM) 

Na+ (12 mM) 

Nernst equation

https://www.azps.life/home/2016/4/28/teaching-spotlight-nernstgoldman-simulator
https://www.azps.life/s/ngswin.zip
Standalone app still works on Windows

https://www.azps.life/home/2016/4/28/teaching-spotlight-nernstgoldman-simulator
https://www.azps.life/s/ngswin.zip


Nernst potential
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Nernst equation

K+ (4 mM) 

K+ (155 mM) 

https://www.azps.life/s/ngswin.zip

https://www.azps.life/s/ngswin.zip


Goldman-Hodgkin-Katz equation
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Goldman-Hodgkin-Katz equation

https://www.azps.life/s/ngswin.zip

https://www.azps.life/s/ngswin.zip


Ion channel experiments
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Neurons
Cell lines Lipid bilayers

Zakharian E. Recording of ion channel 
activity in planar lipid bilayer experiments. 
Methods Mol Biol. 2013;998:109–118. Ranjan R, Logette E, Marani M, et al. A Kinetic Map of the 

Homomeric Voltage-Gated Potassium Channel (Kv) Family. 
Front Cell Neurosci. 2019;13:358. 

• Toledo-Rodriguez and Markram, Single-Cell RT-PCR, a 
Technique to Decipher the Electrical, Anatomical, and Genetic 
Determinants of Neuronal Diversity. Methods in molecular 
biology. 2014;1183:143-158

• Korngreen A, Sakmann B. Voltage-gated K+ channels in layer 5 
neocortical pyramidal neurones from young rats: subtypes and 
gradients. J Physiol. 2000;525 Pt 3(Pt 3):621–639. 



Experiments
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Ion channel experiment
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Ion channel experiment
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Ik = gk * (Vm-Ek)

gk = 
Ik

(Vm-Ek)

Gk(v=-90) = 
Ik(v=-90)

(-90 – (-98))

Gk(v=+80) = 
Ik(v=+80)

(+80 – (-98))



Kinetic characterization
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G-V



Kinetic characterization
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G-V



Boltzmann sigmoid function 
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G/Gmax(V) = 

Combs DJ, Shin HG, Xu Y, Ramu Y, Lu Z. Tuning voltage-gated 
channel activity and cellular excitability with a sphingomyelinase. J 
Gen Physiol. 2013;142(4):367–380. 



H-H model
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H-H model 
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Ion channel inactivation
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https://en.wikipedia.org/wiki/Ball_and_chain_inactivation



Ion channel model with inactivation gate
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Detailed kinetic characterization
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Ion channels in Neurons

Toledo-Rodriguez, M. Cellular signalling properties in microcircuits (2005) Trends in 
Neurosciences



Passive cell model
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Passive cell

Cm = 1 uf/cm2

Cm = 10 uf/cm2



Active cell model with H-H channels
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Passive cell + H-H channels 

0

130 pA

Hodgkin AL & Huxley AF (1952) 
A Quantitative Description of 
Membrane Current and its 
Application to Conduction and 
Excitation in Nerve. J Physiol 
117: 500–544.



Active cell model with H-H channels (Mod files)
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Passive cell + H-H Mod files

0

130 pA

Hodgkin AL & Huxley AF (1952) A Quantitative Description 
of Membrane Current and its Application to Conduction and 
Excitation in Nerve. J Physiol 117: 500–544.



Lecture Overview
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K Channel Na Channel



Summary 
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• Patch clamp experiment

• Voltage/Current clamp 
• Whole cell, Single channel recordings

• Ion channel experiment in Neuron/Cell line
• Hodgkin-Huxley modelling
• Neuron simulation (Single cell)

• Neuron simulation with H-H channels
• Neuron simulation with mod files



Lecture Overview
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• Scope

• Approaches

• Applications
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Key areas of ion channel research

Brown, A. M. “Cardiac Potassium Channels in Health and 
Disease.” Trends in Cardiovascular Medicine 7, no. 4 (May 
1997): 118–24. 

Silverman WR, Tang CY, Mock AF, Huh KB, Papazian DM. 
Mg(2+) modulates voltage-dependent activation in ether-à-go-go 
potassium channels by binding between transmembrane 
segments S2 and S3. J Gen Physiol. 2000;116(5):663–678.

Doyle DA, Morais Cabral J, Pfuetzner RA, Kuo A, 
Gulbis JM, Cohen SL, Chait BT, MacKinnon R. 
The structure of the potassium channel: molecular 
basis of K+ conduction and selectivity. Science. 
1998;280(5360):69–77

HODGKIN AL, HUXLEY AF. A quantitative description 
of membrane current and its application to conduction 
and excitation in nerve. J Physiol. 1952;117(4):500–
544. doi:10.1113/jphysiol.1952.sp004764
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Channelopathies

Imbrici P, et al. Therapeutic Approaches to Genetic Ion Channelopathies and Perspectives in Drug Discovery. Front Pharmacol. 2016
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Neuron modeling timeline
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Ion channels in Neuron

Toledo-Rodriguez, M. Cellular signalling properties in microcircuits (2005) Trends in Neurosciences
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Literature overview
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Ion channel models in literature
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Automated ion channel characterization



Kinetics comparison
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Ranjan R, Logette E, Marani M, et al. A Kinetic Map of the Homomeric Voltage-Gated Potassium Channel (Kv) Family. Front Cell Neurosci. 2019;13:358. 



Kinetics near physiological temperature
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Kv1.1

Kv2.1

Kv1.4

Kv7.1

Ranjan R, Logette E, Marani M, et al. A Kinetic Map of the Homomeric Voltage-Gated Potassium Channel (Kv) Family. Front Cell Neurosci. 2019;13:358. 



New findings
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Kinetic modulation
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Heinemann SH, Rettig J, Graack HR, Pongs O. Functional characterization of Kv channel beta-subunits from rat brain. J Physiol. 
1996;493 ( Pt 3)(Pt 3):625–633. 

Kinetic modulation by β-subunit

Ranjan et. al, 2019



Temperature dependent model
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Ranjan R, Logette E, Marani M, et al. A Kinetic Map of the Homomeric Voltage-Gated Potassium Channel (Kv) Family. Front Cell Neurosci. 2019;13:358. 



61

Current status 



Current status 
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Current status 
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Current status 
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Drug Screening
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Escitalopram : - Antidepressant, Anxiety disorder
- Sold under brand names Cipralex and Lexapro

20th most commonly prescribed
medication in the United States

with more than 25 million
prescriptions

Escitalopram Oxalate drug usage statistics: ClinCalc 23 December 2019
https://www.accessdata.fda.gov/drugsatfda_docs/label/2003/21323se1-003,se8-007,21365se8-001,se1-004_lexapro_lbl.pdf

US FDA (fda.gov)

50 uM Escitalopram blocks all six (Kv1) ion channels by 60% 

BBP data (2014), unpublished 

2010

2014

2017

● Drug screenings are currently performed on cell lines only at room temperature

● Only selected ion channels are used for drug screening

https://www.accessdata.fda.gov/drugsatfda_docs/label/2003/21323se1-003,se8-007,21365se8-001,se1-004_lexapro_lbl.pdf


Drug Screening on Literature Data
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Drug Screening
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Identified drugs for screening
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Drug Screening (Experiment setup)
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Cells
EC

Ref EC
Wash

SE
Conc
1

Conc
2

Conc
3

24-well 6-well12-well

Compound / Cells plate Recording chip

24 columns

16
Rows



Drug Screening Data (Kv1.1 control)
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Drug Screening Data (Mibefradil)
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Kv1.2 Kv1.3

Kv1.4 Kv1.5 Kv1.6

Kv1.1



Drug Screening Data (Mibefradil)
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Kv1.7 Kv1.8 Kv2.1

Kv2.2 Kv3.1 Kv3.2



Drug Screening Data (Mibefradil)
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Kv4.1 Kv4.2 Kv4.3

Kv7.1 Kv10.1 Kv12.1
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Web resources

Channelpedia
ModelDB
Icgenealogy
IUPHAR

https://channelpedia.epfl.ch
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Web resources

Channelpedia
ModelDB
Icgenealogy
IUPHAR

https://senselab.med.yale.edu/modeldb/
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Web resources

ModelDB
Channelpedia
Icgenealogy
IUPHAR

http://icg.neurotheory.ox.ac.uk

Podlaski WF, Seeholzer A, Groschner LN, Miesenböck G, Ranjan R, Vogels TP. Mapping the function of neuronal ion channels in model 
and experiment. Elife. 2017;6:e22152. Published 2017 Mar 6. doi:10.7554/eLife.22152
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Web resources

ModelDB
Channelpedia
Icgenealogy
IUPHAR

https://www.guidetopharmacology.org/



Summary 3
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• Ion channels are implicated in many different diseases

• Ion channel kinetics are very sensitive to temperature
• Automated patch clamp and high throughput screening provides access to 

missing experimental data
• Ion channels are implicated/linked to majority of experimental neuroscience 

research 
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Thank you

The team
Cloning and Cell line generation : Emmanuelle Logette, Mirjia Herzog, Magali 

Joffraud, Valerie Buchillier, Michela Marani, Valerie Tache

Patch clamp experiments, Analysis and H-H models : Rajnish Ranjan, Stijn 

Van Dorp, Hervé Arulkandrajah, Valerie Tache, Mirjia Herzog, Magali Joffraud, 

Balazs Kovacs, Charlotte Lorin, Maurizio Pezzoli

Data management : Rajnish Ranjan,  Enrico Scantamburlo, Liviu Soltuzu, Luca 

Gambazzi, Georges Khazen, Dejan Jovandic, Anthony Njoku

Single cell modelling : Darshan Mandge, Cells team, Yann Roussel Molecular 

systems
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